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E x e c u t i v e  s u m m a r y

T he in te rn a tio n a l scoping s tu d y  of a  fu tu re  N eu trin o  F ac to ry  and  super-beam  facility  (th e  ISS) 

was carried  by th e  in te rn a tio n a l com m unity  betw een N uFact05 , (the  7th In te rn a tio n a l W orkshop 

on N eu trin o  F actories and  S uperbeam s, L ab o ra to ri N azionali d i F rascati, R om e, Ju n e  21-26, 

2005) and  N uFact06  (Ivine, C alifornia, 24-30 A ugust 2006). T h e  physics case for th e  facility  

was evaluated  and  op tions for th e  accelera to r com plex and  th e  n eu trin o  d e tec tio n  system s were 

stud ied . T h e  p rincipal ob jective of th e  s tu d y  was to  lay th e  foundations for a  full conceptual- 

design s tu d y  of th e  facility. T h e  p lan  for th e  scoping s tu d y  was p rep ared  in co llabora tion  by 

th e  in te rn a tio n a l com m unity  th a t  w ished to  ca rry  it ou t; th e  E C F A /B E N E  netw ork  in E urope, 

th e  Jap an ese  N u F ac t-J  co llaboration , th e  US N eu trin o  F ac to ry  and  M uon C ollider co llaboration  

and  th e  U K  N eu trin o  F ac to ry  co llaboration . S T F C ’s R u th e rfo rd  A pp le ton  L ab o ra to ry  was th e  

host la b o ra to ry  for th e  study. T h e  s tu d y  was d irec ted  by a P ro g ram m e C om m ittee  advised  by a 

S takeholders B oard . T h e  w ork of th e  s tu d y  was carried  o u t by th re e  w orking groups: th e  Physics 

G roup; th e  A ccelerato r G roup; and  th e  D etec to r G roup . F our p lenary  m eetings a t C E R N , K E K , 

R A L, and  Irv ine  w ere held d u rin g  th e  s tu d y  period ; w orkshops on specific topics were organised 

by th e  ind iv idual w orking groups in betw een th e  p lenary  m eetings. T h e  conclusions of th e  s tu d y  

was presen ted  a t N uFact06 . T h is  docum en t, w hich p resen ts th e  Physics G ro u p ’s conclusions, 

was p rep ared  as th e  physics section of th e  ISS s tu d y  group. M ore deta ils  of th e  ISS activ ities 

can  be found a t h ttp :/ /w w w .h e p .p h .ic .a c .u k /is s / .

N eu trin o  oscillations are th e  sole bod y  of experim en ta l evidence for physics beyond th e  S tan d a rd  

M odel of partic le  physics. T he  observed p ro p erties  of th e  n e u tr in o - th e  large flavour m ixing and  

th e  tin y  m a ss -a re  believed to  be consequences of phenom ena w hich occur a t energies never seen 

since th e  B ig B ang. N eu trin o  facilities to  p u rsu e  th e  s tu d y  of oscillation phenom ena are therefore  

com plem entary  to  h igh-energy colliders and  com petitive  can d id a te s  for th e  nex t w orld-class 

facilities for p artic le  physics. N eu trin o  oscillations also provide a w indow  on im p o rta n t issues 

in astrophysics and  cosmology. O ngoing and  approved experim en ts u tilise  in tense pion  beam s 

(super-beam s) to  genera te  neu trinos. T h ey  are designed to  seek and  m easure th e  th ird  m ixing 

angle d\3 of n eu trin o  m ixing  m a trix  (th e  ‘P M N S ’ m a trix ), b u t will have little  o r no sensitiv ity  to  

m a tte r-a n tim a tte r  sym m etry  vio lation . Several n eu trin o  sources have been  conceived to  reach 

high sensitiv ity  and  to  allow th e  range of m easurem ents necessary  to  rem ove all am biguities in 

th e  d e te rm in a tio n  of oscillation p aram eters . T h e  sensitiv ity  of these  facilities is well beyond 

th a t  of th e  p resen tly  approved n eu trin o  oscillation  program m e. S tud ies so fa r have show n th a t  

th e  N eu trin o  Factory, an  in tense high-energy n eu trin o  source based  on a sto red  m uon beam , 

gives th e  b est perfo rm ance over v irtu a lly  all of th e  p a ram e te r space; its tim e scale and  cost, 

however, rem ain  im p o rta n t question  m arks. S econd-generation  su per-beam  experim en ts  using 

m egaw att p ro to n  drivers m ay be an  a ttra c tiv e  o p tion  in ce rta in  scenarios. S uper-beam s have 

m any com ponen ts in com m on w ith  th e  N eu trin o  Factory. A b e ta -b eam , in w hich electron  

neu trinos  (or an ti-n eu trin o s) are  p roduced  from  th e  decay of sto red  rad ioactive ion beam s, in 

com bination  w ith  a second-genera tion  super-beam , m ay be a com petitive  op tion .

T he  role of th e  ISS Physics G roup  was to  estab lish  th e  s trong  physics case for th e  various
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proposed  facilities and  to  find op tim um  p aram ete rs  for th e  accelera tor and  d e tec to r system s 

from  th e  physics po in t of view. T h e  first ob jective of th is  rep o rt, therefore, is to  try  to  answ er 

th e  big questions of n eu trin o  physics; questions such as th e  origin  of n eu trin o  m ass, th e  role th a t  

neu trinos  played in th e  b ir th  of th e  universe, and  w h a t th e  p ro p erties  of th e  n eu trin o  can  te ll us 

ab o u t th e  un ification  of m a tte r  and  force. T hese questions form  th e  basis for th e  clarification  

of th e  physics cases for various n eu trin o  facilities. Since it is no t (yet) possible to  answ er these 

questions in general, stud ies have co n cen tra ted  on m ore specific issues th a t  m ay lead to  answ ers 

to  th e  big questions. In  p a rticu la r, stud ies have addressed  such issues as:

1. T h e  relevance of n eu trin o  physics to  th e  u n d e rs tan d in g  of d a rk  m a tte r  and  d a rk  energy, th e  

connection  betw een n e u trin o  m ass and  leptogenesis and  galaxy-cluster fo rm ation ;

2. T h e  connection  of p red ic tions a t th e  g rand-un ifica tion  scale w ith  low energy phenom ena in 

th e  fram ew ork of see-saw m echanism  and  supersym m etric  ex tensions of th e  S tan d a rd  M odel; 

and

3. T h e  u n d e rs tan d in g  of flavour and  th e  connection  betw een quarks and  lep tons, th e  possible 

existence of h idden  flavour q u an tu m  num bers th a t  m ay be connected  w ith  th e  sm all m ixings 

am ong th e  quarks, th e  m ass h ierarchy  of th e  quarks and  charged lep tons, and  th e  re la tionsh ip  

of these  phenom ena w ith  th e  n eu trin o  m ass m atrix .

T he  second ob jective of th is  rep o rt is to  review  th e  p red ic tions of th e  various m odels for th e  

physics th a t  gives rise to  n eu trin o  oscillations and  to  review  th e  associated  phenom enology 

th a t  is relevant for precision m easurem en ts  of n eu trin o  oscillations. For th is  purpose, we have 

evaluated  th e  degree to  w hich th e  various facilities, alone or in com bination , can  d is tingu ish  

betw een th e  various m odels of n eu trin o  m ixing and  d e te rm in e  op tim um  p a ram e te r sets for these 

investigations. A class of d irec tly -te s tab le  p red ic tions is afforded by th e  fact th a t  th e  G U T  and  

fam ily sym m etries resu lt in re la tionsh ips betw een th e  quark - and  lep ton-m ix ing  p aram eters . 

T hese re la tionsh ips can  be cast in th e  form  of sum  rules. O ne exam ple th a t  can  be used to  

d iscrim ina te  am ongst various m odels is:

ÓÏ2 = G12 -  013 c o s (^ ) ,

w here 0f2 can  be p red ic ted  in classes of flavour m odels w hile 012 (th e  solar m ixing angle) and  

013 cos(^) (th e  p ro d u c t of th e  sm all m ixing  angle and  th e  cosine of th e  C P  v io la ting  phase) are 

m easured  experim entally . A n o th er class of te s t is afforded by th e  investigation  of th e  u n ita r ity  

of th e  PM N S  m atrix . W hile th e  quark -m ix ing  (C K M ) m a trix  is constra ined  to  be u n ita ry  in th e  

S ta n d a rd  M odel, th e  PM N S m a trix , w hich o rig inates from  physics beyond th e  S tan d a rd  M odel, 

m ay no t be exac tly  u n ita ry ; th is  is th e  case, for exam ple, in see-saw m odels. T h e  th ird  class of 

th e  te s t is th e  existence of flavour-changing in te rac tions  th a t  m ight ap p ea r a t th e  p ro d u c tio n  

p o in t, in th e  oscillation  th a t  occur d u rin g  p ropagation , or a t th e  po in t of d e tection . T h e  possible 

s tro n g  correlations betw een lepton-flavour v io lation  and  n eu trin o  oscillations are also discussed.

T h e  p o te n tia l of non-accelerator, long-baseline n eu trin o  oscillation  m easurem ents were also con 

s idered. S ignificant im provem ents in th e  precision w ith  w hich th e  solar p a ram ete rs  are  know n
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could be m ade using  a new  long-baseline reac to r experim en t o r by using gadolin ium  loading of 

th e  w ater in th e  S uper-K am iokande d e tec to r to  increase its sensitiv ity  to  so lar neu trinos. A 

large, u n derg round , m agnetised -iron  d e tec to r could be used to  im prove th e  precision of th e  a t 

m ospheric m ixing p aram eters , to  d e te rm in e  th e  o c ta n t degeneracy, and  to  search for dev iations 

from  m axim al a tm ospheric  m ixing.

T he  th ird , and  key, ob jective of th is  re p o rt is to  p resen t th e  first de ta iled  com parison  of th e  

perform ance of th e  various facilities. U sing realistic  specifications, we have e s tim a ted  th e  likely 

perform ance, tried  to  find op tim um  com binations of facilities, baselines, and  n eu trin o  energies, 

and  a tte m p te d  to  identify  som e s tag ing  scenarios. T h e  cases considered are described  in d e ta il in 

th e  m ain  rep o rt, only  a b rief sum m ary  is given here. A lthough  th e  N eu trin o  F ac to ry  can  achieve 

very large d a ta  sam ples w ith  sm all backgrounds, it op era tes  a t energies considerab ly  h igher th a n  

th e  first oscillation peak  (Emax/G e V  =  L /5 6 4  km ). B ecause of th is , a t in te rm ed ia te  values of 

013 (10-3  <  sin2 2013 <  10- 2 ) th e  N eu trin o  F ac to ry  w ith  only one golden-channel (ve ^  

and  Ve ^  V/i) d e tec to r (a t, say, 4000 km ) can  no t resolve all p a ram e te r degeneracies and  th e  

precision of th e  m easurem en t of a p a rtic u la r  p a ram e te r is reduced by correlations am ong th e  

p aram eters . T hese problem s can  be resolved in one of th re e  ways:

1. P lac ing  a second d e tec to r a t a  different baseline (i.e. vary ing  th e  ra tio  L / E  );

2 . A dding  a d e tec to r sensitive to  th e  silver channel (ve ^  vT); or

3. U sing an  im proved d e tec to r w ith  lower neu trino -energy  th resho ld  and  b e t te r  energy resolu 

tion .

Possib le configura tions for each a lte rn a tiv e , alone and  in com bination , w ere investigated  to  find 

an  op tim um  perform ance of th e  N eu trin o  Factory. I t was show n th a t  a  considerab le  red u ctio n  of 

p a ren t m uon-energy dow n to  ~  25 G eV  is feasible w ith o u t a  significant loss of oscillation-physics 

o u tp u t, p rovided  a d e tec to r perfo rm ance im proved w ith  respect to  th e  one assum ed in earlier 

stud ies can  be achieved.

To m ake d irec t, q u a n tita tiv e  com parisons of th e  various facilities, th e  G LoBES package was 

used. T h ree  rep resen ta tive  super-beam  configurations were considered: th e  SPL, a super-beam  

d irec ted  from  C E R N  to  th e  M odane lab o ra to ry ; T 2H K , an  u p g rad e  of th e  J-P A R C  n eu trin o  

beam  illum ina ting  a d e tec to r close to  K am ioka, and  th e  W B B , a w ide-band , on-axis beam  from  

BN L or FN A L  to  a deep u n d erg round  la b o ra to ry  in th e  US. E ach  super-beam  was assum ed 

to  illum inate  a m egaton-class w ater C herenkov d e tec to r. T h e  b e ta -b eam  op tions considered 

w ere th e  C E R N  baseline schem e in w hich helium  and  neon ions are  sto red  w ith  a re la tiv istic

Y of 100 and  an  op tim ised  b e ta -b eam  for w hich 7  =  350. Tw o N eu trin o  F ac to ry  op tions were 

considered: a  conservative op tion  w ith  a single 50 k ton  d e tec to r sited  a t a  baseline of 4000 km 

from  a 50 GeV N eu trin o  F actory ; and  th e  op tim ised  N eu trin o  F ac to ry  (see th e  full rep o rt)  w ith  

tw o detec to rs , one a t a baseline of 4000 km  and  th e  second a t th e  m agic baseline ( ~  7500 km ). 

T h e  resu lt of th e  com parisons m ay be sum m arised  as follows: for th e  op tions considered, th e  

N eu trin o  F ac to ry  has th e  b est discovery reach for sin2 2013 followed by th e  b e ta -b eam  and  th e
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super-beam , w hile th e  sin2 2013 reach for resolving th e  sign of th e  a tm ospheric  m ass difference 

is m ain ly  contro lled  by th e  leng th  of th e  baseline. For large values of 013 (sin2 2013 >  10- 2 ), 

th e  th re e  classes of facility  have com parab le  sensitiv ity  for th e  discovery of C P  violation; th e  

best precision on ind iv idual p a ram ete rs  being  achieved a t th e  N eu trin o  F ac to ry  using op tim ised  

detecto rs . T h e  reduction  of system atic  u n certa in ties  is th e  key issue a t large 013; by reducing  

system atic  uncerta in ties , th e  super-beam  m ay be favourab ly  com pared  w ith  th e  conservative 

N eu trin o  Factory. For in te rm ed ia te  values of 013 (10-3  <  sin2 2013 <  10- 2 ), th e  super-beam s are 

o u tpe rfo rm ed  by th e  b e ta -b eam  and  th e  N eu trin o  F ac to ry  and  th e  best C P  coverage is achieved 

by th e  b e ta -b eam . For sm all values of 013 (sin2 2013 <  10- 3 ), th e  N eu trin o  F ac to ry  ou t-perfo rm s 

th e  o th e r op tions. N ote, th e  com parisons are  m ade using th re e  perfo rm ance ind ica to rs  only 

(sin2 2013, th e  sign of m ass h ierarchy  and  th e  C P  v io lating  phase 5). If  o th e r physics topics, 

such as th e  search for e , ß , r  flavour anom alies, w ere to  be em phasised , th e  rela tive perform ance 

m ay be different.

T h e  final co n trib u tio n  to  th is  re p o rt review s th e  m uon physics th a t  can  be perform ed  w ith  th e  

in tense m uon beam s th a t  will be available a t th e  N eu trin o  Factory. T he  s tu d y  of rare , lep ton- 

flavour v io la ting  processes in m uon decay, and  th e  search for a p e rm an en t e lectric-d ipole m om ent 

of th e  m uon, are com plem entary  to  precision stud ies of n eu trin o  physics; o ften  sensitive to  th e  

sam e underly ing  physics. T he  com plem en tarity  and  th e  p o te n tia l of a  m uon-physics p rogram m e 

a t th e  N eu trin o  F ac to ry  is investigated . I t  will be im p o rta n t in th e  com ing years to  estab lish  

q u a n tita tiv e ly  th e  synergy betw een m uon physics and  th e  s tu d y  of n eu trin o  oscillations and  to  

develop a p lan  for th e  co-existence of m uon and  n eu trin o  program m es a t th e  N eu trin o  F acto ry  

facility.

A significant am o u n t of concep tual design w ork and  h ardw are  R & D  is requ ired  before th e  p e r 

fo rm ance assum ed for each of th e  facilities can  be realised. Therefore, an  energetic, p rogram m e 

of R & D  in to  th e  accelera to r facilities and  th e  n eu trin o  de tec to rs  m ust be estab lished  w ith  a view 

to  th e  tim ely  delivery of concep tual design rep o rts  for th e  various facilities.
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1 I n t r o d u c t i o n

1 .1  N e u t r i n o  I n  a  N u t s h e l l

Elusive, m ysterious, yet ab u n d a n t. N eu trinos are e lem en tary  partic les, ju s t  like th e  e lectrons in 

o u r bodies. N eu trinos are so elusive th a t  we d o n ’t  feel te n  trillions of th em  going th ro u g h  our 

bod y  every second. T hey  w ere discovered fifty years ago, b u t still pose m any m ysteries, defying 

o u r efforts to  u n d e rs ta n d  th em  due to  th e ir  elusiveness. Yet n eu trinos  are  th e  m ost num erous 

m a tte r  partic les  in th e  universe; th e re  are a b o u t a  billion n eu trinos  for every single a tom .

Slowly we began  to  app rec ia te  th e  im p o rta n t roles th a t  n eu trinos  have played in shap ing  

th e  universe as we see today. We a lready  know  th a t  s ta rs  w ould n o t b u rn  w ith o u t neu trinos. 

N eu trinos played an  im p o rta n t role in p roducing  th e  various chem ical elem ents th a t  we need for 

daily  life. G iven th a t  we (atom s) are  com pletely  o u tn u m b ered  by neu trinos, it is q u ite  ce rta in  

th a t  th e y  played even m ore im p o rta n t roles.

T h ere  was a m a jo r su rp rise  eight years ago w hen we discovered th a t  n eu trinos  have a tiny, 

b u t non-zero, m ass qu ite  aga in st th e  ex p ec ta tio n s  of ou r b est theory . T h is discovery opened  up  

new im p o rta n t roles for neu trinos. We are  all of a sudden  g rapp ling  w ith  new  exciting  questions 

ab o u t n eu trinos  th a t  m ay lead to  revo lu tionary  u n d ers tan d in g s  on how th e  universe cam e to  be.

B ecause th e y  have m ass, n eu trinos  m ay have played an  im p o rta n t role in shap ing  th e  galaxies, 

and  eventually  s ta rs  and  p lanets. N eu trinos m ay ac tua lly  be th e ir  own an ti-partic les; th is  m ay 

be th e  reason w hy th e  U niverse d id  no t end  up  em p ty  b u t has a tom s in it. N eu trinos seem to  

be te lling  us profound  facts a b o u t th e  way m a tte r  and  forces are unified, and  how th e  th ree  

types of n eu trin o  are re la ted  to  each o ther; we have yet to  decipher th e ir  m essage. In  add ition , 

neu trinos  m ay ac tua lly  be th e  reason w hy th e  universe exists a t all.

W e are  only beg inn ing  to  u n d e rs ta n d  neu trinos  and  th e ir  roles in how th e  universe works. I t  

will take  m any experim en ta l approaches to  get th e  full p ic tu re . A n eu trin o  fac to ry  discussed 

here will m ost likely be an  essential com ponen t of th is  p rogram m e.

1 .2  N e u t r i n o  p h y s i c s  a s  p a r t  o f  t h e  H i g h  E n e r g y  P h y s i c s  P r o g r a m m e

T he presen t is a  very  in te res ting  tim e in th e  field of fu n d am en ta l physics: over th e  p as t four 

decades, an  im pressive th eo re tica l fram ew ork, th e  S tan d a rd  M odel, has been  estab lished . T h e  

S ta n d a rd  M odel is capab le  of exp lain ing  how n a tu re  w orks a t th e  sm allest, experim en tally - 

accessible d is tan ce  scales; yet a  hand fu l of phenom ena seem decisively to  elude an  exp lana tion  

w ith in  th e  S tan d a rd  M odel and  are therefo re  clues to  a m ore fu n d am en ta l u n d ers tan d in g . T hese 

observations provide th e  only clues we have th a t  ou r u n d e rs tan d in g  of fu n d am en ta l physics is 

incom plete. T h e  experim en ta l and  th eo re tica l p u rsu it of these clues drives th e  high energy 

physics p rogram m e and  is likely to  guide th e  bu lk  of th e  research  in th is  area  over th e  com ing 

decades. In  th is  b rief sub-section , th e  forces cu rren tly  d riv ing  research  in fu n d am en ta l physics are 

discussed and  th e  possible in te rp lay  betw een th e  com ponen t p a r ts  of th e  research  p rogram m e are

1



investigated; th e  ob jective being  to  estab lish  th e  con tex t w ith in  w hich th e  fu tu re  experim en ta l 

neu trino -physics p rogram m e m ust be developed.

N on-zero n e u trin o  m asses can n o t be exp lained  by th e  S ta n d a rd  M odel. To allow for m assive 

neu trinos, th e  S tan d a rd  M odel m ust be m odified qualita tively . T h ere  are  several d is tin c t ways in 

w hich th e  S tan d a rd  M odel can  be m odified to  accom m odate  n eu trin o  m ass, som e of w hich will 

be  discussed in d e ta il in th e  nex t section. O ur cu rren t experim en ta l know ledge of th e  p roperties  

of th e  n eu trin o  p ro p e rty  does no t allow us to  choose a p a rtic u la r  “new  S ta n d a rd  M odel” over 

all th e  o thers . W e do  no t know, for exam ple, w h e th er n eu trin o  m asses are  to  be in te rp re ted  

as evidence of new, very light, ferm ionic degrees of freedom  (as is th e  case if th e  n eu trin o s  are 

D irac ferm ions), new, very  heavy, degrees of freedom  (as is th e  case if th e  canonical see-saw 

m echanism  is responsib le for tin y  M a jo ran a  n eu trin o  m asses), o r w h e th er a m ore com plica ted  

e lec trow eak-sym m etry-break ing  sector is required . To m ake progress, it is im pera tive  th a t  new  

probes of n eu trin o  p ro p erties  be vigorously  developed. T h is  is th e  m ain  d riv ing  force of all 

experim en ta l endeavours discussed in th is  study.

A ccording to  th e  S ta n d a rd  M odel, th e  L ag rang ian  of n a tu re  is invarian t u n d e r an  S U (3)c x 

S U (2) l  x U (1 )Y local sym m etry , b u t th e  q u an tu m  num bers of th e  vacuum  are  such th a t  th is  

gauge sy m m etry  is spon taneously  broken to  S U (3)c x U (1 )em . T h e  physics responsib le  for 

th is  electrow eak-sym m etry  b reak ing  is no t know n. T h e  S tan d a rd  M odel s ta te s  th a t  electrow eak 

sy m m etry  b reak ing  arises due  to  th e  dynam ics of a  scalar field -  th e  Higgs field. W hile th e  

S ta n d a rd  M odel ex p lan a tio n  for th is  phenom enon  is in (reasonable) agreem ent w ith  precision 

electrow eak m easurem en ts, th e  definitive p red ic tion  -  th e  existence of a  new, fu n d am en ta l scalar 

boson, th e  Higgs boson -  has yet to  be confirm ed experim entally .

E ven  if th e  s ta n d a rd  m echanism  of electrow eak sy m m etry  b reak ing  is realised in n a tu re , our 

th eo re tica l u n d e rs tan d in g  of partic le  physics s trong ly  h in ts a t th e  possib ility  th a t  th e re  are 

m ore degrees of freedom  a t or slightly  above th e  electrow eak-sym m etry-break ing  scale (around  

250 G eV ). F u rth erm o re , it is w idely an tic ip a ted  th a t  these  new degrees of freedom  will serve as 

evidence of new  organ ising  principles; exam ples of such princip les include su p ersy m m etry  and  

th e  existence of new  dim ensions of space.

T h e  p u rsu it of th e  m echanism  responsib le for electrow eak sym m etry  b reak ing  is th e  d riv ing  

force beh ind  th e  cu rren t and  th e  fu tu re  h igh-energy-collider physics program m e, w hich aim s 

a t exp loring  th e  h igh energy fron tier. In  th e  n ear fu tu re , th e  L arge H ad ro n  C ollider (LH C) is 

expec ted  to  su p p lan t th e  ongoing T evatron  collider as th e  h ighest energy p artic le  accelera to r 

in th e  w orld. I t is w idely expected  th a t  th e  LH C will reveal th e  m echanism  of electrow eak 

sy m m etry  b reak ing  and  provide evidence of new  heavy degrees of freedom . A n tic ip a tin g  th e  

p o te n tia l findings of th e  L H C -based  experim en ts, th e  collider physics com m unity  is cu rren tly  

p lann ing  a h igh in tensity , h igh precision, h igh  energy electron  collider -  th e  In te rn a tio n a l L inear 

C ollider (ILC ). T h e  ILC  should be able to  s tu d y  in d e ta il th e  electrow eak-sym m etry  break ing  

sector and  reveal th e  p ro p ertie s  of th e  new  physics a t th e  electrow eak scale.

Finally, several very d ifferent b u t equally  im pressive m easurem ents of th e  m ass-energy budget 

of th e  U niverse have revealed beyond reasonable  d o u b t th e  existence of w h a t is referred  to
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as ‘d a rk  m a t te r ’. A fter several years of observation , it is now clear th a t  th e  S ta n d a rd  M odel 

does no t con ta in  th e  degrees of freedom  necessary to  exp lain  th e  d a rk  m a tte r . O th e r th a n  its 

g rav ita tio n a l p roperties , very  little  is know n a b o u t d a rk  m a tte r . I t  could consist of w eakly 

in te rac tin g  fu n d am en ta l partic les, b u t it m ay also consist of very heavy, very w eakly in te rac tin g  

sta tes , o r m ore exotic ob jec ts. E x p erim en ta l searches for d a rk  m a tte r  are  cu rren tly  am ong th e  

h ighest p rio rities of th e  fu n d am en ta l physics research  program m e. E x p erim en ts  th a t  a re  sensitive 

to  d a rk  m a tte r  vary  from  d irec t-d e tec tio n  experim en ts, to  n eu trin o  telescopes, to  gam m a-ray  

observatories. T h e  hope is th a t  th e  p u rsu it of th e  d a rk -m a tte r  clue will no t only  reveal th e  

existence of a  new  form  of m a tte r  b u t will also provide o th e r clues th a t  will allow a m ore 

satisfy ing  u n d e rs tan d in g  of th e  com position  of th e  universe an d  its behav iou r in th e  first in s tan ts  

a fte r th e  Big B ang  to  be developed.

O n to p  of th e  d a rk -m a tte r  problem , we are now faced w ith  a seem ingly deeper puzzle -  th e  

ex istence of d a rk  energy. We are  still fa r from  properly  decoding  w h a t th is  puzzle m eans, and  

it is no t clear how progress will be m ade tow ards resolving th is  m ost m ysterious issue. New 

experim en ts  are  being  devised to  s tu d y  in m ore d e ta il th e  p ro p erties  of d a rk  energy. T h e  resu lts 

of these  experim en ts  m ay play a large role in m odifying ou r p ic tu re  of how n a tu re  works a t its 

m ost fu n d am en ta l level.

T h e  d ifferent p robes discussed above no t only  address d ifferent clues regard ing  new fu n d a 

m ental physics, b u t also com plete  and  com plem ent one-ano ther. T h e  am o u n t of synergy am ong 

th e  d ifferent experim en ts  can n o t be over em phasised . C onsider th e  following exam ples of such 

synergies:

1. W hile new  physics a t th e  electrow eak scale is usually  b est s tud ied  using a high energy collider, 

th e re  are  several new -physics phenom ena th a t  will only  m anifest them selves in n eu trin o  

experim ents, inc lud ing  new  light, very-w eakly-coupled degrees of freedom  th a t  could be 

re la ted  to  d a rk  m a tte r  or d a rk  energy;

2. T h e  know ledge of n eu trin o  p ro p erties  is essential for th e  u n d e rs tan d in g  of ce rta in  d a rk -m a tte r  

searches (for exam ple those  perform ed  using  n eu trin o  telescopes);

3. A high-energy collider m ay provide th e  only m eans of s tu d y in g  in any d e ta il th e  p ro p e rty  of 

d a rk  m a tte r  particles; and

4. A p ro p er u n d e rs tan d in g  of th e  origin of n eu trin o  m ass can  only be o b ta in ed  a fte r th e  m ech 

an ism  of electrow eak-sym m etry  break ing  is p ro p erly  und ers to o d .

I t is im p o rta n t to  b ea r in m ind th a t  we do  no t know w h a t th e  nex t set of clues will be, or w here 

th e y  will com e from . I t  m ay tu rn  o u t, for exam ple, th a t  n eu trin o  experim en ts  provide ou r only 

hand le  on g ran d  un ification  and  o th e r types of very h igh energy physics, or th a t  astrophysica l 

searches for th e  p ro p erties  of d a rk  energy will reveal a d irec t w indow  on q u an tu m  gravity. O r 

it m ay tu rn  o u t th a t  collider experim en ts  will be able to  s tu d y  d irec tly  s trin g -th eo re tica l effects 

(th is  m ay be th e  case if th e re  really  are large e x tra  dim ensions). O nly a com prehensive p u rsu it of 

th e  questions th a t  we can  fo rm ula te  to d a y  will allow us to  reach th e  nex t stage in u n d e rs tan d in g
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fun d am en ta l physics -  and  ask a new  set of m ore fu ndam en ta l, deeper questions tom orrow . In 

th is  sense, we perceive th e  physics discussed here to  be on equal foo ting  w ith  o th e r stud ies 

of fu n d am en ta l im p o rtan ce  to  ou r field, inc luding  th e  d irec t searches for d a rk  m a tte r , sa te llite  

m issions th a t  will m easure th e  accelera tion  of th e  universe, o r collider experim en ts  a t th e  energy 

frontier. T hese are  all different, com plem en tary  ways of addressing  th e  different questions th a t  

we can n o t answ er given ou r cu rren t u n d e rs tan d in g  of fu n d am en ta l physics.

1 .3  I m p l i c a t i o n s  a n d  o p p o r t u n i t i e s

F u n d am en ta l ferm ions, are classified in th re e  genera tions, each genera tion  con ta in ing  six quarks 

(tw o flavours, th re e  colours) and  tw o leptons. T h e  m easured  p ro p erties  of these  partic les  exh ib it 

a clear ‘h o rizo n ta l’ h ierarchy  in w hich th e  m ass of ferm ions carry ing  th e  sam e S tan d a rd  M odel 

q u an tu m  num bers increases w ith  genera tion  num ber. W ith in  a genera tion , th e  ferm ion p ro p e r 

ties also exh ib it ‘v e rtica l’ p a tte rn s , for exam ple, th e  sum  of th e  electric charge of th e  m em bers 

of a  p a r tic u la r  genera tion  is zero. T h e  quarks com e in th re e  colour varieties, th e  source of 

th e  s trong  force. U nder th e  w eak force, b o th  th e  quarks and  th e  lep tons w ith in  a p a rticu la r  

g enera tion  tran sfo rm  as a doub le t. In  co n tra s t to  th e  general ex pec ta tion , th e  m ixing angles 

am ong lep ton  flavours have tu rn e d  o u t to  be different to  th e  quark -m ix ing  angles. M any of th e  

p ro p erties  of th e  n eu trin o  are unique, no t shared  by th e  o th e r fu n d am en ta l ferm ions. F irstly , 

it has n e ith e r colour nor electric charge, hence is th e  only fu n d am en ta l ferm ion th a t  feels solely 

th e  weak force in ad d itio n  to  th e  g rav ita tio n a l force. T h is  fact becom es im p o rta n t w hen cosm o 

logical im p act of th e  n eu trin o  is d iscussed. Secondly, n eu trin o  m asses are tin y  com pared  to  th e  

m asses of all o th e r fu n d am en ta l ferm ions. T h ird ly , th e  n eu trin o  could be a M a jo ran a  particle ; 

a ferm ion w hich can n o t be d istingu ished  from  its own an tip a rtic le9.

T h e  physics of flavour seeks to  provide an  ex p lan a tio n  of these  observed p a tte rn s . T h e  vertical 

p a tte rn s  no ted  above can  be exp lained  in ‘G ran d  U nified T heo ries’ (G U T s) in w hich th e  ferm ions 

are assigned to  rep resen ta tio n s  of a large sym m etry  g roup  such as S 0 (1 0 ) . T h e  horizon tal, or 

fam ily p a tte rn s , can  be exp lained  by assum ing  a fam ily sy m m etry  such as S U (3)famny. Some 

m odels th a t  in co rp o ra te  G U T  and  fam ily  sym m etries w ith  super-sym m etric  ex tensions com e 

w ith in  th e  realm  of s trin g  theories th a t  in co rp o ra te  e x tra  dim ensions. U n d ers tan d in g  th e  sym 

m e try  s tru c tu re  seems to  be a p rom ising  s tra teg y  to  arrive a t a  descrip tion  of th e  physics of 

flavour.

N eu trin o  oscillations are  a phenom enon  in w hich th e  n eu trin o  changes flavour as it p ropagates. 

I t  was p red ic ted  by P ontecorvo  [2, 3] and  M aki, N akagaw a and  S akata  [4] and  th e  first clear 

evidence for n eu trin o  oscillations was p resen ted  by S uper-K am iokande in 1998 in observations 

of th e  zen ith  angle d is tr ib u tio n s  of a tm ospheric  n eu trinos  [5]. T h e  first ind ication , however, 

d a tes  back as early  as 1970, w hen th e  H om estake g roup  de tec ted  a deficit in th e  so lar-neu trino  

flux com pared  to  th a t  p red ic ted  by th e  S ta n d a rd  Solar M odel [6]. T h e  long-stand ing  ” solar

9 The observation of double beta-decay processes in which no neutrino is produced would imply that the neutrino
is its own antiparticle [1].
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Figure 1: The ratio of the measured to the predicted neutrino flux is plotted as a function of L /E .  The 
anti-electron-neutrino contribution to the reactor neutrino flux measured by the KamLAND collaboration [8] is 
shown.

n eu trin o  puzzle” was finally proved to  be a resu lt of oscillations by SNO in 2001 [7]. T h e  first 

observation  of n eu trin o  oscillations from  te rre s tr ia l n eu trin o  sources was o b ta in ed  by K am L A N D  

by m easuring  th e  energy sp ec tru m  of n eu trinos  p roduced  in nuclear reac to rs  [8]. T h e  resu lt of 

th e  K am L A N D  m easurem ent, show n in figure 1, exh ib its  th e  expected  oscilla to ry  behav iour and  

co n s titu te s  com pelling  evidence for n eu trin o  oscillations [9].

N eu trin o  oscillations occur because of flavour m ixing and  th e  tiny, b u t different, m asses of th e  

neu trinos. T h e  see-saw m echanism , th e  m ost a ttra c tiv e  and  prom ising  schem e to  exp lain  th e  

tin y  m ass, requires th e  presence of very  heavy M ajo ran a  neu trinos. In  such m odels, n eu trin o  

oscillations are a consequence of th e  physics w hich p e rta in s  a t an  ex trem ely  large energy scale. 

See-saw m odels are able to  exp lain  th e  strik ing  difference betw een th e  q u ark - and  lep ton-m ix ing  

angles in  a n a tu ra l way. If  th e  heavy M ajo ran a  n eu trin o  is a b u n d a n t in  th e  early  U niverse and  

decays p referen tia lly  in to  m a tte r  lep tons in a C P  v io la ting  process, th e n  th e  lep ton  asym m etry  

w ould be converted  in to  a baryon  asy m m etry  a sp lit second la te r d u rin g  th e  electrow eak era. 

T h is process is referred  to  as “leptogenesis” and  is a  p rim ary  th eo ry  to  exp lain  ou r m a tte r  

universe. T h e  n eu trin o  is th e  m ost a b u n d a n t of th e  m a tte r  ferm ions in  th e  U niverse; w ith  a 

billion n eu trinos  for each of th e  o th e r know n m a tte r  partic les, only th e  ub iqu itous p h o to n  is 

m ore ab u n d a n t. H ence, th e  tin y  n eu trin o  m ass could co n trib u te  a non-negligible frac tion  of th e  

d a rk  m a tte r  and  is know n to  play an  im p o rta n t role in th e  fo rm ation  of large-scale s tru c tu re  in 

th e  U niverse.

B ecause of its d irec t connection  w ith  phenom ena a t energies never seen since th e  B ig B ang , th e  

precise d e te rm in a tio n  of th e  m asses and  m ixing angles of th e  3 fam ilies of n eu trin o  is a  un ique 

w indow  on to  these  early  tim es an d  provides a p a th  to  th e  possible un ification  of all forces. 

M easurem ents of n eu trin o  oscillations can  be used to  d e te rm in e  th e  th re e  m ixing angles and  th e  

C P  v io lating  phase  of th e  lep ton-m ix ing  m a trix  (th e  PM N S, P ontecorvo-M aki-N akagaw a-Sakata 

m a tr ix )  and  tw o m ass-squared  differences. E xam in in g  n eu trin o  oscillations is a  m ost d irec t way 

to  d istingu ish  betw een th e  various possible theories of th e  physics of flavour and  to  u n d e rs tan d

5



th e  orig in  of n eu trin o  m ass. I t  is also a logical place to  seek for th e  orig in  of th e  C P  violation.

T aking  a d ifferent perspective, ever since P a u li’s 1931 pred ic tion , th e  unveiling of th e  p roperties  

of th e  n eu trin o  has always hera lded  a new epoch in th e  h is to ry  of e lem en tary  partic le  physics. 

Inc lud ing  th e  n e u trin o  as a p layer of b e ta  decay, Ferm i fo rm ulated  th e  first successful th eo ry  

of weak in teractions. T he  absence of rig h t-h an d ed  n eu trinos  has m anifested  itse lf as th e  ‘V -A ’ 

s tru c tu re  of th e  w eak in te rac tio n  and  th e  p u rsu it of its origin  lead to  th e  discovery of th e  chiral 

gauge th e o ry  w hich form s th e  fo u n d atio n  of m o d ern  partic le  theories. T h e  rea lisa tion  of in tense 

n eu trin o  beam s im m ediately  resu lted  in th e  discovery of th e  n e u tra l cu rren t, estab lish ing  th e  

un ification  of th e  electrow eak in terac tions. T he  ab ility  of n eu trin o  in teractions to  d is tingu ish  

flavour and  handedness has been  extensively  u tilised  in deep  inelastic  in te rac tions  to  clarify  th e  

s tru c tu re  of th e  nucleon and  to  estab lish  th e  asy m p to tic  freedom  of Q C D . T h e  recent discovery 

of n eu trin o  oscillations could be regarded  as a n o th e r epoch-m aking  observation . So fa r it is th e  

only experim en ta l evidence for, and  a v ita l clue to , th e  physics beyond th e  S tan d a rd  M odel. 

B o th  th e  m ysteries, and  th e  b rillian t record, of th e  n eu trin o  can  be a t tr ib u te d  to  its un ique 

and  ch arac te ris tic  in sensitiv ity  to  b o th  th e  s trong  and  th e  electrom agnetic  forces. T here  are 

am ple reasons to  believe th a t  th is  asset rem ains valid in uncovering th e  veils th a t  su rro u n d  th e  

neu trino . N eu trin o  facilities to  pu rsue  oscillation  phenom ena are  com plem entary  to  h igh-energy 

colliders and  are  com petitive  can d id a te s  for th e  nex t w orld-class facilities for p artic le  physics.

1 .4  P r e c i s i o n  m e a s u r e m e n t s  a n d  s e n s i t i v e  s e a r c h e s

E xperim entally , th e re  are  several d ifferent approaches to  e lucidate  th e  p ro p erties  of th e  neu 

trin o . In  th is  rep o rt we co n cen tra te  m ain ly  on accelera to r-based  facilities illum inating  massive, 

u n d erg round  detecto rs . O th e r com plem entary  m eans are  also taken  in to  account and  are de 

scribed  in section 6 . A m ong them , reac to r-based  oscillation  experim en ts  m ay play a crucial role 

in u n tang ling  th e  degeneracies inheren t in oscillation  m easurem ents. O th e r techn iques include 

d o u b le -b e ta  decay, a un ique too l to  te s t th e  M ajo ran a  n a tu re  of th e  n eu trin o  [1]. M assive, u n 

derg round  detecto rs , w hile serving as a far d e tec to r for th e  oscillation  experim en ts, also have an  

im p o rta n t role in th e ir  own righ t as telescopes for n eu trin o  as tronom y and  as a possible w indow  

on g rand  unified theories by way of searching  for p ro to n  decay.

Theories th a t  p u rp o r t to  exp lain  n eu trin o  oscillations have consequences for th e  p roperties  

of th e  charged lep tons, such as flavour changing  process in lep ton  decay or lep ton-induced  

reactions. C onsidering  th a t  very in tense m uon beam s will be available as a by -p ro d u ct of th e  

N eu trin o  Factory, it is n a tu ra l to  include m uon physics as an  ind ispensab le  ingred ien t of th e  

study. Section 7 discusses in d e ta il th e  o p p o rtu n itie s  th a t  h ig h -s ta tis tics  s tud ies of th e  p roperties  

of th e  m uon have to  offer.

T h e  p resen t genera tion  of neu trino -osc illa tion  experim en ts  [10-12], reviewed in section 2 be 

low, are  designed to  m easure th e  sm allest n eu trin o  m ixing p a ram e te r if it is no t ‘to o  sm all’. T hey  

u tilise  in tense p ion beam s (super-beam s) to  genera te  neu trinos. T h ey  are designed to  seek and  

m easure th e  th ird  m ixing angle d\3 of th e  PM N S  m atrix , b u t will have little  or no sensitiv ity
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to  m a tte r-a n tim a tte r  sym m etry  v io lation . Several n eu trin o  sources, inc lud ing  second genera 

t io n  super-beam s, b e ta -beam s, and  th e  N eu trin o  F ac to ry  have been  envisaged to  reach high 

sensitiv ity  and  red u n d an cy  well beyond th a t  w hich can  be achieved in th e  p resen tly -approved  

neu trino -osc illa tion  program m e. Section 5 review s th e  deta iled  perform ance of each of these 

classes of facility  and  p resen ts q u a n tita tiv e  com parisons of th e  physics p o ten tia l. T h e ir essential 

fea tu res are briefly in troduced  below.

T h e  su per-beam  is a  n a tu ra l ex tension  of th e  conventional n eu trin o  beam  and  th e  cu rren t and  

approved experim en ts  are  m ostly  of th is  ty p e  [13-23]. T h e  n eu trin o  beam  is p roduced  th ro u g h  

pion and  kaon decay and  hence these  facilities provide beam s in w hich and  d om inate  

th e  n eu trin o  flux. However, these  beam s also con ta in  ve (ve) from  kaon and  m uon decay w hich 

co n s titu te  an  irreducib le  background  for th e  oscillation  signal vM(vM) ^  ve(ve). In  add ition , th e  

selection of sam ples of ve (ve) is p rone  to  n eu tra l cu rren t co n tam ina tion . T h e  p rincipal source of 

system atic  u n certa in ty  arises from  th e  fact th a t  th e  sp ec tra l shape  of th e  pions and  kaons is no t 

well know n. In  th e  second genera tion  su per-beam  experim ents, th e  em phasis is on large d e tec to r 

m ass, i.e. th e  collection of large d a ta  sam ples, an d  on m uon and  electron  partic le  identification . 

T hese d e tec to r so lu tion  m ost o ften  ad o p ted  for second-genera tion  su per-beam  experim en ts  is 

th e  m egaton-scale w ater C herenkov counter. L iqu id -argon  d e tec to rs  o r large volum e sc in tilla to r 

de tec to rs  have also been  considered.

T h e  b e ta -b eam  [24], in w hich electron  n eu trinos  or (an ti-neu trinos) are  p roduced  from  th e  de 

cay of sto red  rad io-active ion beam s, provides essentially  background-free p u re  “go lden-channel” 

(ve ^  vM), i.e. “th e  appea ran ce  of w rong-sign m uons” . U nlike th e  N eu trin o  Factory, th e  

be ta -b eam  does no t need a m agnetised  d e tec to r, because th e re  is no co n tam in a tio n  from  a n ti 

n eu trinos. T h is  allows th e  b e ta -b eam  to  use a very m assive d e tec to r ju s t  as th e  second genera tion  

super-beam  does [25,26]. S im ultaneous o p era tio n  of th e  b e ta -b eam  and  th e  second genera tion  

super-beam  has also been  considered  [27]. T h e  d isadvan tage  of th e  b e ta -b eam  is lack of th e  

“silver channel” , th e  ve ^  vT, tra n s itio n  for m ost of th e  case stud ied .

T h e  N eu trin o  F ac to ry  [28,29], an  in tense high-energy n e u trin o  source derived  from  th e  decay of 

a sto red  m uon beam , has access to  all channels of neu trino-flavour tra n s itio n  including  th e  golden 

channel. However, to  reject beam -induced  m uo n -n eu trin o  events requires th a t  th e  d e tec to r be 

m agnetised . T h is  leads m ost n a tu ra lly  to  th e  m agnetised  iron  calo rim eter design. A no ther 

un ique fea tu re  of th e  N eu trin o  F ac to ry  is th e  possib ility  to  observe th e  silver channel. T h is  can  

be achieved using  e ith e r em ulsion based  d e tec to rs  or a  m agnetised  liqu id-argon  tim e-p ro jec tion  

cham ber.

S tud ies [30-35] so far have show n th a t  th e  N eu trin o  F ac to ry  gives th e  b est perfo rm ance over 

v irtu a lly  all of th e  p a ram e te r space; its tim e  scale and  cost rem ain , however, im p o rta n t question  

m arks. S uper-B eam s have m any com ponen ts  in com m on w ith  th e  N eu trin o  Factory. A b e ta - 

beam  m ay be  com petitive  w ith  th e  N eu trin o  F ac to ry  in som e p aram e te r space, b u t, being 

rela tively  new  in th is  field, needs fu r th e r  s tu d y  to  fully explore its capability .

T h ere  is an  im p o rta n t issue com m on to  all th e  facilities th a t  m ust be  b o rn e  in m ind. A typ ical 

oscillation experim en t, try in g  to  d e te rm in e  th e  sm all m ixing angle d\3 an d  th e  C P  v io lating  phase
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ö, g en e ra lly  suffers fro m  c o rre la tio n /d e g e n e ra c y  p ro b lem , d e sc rib ed  in  d e ta il  in  sec tio n  2 .4 . T h e se  

c o rre la tio n s  a n d  d eg en erac ies  red u c e  th e  se n s itiv ity  ty p ic a lly  by  o ne  o rd e r  o f m a g n itu d e  over 

t h a t  g iven  by  th e  s ta t is t ic a l  a n d  sy s te m a tic  u n c e rta in tie s . T h is  h a p p e n s  b e c au se  a  c an o n ica l 

o sc illa tio n  e x p e rim e n t m easu res  o n ly  tw o  tra n s it io n  ra te s , P (va  ^  Vß) a n d  P (V a ^  Vß) a n d  

th e  e x p ress io n  for th e se  p ro b a b ilit ie s  is a  q u a d ra t ic  fu n c tio n  of tw o  u n k n o w n  v a riab le s , s in 2013 

a n d  sin  ö. G iven  tw o  m ea su red  va lues a t  fixed energy , E ,  a n d  b ase lin e , L , th e  so lu tio n  o f th e  

e q u a tio n s  h as  a n  e x tra , fake, (d 13, ö) so lu tio n  w h ich  is re fe rred  as th e  in tr in s ic  deg en eracy . O u r  

ig n o ran ce  o f th e  sign  o f A m | 3 ( th e  sign  d eg e n e ra cy ) , a n d  th e  in d is t in g u ish a b ili ty  o f d23 from  

n / 2  — d23 ( th e  o c ta n t  d eg en eracy ) re su lts  in  a  to ta l  e igh t-fo ld  degeneracy . T h e  p ro b le m  c an  b e  

reso lved  in  o ne  of th re e  ways:

1. T o p lace  a  second  d e te c to r  a t  d iffe ren t va lu e  of L / E ;

2. To a d d  a  d iffe ren t c h a n n e l (o r to  co m b in e  d a ta  fro m  a  c o m p le m e n ta ry  sou rce , for ex am p le  

fro m  a  re a c to r  e x p e rim e n ts ) ;  an d

3. To use  a n  im p ro v ed  d e te c to r  w ith  low er th re s h o ld  a n d  b e t te r  e n e rg y  reso lu tio n .

M e th o d  (3) m ay  b e  reg a rd e d  as a  v a r ia n t o f (1) from  th e  p hysics  p o in t o f v iew  b e c au se  it is 

e sse n tia lly  eq u iv a len t to  w id en in g  th e  en e rg y  sp e c tru m . T h is  is th e  rea so n  w h y  th e  c o n s id e ra tio n  

o f sy n e rg y  am o n g  th e  p ro p o se d , as well as th e  c u rre n t e x p e rim e n ts , is p a r t ic u la r ly  im p o r ta n t  

in  o sc illa tio n  physics. M ore  o fte n  th a n  n o t, th e  c o m b in a tio n  o f e x p e rim e n ts  o f d iffe ren t design  

c a n  ach ieve a  s e n s itiv ity  t h a t  fa r  exceeds w h a t a  m ere  s ta t is t ic a l  g a in  w ould  su g g est. F or 

in s ta n c e , N O v A  [16] e x p e c ts  to  e n h a n c e  its  s e n s itiv ity  by  c o m b in in g  w ith  a  p ro p o se d  re a c to r  

e x p e rim e n t a n d  a n  u p g ra d e d  v e rs io n  o f N O v A  [17, 18] p ro p o se s  to  p u t  a  second  d e te c to r  a t  

a  d iffe ren t off ax is an g le  (i.e. en e rg y ). T 2 K K  [19,20], a  v a r ia tio n  o f T 2 H K  [13], p ro p o se s  to  

sp lit  th e i r  m eg a to n  w a te r  d e te c to r  in  tw o  a n d  p lace  o ne  in  K o rea ; a  rem e d y  u s in g  tw o  d iffe ren t 

b ase lin es  (L = 2 9 5  km  a n d  ~  1050 k m ). T h e  o n -ax is  W B B  [23 ,36 ,37], a  v e ry  lo n g -b ase lin e  w id e 

b a n d  b e a m  from  F N A L  o r  B N L  to  H e n d e rso n  o r H o m e sta k e  m in e  in  th e  U S , o n  th e  o th e r  h a n d , 

ta k e s  a d v a n ta g e  of its  w ide  s p e c tru m  to  reso lve th e  p ro b lem . I t  h a s  a lso  b e e n  show n t h a t  th e  

c o m b in a tio n  o f a tm o s p h e r ic -n e u tr in o  d a ta  w ith  T 2 H K  [38] o r a  low e n e rg y  b e ta -b e a m  [27] is 

e x tre m e ly  h e lp fu l in  reso lv in g  th e  d eg en erac ies  re la te d  to  th e  m ass h ie ra rc h y  a n d  th e  o c ta n t  

d egeneracy . T h e se  ex am p les  i l lu s tra te  th e  im p o r ta n c e  o f w o rk in g  to w a rd s  th e  id en tif ica tio n  of 

a n  o p tim u m  c o m b in a tio n  of th e  v a rio u s  fac ilities.

F o r all d e te c to r  co n cep ts , th e re  a re  im p o r ta n t  q u e s tio n s  c o n cern in g  co st, fea s ib ility  a n d  tim e  

scales. In  a d d it io n , th e re  a re  d es ig n  o p tim isa tio n s  to  b e  m ad e , e.g. b e tw een  en e rg y  a n d  ang le  

re so lu tio n , o p tim u m  b ase lin e  le n g th  a n d  d e te c to r  m ass. T h e  s tu d y  o f d e te c to r  co n c ep ts  for th e  

n e a r  d e te c to r  s ta t io n s  w ill b e  a n  im p o r ta n t  a sp e c t of th e  n e u tr in o  physics  b e c au se  of its  access 

to  m a n y  re a c tio n s  c o m p le m e n ta ry  to  th e  o sc illa tio n  p rocess.

F o r th e  n e u tr in o -p h y s ic s  c o m m u n ity  to  a rriv e  a t  a  co n sen su s  o n  th e  b e s t  p o ss ib le  n e u tr in o -  

o sc illa tio n  p ro g ra m m e  to  follow  th e  p re se n t g e n e ra tio n  o f e x p e rim e n ts  req u ires  a  d e ta ile d  eva l 

u a tio n  o f th e  p e rfo rm a n c e  a n d  cost o f th e  v a rio u s  o p tio n s  a n d  o f th e  tim esca le  o n  w h ich  each
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can  b e  im p lem e n te d . F u r th e r  R & D  p ro g ra m m e s  in to  th e  a c c e le ra to r  sy s tem s a n d  th e  n e u tr in o  

d e te c to rs  m u st b e  c a rr ie d  o u t.

1 .5  W h a t  t h e  s t u d y  t r i e d  t o  a c h i e v e

T h e  ro le  o f th e  P h y s ic s  G ro u p  o f th e  ISS  s tu d y  w as to  e s ta b lish  th e  s tro n g  physics  case  fo r th e  

v a rio u s  p ro p o se d  fac ilities  a n d  to  find  th e  o p tim u m  p a ra m e te rs  o f th e  a c c e le ra to r  fac ility  a n d  

d e te c to r  sy s tem s from  physics  p o in t o f view . T h e  firs t o b jec tiv e  of th is  re p o r t ,  th e re fo re , is to  

t r y  to  id en tify  th e  b ig  q u e s tio n s  o f n e u tr in o  physics  such  as th e  o rig in  of n e u tr in o  m ass, th e  

ro le  o f th e  n e u tr in o  in  th e  b i r th  of th e  u n iv erse , w h a t th e  p ro p e r tie s  o f th e  n e u tr in o  c a n  te ll 

us a b o u t  th e  u n ific a tio n  of m a t te r  a n d  force. T h e se  q u e s tio n s  lay  d o w n  th e  b asis  for m ak in g  

th e  physics  case  fo r th e  v a rio u s  n e u tr in o  fac ilities . S ince it is n o t (yet) p o ss ib le  to  an sw er th e se  

q u e s tio n s  in  g en era l, s tu d ie s  have c o n c e n tra te d  on  m o re  specific issues t h a t  m ay  lead  to  answ ers  

to  th e  b ig  q u e s tio n s . A  class o f d ire c tly - te s ta b le  p red ic tio n s  is a ffo rded  by  th e  fac t t h a t  G U T  

a n d  fam ily  sy m m e trie s  re su lt  in  re la tio n sh ip s  b e tw een  th e  q u a rk -  a n d  lep to n -m ix in g  p a ra m e te rs ; 

such  re la tio n sh ip s  c a n  b e  c a s t  in  th e  fo rm  of su m  ru les.

T h e  second  o b jec tiv e  w as to  look  fo r p o ss ib le  clues o f new  p hysics  in  a  ‘b o t to m -u p ’ a p p ro a c h . 

F o r th is  p u rp o se , we have e v a lu a te d  th e  d eg ree  to  w h ich  th e  v a rio u s  fac ilities , a lo n e  o r  in  co m b i 

n a tio n , c an  d is t in g u ish  b e tw een  th e  v a rio u s  m o d els  of n e u tr in o  m ix in g  a n d  d e te rm in e d  o p tim u m  

p a ra m e te r  se ts  fo r th e se  in v es tig a tio n s . O n e  ex a m p le  is to  search  fo r th e  ex is ten ce  o f a  s te rile  

n e u tr in o . A lth o u g h  th e  a n o m a ly  p re se n te d  by  L S N D  [39] w as n o t co n firm ed  by  M in iB o o N E  [40], 

th e  q u e s tio n  is im p o r ta n t  e n o u g h  to  b e  p u rsu e d  fu r th e r .  T h e  second  e x a m p le  is th e  u n i ta r y  t r i 

ang le : w h ile  th e  C K M  m a tr ix  in  q u a rk  se c to r  is c o n s tra in e d  to  b e  u n i ta r y  in  th e  S ta n d a rd  M odel, 

th e  P M N S  m a tr ix  o r ig in a te s  from  p hysics  b e y o n d  th e  S ta n d a rd  M odel a n d , in  see-saw  m odels, 

m ay  n o t b e  e x a c tly  u n ita ry . T h e  th ir d  e x a m p le  is th e  ex is ten ce  o f f lav o u r-ch an g in g  in te ra c 

t io n s  th a t  m ig h t a p p e a r  a t  th e  p ro d u c tio n  p o in t, in  th e  o sc illa tio n  s tag e , o r  a t  th e  d e te c tio n  

p o in t. P o ss ib le  s tro n g  c o rre la tio n s  b e tw een  lep to n -flav o u r v io la tio n  a n d  n e u tr in o  osc illa tio n s  

w ere  a lso  d iscu ssed . O th e r  a p p ro a c h e s  to  th e  d e te rm in a tio n  of th e  th re e -f la v o u r p a ra m e te rs  (i.e. 

n o n -a c c e le ra to r  b a sed  m ea su re m e n ts )  w ere  a lso  co n s id e red . F o r ex am p le , th e  p o ss ib ility  of a 

new  lo n g -b ase lin e  re a c to r  e x p e rim e n t a n d  th e  lo ad in g  o f th e  w a te r  in  th e  S u p e r-K am io k an d e  

d e te c to r  w ith  g a d o lin iu m  to  im p ro v e  th e  s o la r -n e u tr in o  p a ra m e te rs , o r  a n  large , u n d e rg ro u n d , 

m a g n e tise d -iro n  d e te c to r  to  im p ro v e  th e  a tm o s p h e r ic -n e u tr in o  p a ra m e te rs  a n d  to  te s t  for d e v i 

a tio n  from  m ax im a l-m ix in g  a n d  d e te rm in e  th e  o c ta n t  d e g en eracy  w ere a lso  d iscu ssed .

T h e  th ird ,  a n d  th e  key, o b jec tiv e  o f th is  r e p o r t  is to  p re se n t th e  f irs t d e ta ile d  co m p a riso n  

o f th e  p e rfo rm a n c e  o f th e  v a rio u s  fac ilities . U tilis in g  rea lis tic  sp ec ifica tio n s , we have e s tim a te d  

likely  p e rfo rm a n c es , tr ie d  to  find  a n  o p tim u m  c o m b in a tio n  of fac ilities , b ase lin es  a n d  n e u tr in o  

energ ies , a n d  to  com e u p  w ith  som e s ta g in g  scenario s .

A lth o u g h  p a s t  s tu d ie s  have show n  t h a t  th e  N e u tr in o  F a c to ry  c an  b e  co n s id e red  as a n  excellen t, 

a n d  p e rh a p s  as a n  u l tim a te , facility , m a n y  q u e s tio n s  re m a in  o p e n . F o r in s ta n c e , th e  p e rfo rm a n c e  

o f th e  N e u tr in o  F a c to ry  a t  la rg e  0 13 (s in 2 2 0 13 >  10- 2 ) w h e re  m o st s u p e r-b e a m  e x p e rim e n ts  w ork  

is o n ly  now  b e in g  s tu d ie d  in  d e ta il  [41]. A  q u e s tio n  th a t  m u st th e re fo re  b e  asked  is: “C a n  th e
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N e u tr in o  F a c to ry  re m a in  c o m p e titiv e  if 0 13 tu r n s  o u t to  b e  la rg e ? ” . A n o th e r  co n cern  is th e  cost 

of th e  a c c e le ra to r  fac ility  a n d  th e  d e te c to r  sy s tem s. O n e  e s tim a te  [32] in  p rev io u s  s tu d ie s  gives 

a  to ta l  cost o f 1500 M $ +  400 M $ x  E /2 0 (G e V ) . T h e re fo re , th e  second  q u e s tio n  is: ”W h a t  is 

th e  m in im u m  en e rg y  t h a t  w ill d e liv e r th e  p h y s ic s?” . T h e  N e u tr in o  F a c to ry  o p e ra te s  a t  energ ies 

c o n s id e ra b ly  h ig h e r  th a n  th e  f irs t o sc illa tio n  p e a k  ( E max/G e V  =  L /5 6 4  k m ). T h e  c an o n ica l 

o p e ra t in g  c o n d itio n  in  p a s t  s tu d ie s  h as  b e e n  to  u se  a  p a re n t  m u o n  b e a m  of 50 G eV  a n d  a 

50 k to n  m ag n e tise d -iro n  d e te c to r  a t  a  d is ta n c e  o f 3000 -  4000 k m  [42]. B ecau se  o f its  o p e ra tio n  

a t  h ig h  e n e rg y  w ith  a  sing le  d e te c to r , i t  suffers from  th e  d e g e n e ra cy  p ro b le m  a t  in te rm e d ia te  

va lues o f 0 13 (10 - 3  <  s in 2 2 9 13 <  10- 2 ). I t  h a s  b e e n  show n th a t  rem ed ies  ex is t th ro u g h  th e  

a d d it io n  o f e ith e r  a  second  d e te c to r  a t  th e  ‘m a g ic ’ b ase lin e  (L  ~  7500 km ) [43] o r th e  silver 

c h a n n e l [44]. B o th  o f th e se  so lu tio n s  re q u ire  th e  second  d e te c to r . So, th e  th i r d  q u e s tio n  is ” C an  

a  s in g le -d e tec to r  c o n fig u ra tio n  w ith  im p ro v ed  p e rfo rm a n c e  d o  an y  b e t te r ,  a n d  if tw o  d e te c to rs  a re  

u n av o id ab le , w h ich  c o m b in a tio n  is th e  b e s t? ” . In  o rd e r  to  an sw er th o se  q u e s tio n s , a n  ex ten siv e  

in v es tig a tio n  in  th e  p a ra m e te r  sp ace  ( E ß — L )  w as c a rr ie d  o u t. T h e n , v a rio u s  c o m b in a tio n s  have 

b e e n  c o m p a re d  w ith  th e  in te n tio n  to  id en tify  b o th  a  c o n se rv a tiv e  o p tio n  a n d  a n  im p ro v ed  se t of 

d e te c to r  c o n fig u ra tio n s  w ith  p o ss ib le  s tag in g .

D irec t, q u a n ti ta t iv e  co m p a riso n  o f th e  v a rio u s  fac ilities  is a  h ig h lig h t o f th e  s tu d y . T h e  

G L o B E S  package  [45,46] w as u sed . O th e r  codes, V a lencia  a n d  M a d rid , show ed goo d  ag re e m e n t 

w ith  G L oB E S  in  a  te s t  u s in g  a  sing le  re fe ren ce  in p u t. A  rea lis tic  se t o f d e te c to r  sp ec ifica tio n s  

a n d  a  p rec ise  n o rm a lisa tio n  o f n e u tr in o  flu x  a n d  cross  sec tio n s  w ere p re p a re d . T h e  co m p ariso n s  

a re  m ad e  for th re e  p e rfo rm a n c e  in d ic a to rs  o n ly  (s in 2 2013, th e  sign  o f m ass h ie ra rch y , a n d  th e  

C P  v io la tio n  p h a se  ö). I f  o th e r  physics  to p ic s , such  as e , ß  — t  f lavour a n o m a ly  search es, a re  

e m p h a s ise d , th e  re la tiv e  im p o r ta n c e  m ay  b e  d iffe ren t.

T h e  fina l c o n tr ib u tio n  to  th is  r e p o r t  rev iew s th e  m u o n  physics t h a t  c an  b e  p e rfo rm e d  w ith  

th e  in te n se  m u o n  b e a m s t h a t  w ill b e  av a ilab le  a t  th e  N e u tr in o  F ac to ry . T h e  s tu d y  o f ra re  

p ro cesses in  m u o n  d ecay  a n d  m u o n -e lec tro n  a n d  m u o n -n u c leo n  s c a tte r in g  is c o m p le m e n ta ry  to  

p rec is io n  s tu d ie s  o f n e u tr in o  o sc illa tio n s; o f te n  sen sitiv e  to  th e  sam e  u n d e rly in g  physics. T h e  

c o m p le m e n ta r ity  a n d  th e  p o te n t ia l  o f a  m u o n -p h y sics  p ro g ra m m e  a t  th e  N e u tr in o  F a c to ry  is 

in v es tig a ted . I t  w ill b e  im p o r ta n t  in  th e  co m in g  y ears  to  e s ta b lish  q u a n ti ta t iv e ly  th e  q u a li ta t iv e  

sy n e rg y  b e tw een  m u o n  physics  a n d  th e  s tu d y  o f n e u tr in o  o sc illa tio n s .

T h is  re p o r t  is o rg an ised  as follows. F ir s t ,  in  sec tio n  2 , we give a  rev iew  of th e  p re se n t g e n e ra tio n  

o f e x p e rim e n ts , s ta te  w h a t  is need ed  to  co m p le te  th e  p ic tu re  a n d  e x p la in  th e  d e g e n e ra cy  p ro b lem . 

N ex t we e x p a n d  u p o n  th e  physics  m o tiv a tio n  for th e  n e u tr in o -o sc illa tio n  p ro g ra m m e  in  sec tio n s  3 

a n d  4 ; sec tio n  3 c o n ta in s  a  ‘b ig -p ic tu re ’ d e sc r ip tio n  o f n e u tr in o  physics  a d d re s s in g  such  q u e s tio n s  

as th e  o rig in  o f n e u tr in o  m ass, e x tr a  d im en sio n s , flavour sy m m etry , a n d  th e  ro le  o f th e  n e u tr in o  

in  u n ific a tio n  a n d  in  cosm ology, w hile  sec tio n  4 ta k e s  a  p h en o m en o lo g ica l a p p ro a c h  to  c o n sid e r 

how  m ea su re m e n ts  of n e u tr in o  p ro p e r tie s  m ay  p ro v id e  clues to  new  p h y sics  th ro u g h  s tu d ie s  

such  as th e  search  for s te rile  n e u tr in o s , th e  in v e s tig a tio n  o f th e  lep to n ic  u n i ta r y  tr ia n g le , a n d  

th e  search  fo r n o n -s ta n d a rd  in te ra c tio n s  in  th e  o sc illa tio n  e x p e rim e n ts . S ec tio n  5 d ea ls  w ith  th e  

physics  p o te n tia l  o f th e  p ro p o se d  fac ilities: th e  su p e r-b e a m ; th e  b e ta -b e a m ; a n d  th e  N e u tr in o  

F ac to ry . D irec t c o m p a riso n  o f v a rio u s  fac ilities  is g iven  here . A lte rn a tiv e  e x p e rim e n ts  w hich
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can com plem ent th e  oscillation experim en ts  are  described  in section 6 . T h e  final section 7 is 

devoted  to  m uon physics.

2  T h e  S t a n d a r d  N e u t r i n o  M o d e l

2 .1  I n t r o d u c t i o n

T he “s ta n d a rd  neu trino -m ix ing  m odel” em erged as a resu lt of th e  rem arkab le  progress m ade 

in th e  p as t decade in  th e  stud ies of n eu trin o  oscillations. T h e  experim en ts  w ith  solar, a tm o 

spheric, and  reac to r n eu trinos  [5-7,47-55] have provided  com pelling evidences for th e  existence 

of n eu trin o  oscillations d riven  by non-zero n eu trin o  m asses and  n eu trin o  m ixing. E vidence for 

n eu trin o  oscillations w ere also o b ta in ed  in th e  long-baseline accelera tor n eu trin o  experim en ts 

K 2K  [56,57] and  M IN O S [11].

W e recall th a t  th e  idea of n eu trin o  m ixing and  n eu trin o  oscillations was fo rm u lated  in [2-4]. 

I t  was p red ic ted  in 1967 [58] th a t  th e  existence of ve oscillations w ould cause a “d isa p p e a r 

ance” of solar ve on th e  way to  th e  E a r th . T h e  hypo thesis of solar-ve oscillations, w hich (in 

one varie ty  or an o th er) were considered  from  ^ 1 9 7 0  on as th e  m ost n a tu ra l ex p lan a tio n  of th e  

observed [6,47-50] so lar-neu trino , ve , deficit (see, e.g., references [59-64]), has been  convincingly 

confirm ed in  th e  m easurem en t of th e  so la r-neu trino  flux th ro u g h  th e  n eu tra l-cu rren t (N C) reac 

tion  on d eu te riu m  by th e  SNO experim en t [7,52-54], and  by th e  first resu lts of th e  K am L A N D  

experim en t [55]. T he  com bined analysis of th e  so la r-neu trino  d a ta  o b ta in ed  by th e  H om estake, 

SAG E, G A L L E X /G N O , Super-K am iokande, and  th e  SNO experim en ts, an d  of th e  K am L A N D  

reac to r Ve d a ta  [55], estab lished  large m ixing-angle (LM A ), M SW  oscillations [60,61] as th e  dom 

in an t m echanism  giving rise to  th e  observed solar-ve deficit (see, e.g., [65]). T h e  K am iokande 

experim en t [47] p rovided  th e  first evidence for oscillations of a tm ospheric  neu trinos, and  VM, 

w hile th e  d a ta  from  th e  S uper-K am iokande experim en t m ade th e  case for a tm o sp h eric -n eu trin o  

oscillations convincing [5]. Ind ica tions for v-oscillations w ere also rep o rted  by th e  LSN D  collab 

o ra tio n  [39] b u t are dis-favoured by th e  recent M iniB ooN E m easurem ent [40].

C om pelling  confirm ation  of oscillations in (vß , V^), and  reac to r, Ve was p rovided  by L /E -  

dependence  observed by S uper-K am iokande [9] and  by th e  sp ec tra l d is to rtio n  observed by th e  

K am L A N D  and  K 2K  experim en ts  [8,57]. For th e  first tim e  th e  d a ta  exh ib it d irec tly  th e  effects of 

th e  oscilla to ry  dependence  on L / E  and  E  ch arac te ris tic  of neu trino-oscilla tions in vacuum  [66]. 

As a resu lt of these  developm ents, th e  oscillations of solar ve , a tm ospheric  and  VM, accelera to r 

(a t L 250 km  and  L ~  730 km ) and  reac to r ve (a t L  ~  180 km ), d riven  by non-zero v -m asses 

and  v-m ixing, can  be considered  as p rac tica lly  estab lished .

All ex isting  v-oscillation d a ta , except th e  d a ta  of LSN D  experim en t [39], can  be described  as 

sum ing th ree -n eu trin o  m ixing in vacuum . L et us recall th a t  in th e  LSN D  experim en t ind ications 

for ^  Ve oscillations w ith  (A m 2)Ls n d  — 1 eV 2 were ob ta in ed . T h e  m inim al fou r-neu trino - 

m ixing schem e w hich could in co rp o ra te  th e  LSN D  ind ications for oscillations is d isfavoured
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by th e  existing, long-baseline d a ta  [67] and  by th e  recent M iniB ooN E d a ta  [40]. T he  v-oscillation 

ex p lan a tio n  of th e  LSN D  resu lts is possible assum ing  five-neu trino  m ixing [68].

T h e  th ree -n eu trin o  m ixing schem e will be referred  to  in w h a t follows as th e  “S ta n d a rd  N eu trin o  

M odel” (SvM ). I t  is th e  m inim al n eu trin o  m ixing m odel w hich can  account for th e  oscillations 

of so lar (ve), a tm ospheric  (vu and  / u ), reac to r ( / e) and  accelera to r (vu ) neu trinos. In  th e  SvM, 

th e  (left-handed) fields of th e  flavour neu trinos  ve, vu and  vT in th e  expression for th e  weak 

charged lep ton  cu rren t are linear com binations of fields of th re e  n eu trinos  Vj, j  =  1, 2 ,3 , having  

defin ite  m ass m j  :

( 1)

w here U p m n s  is th e  Pontecorvo-M aki-N akagaw a-Sakata  (PM N S) n eu trin o  m ixing m a trix  [2-4], 

U p m n s  =  U . T h e  PM N S  m ixing m a tr ix  can  be p a ram etrised  by 3 angles, and , d ep end ing  on 

w h e th er th e  m assive neu trinos  Vj a re  D irac o r M a jo ran a  partic les, by 1 o r 3 C P -v io la tion  ( C P V ) 

phases [69-72]. In  th e  s ta n d a rd  p a ram ete risa tio n  (see, e.g., [73]), UPMNS has th e  form:

(  VeL ^ v 1L f  Ue1 Ue2 Ue3 N v 1L

VuL =  UPMNS V2L = Uu1 Uu2 Uu3 V2L

V VtL ) v3L UT1 UT2 UT3 v3L

/

UPMNS =

c12c13 s 12c13
-iS  \

—s 12c23 — c12s 23s 13 c12c23 — s 12s 23s 13e
iS

S13e

s 23c13 d ia g (1, eia/2, eiß/2) ,  (2)

iS iS
\  s 12s 23 — c12c23s 13e —c12s 23 — s 12c23s 13e c23c13 )

w here cij  =  cos Qij , sij =  sin Q j , th e  angles Q j =  [0, n /2 ] , ö =  [0 ,2n] is th e  D irac C P V  phase 

an d  a ,ß  a re  tw o M ajo ran a  C P -v io la tion  phases [69-72]. O ne can  identify  Am© =  A m ^1 >  0 

w ith  th e  n eu trin o  m ass squared  difference responsib le for th e  so la r-n eu trin o  oscillations. In 

th is  case |A m A  | =  |A m 31| =  |A m 22| »  A m ^1 is th e  n eu trin o  m ass-squared  difference d riv ing  

th e  dom in an t a tm o sp h eric -n eu trin o  oscillations, w hile Q12 =  Q© an d  Q23 =  Qa are  th e  so lar and  

atm ospheric  n eu trin o  m ixing angles, respectively. T h e  angle Q13 is th e  so-called “C H O O Z m ixing 

angle” -  it is constra ined  by th e  d a ta  from  th e  C H O O Z and  P alo  V erde experim en ts  [74,75].

Let us recall th a t  th e  p ro p erties  of M a jo ran a  partic les  are very d ifferent from  those  of D irac 

partic les. A m assive M ajo ran a  n eu trin o  Xk w ith  m ass m k >  0 can  be  described  (in local 

q u a n tu m  field theory ) by a 4-com ponent, com plex  sp in -1 /2  field, x k(x), w hich satisfies th e  

M ajo ran a  condition:

C  (X k(x))T =  6 Xk(x), |£k|2 =  1, (3)

w here C  is th e  charge con juga tion  m a trix . T h e  M ajo ran a  cond ition  is invarian t u n d er p ro p er 

L oren tz  tran sfo rm a tio n s . I t  reduces by tw o th e  num ber of in d ep en d en t com ponen ts in Xk(x).

T h e  cond ition  (3) is invarian t w ith  respect to  U (1) global gauge tran sfo rm a tio n s  of th e  field 

Xk(x) carry ing  a U (1) charge Q, Xk(x) ^  eiaQx k(x), only  if Q =  0. As a resu lt and  in co n tra st 

to  th e  D irac ferm ions: i) th e  M a jo ran a  partic les  Xk can n o t ca rry  non-zero add itive  q u an tu m
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n u m b e rs  ( le p to n  ch arg e , e tc .) ; a n d  ii) th e  M a jo ra n a  fields Xk (x) c a n n o t “a b s o rb ” p h ases . T h is  is 

th e  rea so n  w h y  th e  P M N S  m a tr ix  c o n ta in s  tw o  a d d it io n a l C P -v io la tin g  p h a ses  in  th e  case  w h en  

th e  m assive  n e u tr in o s  Vk a re  M a jo ra n a  fe rm io n s [69], Vk =  Xk. I t  follows fro m  th e  above  th a t  th e  

M a jo ra n a -n e u tr in o  field, Xk(x ), d esc rib es  th e  tw o  sp in  s ta te s  o f a  sp in  1 /2 , a b s o lu te ly -n e u tra l  

p a rtic le , w h ich  is id en tic a l w ith  its  a n tip a r t ic le , Xk =  X k . I f  C P -in v a ria n c e  ho lds, M a jo ra n a  

n e u tr in o s  have d e fin ite  C P -p a r ity , n c p ( X k ) =  ± i :

U c p  X k (x) U cp  =  n c p ( X k ) Yo Xk (x '), n c p  (X k ) =  ± i  . (4)

I t  follows fro m  th e  M a jo ra n a  c o n d itio n  th a t  th e  c u rre n ts  : X k (x )O iXk(x) : =  0, for o "  =  y«; a aß ; 

^ « ß Y5. T h is  m ean s  t h a t  M a jo ra n a  n e u tr in o s  c a n n o t have n o n -ze ro  U (1) ch arg es  a n d  in tr in s ic  

m ag n e tic -  a n d  e le c tr ic -d ip o le  m o m en ts . D irac  fe rm io n s  c an  possess n o n -ze ro  le p to n  ch a rg e  a n d  

in tr in s ic  m ag n e tic -  a n d  e lec tric  d ip o le -m o m en ts  10.

T h e  e x is tin g  d a ta  allow  a  d e te rm in a tio n  o f A m ©  , s in 2 Q12, a n d  o f |A m A  |, s in 2 2Q23 w ith  a 

re la tiv e ly  go o d  p rec is io n  (see, e.g. [77-79] a n d  su b sec tio n s  2.2.1 a n d  2 .2 .2 ) . F o r th e  b e s t  fit va l 

ues we have: A m ©  =  8.0 x  10 - 5  eV 2, s in 2 Q12 =  0.30, |A m A  | = 2 . 5  x  10- 3  eV 2 , s in 2 2Q23 =  1. 

T h u s , A m ©  ^  |A m A  |. I t  sh o u ld  b e  n o te d , how ever, t h a t  th e  sign  o f A m A  is n o t fixed by 

c u rre n t d a ta .  T h e  p re se n t a tm o s p h e r ic -n e u tr in o  d a ta  is e ssen tia lly  in sen sitiv e  to  Q13, sa tis fy in g  

th e  u p p e r  lim it on  s in 2 Q13 o b ta in e d  in  th e  C H O O Z  e x p e rim e n t [80]. T h e  p ro b a b ilit ie s  o f su rv iv a l 

o f so la r Ve a n d  re a c to r  / e , re lev an t fo r th e  in te rp re ta t io n  o f th e  so la r n e u tr in o , K am L A N D  a n d  

C H O O Z  n e u tr in o  o sc illa tio n  d a ta ,  d e p e n d  o n  Q13 in  th e  case  o f in te re s t, |A m 3 1| »  A m 2 1:

PKL =  sin4 Q13 +  cos4 Q13 1 -  s in 2 2Q12 sin 2 Arn2i L
A E

~  1 ^ . i n 2  Q .  . " . i n 2  ^ m 3 i  L  CH OOZ — 1 — sm  w i 3 si n  4E ,

P©v =  sin4 Q13 +  cos4 Q13 P©v(A m 21, Q12; N  cos2 Q13)

w h ere  P©v is th e  so la r  Ve su rv iv a l p ro b a b il ity  [81-83] c o rre sp o n d in g  to  2-V o sc illa tio n s  d riv en  

b y  A m 2 1 a n d  Q12, in  w h ich  th e  so la r e -  n u m b e r  d e n s ity  N e is rep laced  b y  N e co s2 Q13 [84], 

P©v =  P©v +  P©vosc, P©vosc b e in g  a n  o sc illa tin g  te rm  [81-83] an d

PqV = — +  ( -  — P') cos 20™2 cos 2912, (5)

10 Let us add, finally, that Majorana neutrinos have in addition to the standard propagator (formed by the 
neutrino field and its Dirac conjugate field), two non-trivial non-standard (Majorana) propagators. If Vj(x) in 
equation (1) are massive Majorana neutrinos, the process of (ßß)0v-decay, (A, Z ) ^  (A, Z  +  2) +  e-  +  e- , for 
example, can proceed by exchange of virtual neutrinos Vj due to the one of these Majorana propagators. For 
Dirac fermions, the two analogous non-standard propagators are identically equal to zero. For further detailed 
discussion of the properties of Majorana neutrinos (fermions) see, e.g., [62,76].
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-27TT-0 A ^ 21 s i n 2 012 _  - 2 7 r r 0 A ^ 21 

P /  = --------------------------------------W - - - - - - - - - - • (6)-, 2-Trm 211 — e 0 2B

H ere  P©v is th e  averag e  p ro b a b il ity  [8 1 -8 3 ,8 5 ,8 6 ] , P ' is th e  “d o u b le  e x p o n e n tia l” ju m p  p ro b 

a b ility  [81-83], r 0 is th e  sca le -h e ig h t o f th e  c h an g e  o f N e a lo n g  th e  V -tra je c to ry  in  th e  S un  

[8 1 -8 3 ,8 7 -8 9 ], a n d  0m is th e  m ix in g  an g le  in  m a t te r ,  w h ich  in  th e  v a c u u m  lim it co incides w ith  

012. In  th e  L M A  so lu tio n  reg ion  o f in te re s t , P©vosc =  0 [89]. P e rfo rm in g  a  co m b in ed  a n a ly s is  of 

th e  so la r-n e u tr in o , C H O O Z , a n d  K am L A N D  d a ta ,  o ne  finds [77-79]: s in 2 013 <  0.040 a t  99.73%  

C .L .

I t  follow s fro m  th e  re su lts  d e sc rib ed  ab o v e  t h a t  th e  a tm o s p h e r ic -n e u tr in o  m ix in g  is close 

to  m ax im a l, 023 =  n /4 ,  th e  s o la r -n e u tr in o  m ix in g  an g le  0 12 =  n /3 ,  a n d  th e  C H O O Z  ang le  

013 <  n /1 5 .  C o rresp o n d in g ly , th e  p a t te r n  o f n e u tr in o  m ix in g  is d ra s tic a lly  d iffe ren t from  t h a t  of 

th e  q u a rk  m ix ing . A  co m p reh en s iv e  th e o ry  of flavour a n d  of n e u tr in o  m ix in g  m u st b e  ca p ab le  

o f e x p la in in g  th is  rem a rk a b le  d ifference. T h e  c u rre n t th e o re tic a l  ideas a b o u t  th e  p o ss ib le  o rig in  

o f th e  p a t te r n  o f n e u tr in o  m ix in g  a re  rev iew ed  in  S ec tio n  3 .

A s we have seen , th e  fu n d a m e n ta l  p a ra m e te rs  c h a ra c te r is in g  th e  S vM  are : i) th e  3 ang les 

0 12, 023, 0 13; ii) d e p e n d in g  o n  th e  n a tu r e  o f m assiv e  n e u tr in o s  Vj - 1 D irac  (5), o r 1 D irac  +  

2 M a jo ra n a  (5, a ,  ß ) ,  C P -v io la tio n  p h ases; a n d  iii) th e  3 n e u tr in o  m asses, m 1, m 2, m 3. T h is  

m akes 9 a d d it io n a l p a ra m e te rs  in  th e  S ta n d a rd  M odel o f p a rtic le  in te ra c tio n s .

I t  is co n v en ien t to  ex p ress  th e  tw o  la rg e r n e u tr in o  m asses in  te rm s  o f th e  th i r d  m ass  a n d  th e  

m ea su red  A m 2  =  A m 2 1 >  0 a n d  A m A  . W e h av e  rem a rk e d  e a rlie r  t h a t  th e  a tm o sp h e ric -  

n e u tr in o , K 2 K , a n d  M IN O S  d a ta  d o  n o t allow  o ne  to  d e te rm in e  th e  sign  o f A m A  . T h is  im plies 

t h a t ,  if we id en tify  A m A  w ith  A m 3 1(2) in  th e  case  o f 3 -n e u tr in o  m ix ing , one  c an  have A m 2 1(2) >

0 o r A m 2 1(2) <  0. T h e  tw o  p o ss ib le  signs of A m A  c o rre sp o n d  to  tw o  ty p e s  o f v -m ass  s p e c tru m :

N o r m a l o rd e r in g : m \  <  m 2 <  m 3, A m \  =  A m ^  >  0 , m 2(3) =  ( m \  +  A m ^ ^ ) 2 ; an d

•  I n v e r te d  o rd e r in g  11: m 3 <  m \  <  m 2, A m \  =  A m 22 <  0, m 2 =  ( m 2 +  A m 23) 2, m\  =  

( m 2 +  A m 23 — A m 21) a .

D e p e n d in g  o n  th e  va lues o f th e  lig h te s t n e u tr in o  m ass, m in ( m j), th e  n e u tr in o  m ass sp e c tru m  

c a n  a lso  be:

•  N o r m a l  H ie ra rc h y  (N H ):  m i €  m 2 < m 3, m 2 =  ( A m |  ~  0.009 eV , m 3 =  | A m \  ~  0.05 

eV;

•  In v e r te d  H ie ra rc h y  (IH ):  m 3 <C m \  < m 2, w ith  m i )2 =  |A m \  |a ~  0.05 eV; or

11 In the convention we use (called A), the neutrino masses are not ordered in magnitude according to their 
index number: A m | 1 < 0 corresponds to m 3 < m 1 < m 2. We can also always number the neutrinos with 
definite mass in such a way that [90] m 1 < m 2 < m 3. In this convention (called B), we have in the case of 
inverted-hierarchy spectrum: Am@ =  Am32, AmA =  Am31. Convention B is used, e.g., in [73,91].
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•  Q u a s i-D e g e n e ra te  (Q D ):  m 1 =  m 2 =  m 3 =  m 0, m 2 »  |A m A  |, m 0 >  0.10 eV .

O n e  o f th e  p r in c ip a l goals of th e  fu tu re  s tu d ie s  o f n e u tr in o  m ix in g  is to  d e te rm in e  th e  basic  

p a ra m e te rs  of th e  S vM  a n d  to  te s t  its  va lid ity .

T h e  p o ss ib ilitie s  o f m ea su r in g  w ith  h ig h  p rec is io n  th e  basic  p a ra m e te rs  of S vM  A m 2  , s in 2 0© 

|A m A  |, s in 2 2023, s in 2 013, o f d e te rm in in g  s g n (A m 21) a n d  of se a rch in g  fo r th e  effects o f C P - 

v io la tio n  d u e  to  th e  D irac  p h a se  5, in  n e u tr in o  o sc illa tio n  e x p e rim e n ts , w ill b e  d iscu ssed  in 

d e ta il  below . I t  is w ell-know n th a t  th e  n e u tr in o -o sc illa tio n  e x p e rim e n ts  a re  n o t sen sitiv e  to  

th e  a b so lu te  scale o f n e u tr in o  m asses. In fo rm a tio n  on  th e  a b so lu te  n e u tr in o -m a ss  scale, o r  on  

m in (m j) ,  c an  b e  d e riv ed  in  3H  ß -d ec a y  e x p e rim e n ts  a n d  fro m  cosm olog ical a n d  a s tro p h y s ic a l 

d a ta  (see sec tio n s  2 .2 .4  a n d  3 .4 .1 .2 ) . T h e  m o st s tr in g e n t u p p e r  b o u n d s  o n  th e  ' e m ass a n d  o n  th e  

su m  of n e u tr in o  m asses w ill b e  d iscu ssed  b rie fly  in  sec tio n s  2 .2 .4  a n d  3 .4 .2 . T h e se  b o u n d s  lead  

to  th e  co n c lu s io n  th a t  n e u tr in o  m asses sa tis fy  m j <  1 eV  a n d  th u s  a re  m uch  sm a lle r  th a n  th e  

m asses o f th e  ch a rg ed  lep to n s  a n d  q u a rk s . A  co m p reh en s iv e  th e o ry  of n e u tr in o  m ix in g  sh o u ld  b e  

a b le  to  e x p la in  th is  e n o rm o u s  d iffe rence  b e tw een  th e  n e u tr in o  a n d  ch a rg ed -fe rm io n  m asses. T h e  

th e o re tic a l  a sp e c ts  o f th e  p ro b le m  of n e u tr in o  m ass  g e n e ra tio n  a n d  o f th e  sm alln ess  o f n e u tr in o  

m asses a re  rev iew ed  in  sec tio n  3 .1 .

N e u trin o -o sc illa tio n  e x p e rim e n ts  a re  a lso  in sen sitiv e  to  th e  n a tu r e  -  D irac  o r  M a jo ra n a , of 

m assiv e  n e u tr in o s  a n d , c o rre sp o n d in g ly , to  th e  tw o  C P -v io la tin g , M a jo ra n a  p h ases  in  th e  P M N S  

m a tr ix  [69,92] since  th e  l a t te r  d o  n o t e n te r  in to  th e  e x p ress io n s  fo r th e  p ro b a b ilit ie s  fo r n e u tr in o  

o sc illa tio n s . T h e  o n ly  rea lis tic  e x p e rim e n ts  w h ich  co u ld  verify  th a t  th e  m assive  n e u tr in o s  Vj a re  

M a jo ra n a  p a rtic le s  a re , a t  p re se n t, th e  n e u tr in o le ss  d o u b le -b e ta  ( ( ß ß ) 0v-) d ecay  e x p e rim e n ts . 

T h e  physics  p o te n t ia l  o f th e se  e x p e rim e n ts  is d iscu ssed  in  sec tio n  2 .2 .4 . E v en  if m assive  n e u tr in o s  

a re  p ro v en  to  b e  M a jo ra n a  fe rm io n s , m e a su r in g  th e  M a jo ra n a  C P  p h a ses  w ould  b e  e x tre m e ly  

ch a llen g in g . I t  is q u i te  rem a rk a b le , how ever, t h a t  th e  M a jo ra n a  C P -v io la tin g  p h a se (s )  in  th e  

P M N S  m a tr ix , th ro u g h  lep to g en esis  (see sec tio n  3 .4 .2 , m ay  re su lt  in  th e  b a ry o n  a sy m m e try  of 

th e  U n iv e rse  [93-95].

T h e  e x is tin g  d a ta  o n  n e u tr in o  o sc illa tio n , as we w ill see, allow  a  d e te rm in a tio n  o f A m ©  , 

s in 2 0©, |A m A  |, a n d  s in 2 2023, a t  3<r w ith  a n  u n c e r ta in ty  o f a p p ro x im a te ly  ~ 1 2 % , ^ 2 4 % , ^ 2 8 %  

a n d  ~ 1 5 % , resp ec tiv e ly . T h e se  p a ra m e te rs  can , a n d  v e ry  likely w ill, b e  m e a su re d  w ith  m uch  

h ig h e r  a c cu ra cy  in  th e  fu tu re : th e  in d ic a te d  3<r e rro rs  in  th e  d e te rm in a tio n , for in s ta n c e , of 

A m  © a n d  s in 2 0©, c an  b e  red u ced  to  [96-98] 4% a n d  10%, as w ill b e  rev iew ed  below . “N e a r” 

fu tu re  e x p e rim e n ts  w ith  re a c to r  ve c a n  im p ro v e  th e  c u r re n t  se n s itiv ity  to  th e  va lu e  of s in 2 0 13 

b y  a  fa c to r  o f b e tw een  5 a n d  10. T h e  ty p e  o f n e u tr in o -m a ss  sp e c tru m , i.e. s g ^ A m ^ ) ,  c an  b e  

d e te rm in e d  by  s tu d y in g  th e  o sc illa tio n s  o f n e u tr in o s  a n d  a n tin e u tr in o s , say, v ß ^  ve a n d  ^  ' e , 

in  w h ich  m a t te r  effects a re  su ffic ien tly  large . If  s in 2 2013 >  0.05 a n d  s in 2 023 >  0.50, in fo rm a tio n  

o n  s g n (A m 21) m ig h t b e  o b ta in e d  in  a tm o sp h e ric  n e u tr in o  e x p e rim e n ts  by  in v es tig a tin g  th e  

effects o f th e  s u b -d o m in a n t t ra n s it io n s  v^(e) ^  ve(M) a n d  ' M(e) ^  ' e(M) o f a tm o sp h e ric  n e u tr in o s  

w h ich  tra v e rse  th e  E a r th  [99-101]. F o r v^(e) (o r v'jU(e)) c ro ss in g  th e  E a r t h ’s core , new  ty p e s  of 

reso n an ce-lik e  e n h a n c e m e n t o f th e  o sc illa tio n  p ro b a b ilit ie s  m ay  ta k e  p lace  d u e  to  th e  m an tle -
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core  c o n s tru c tiv e - in te rfe re n c e  effect (n e u tr in o  o sc illa tio n  le n g th  re so n an ce  (N O L R )) [102-105]. 

A s a  co n seq u en ce  o f th is  effect, th e  c o rre sp o n d in g  v^(e) (o r ' M(e)) t r a n s it io n  p ro b a b ilit ie s  can  b e  

m ax im a l [103-105]. F o r A m 2 1 >  0, th e  n e u tr in o  tra n s it io n s  v^(e) ^  ve(^) a re  e n h a n c e d , w hile  for 

A m 31 <  0 th e  e n h a n c e m e n t o f a n tin e u tr in o  tra n s it io n s  '^ ( e) ^  ' e(M) tak e s  p lace , w h ich  m ig h t 

allow  to  d e te rm in e  sg n (A m 3 1 ).

I t  sh o u ld  b e  e m p h a s ise d  t h a t  th e  C P -v io la tio n  in  th e  le p to n  sec to r is o ne  o f th e  m o st ch a llen g 

ing  f ro n tie rs  in  fu tu re  s tu d ie s  o f n e u tr in o  m ix ing . T h e  e x p e rim e n ta l searches fo r C P  -v io la tio n  in 

n e u tr in o  o sc illa tio n s  c a n  h e lp  a n sw er fu n d a m e n ta l  q u e s tio n s  a b o u t  th e  s ta tu s  of C P -s y m m e try  

in  th e  le p to n  se c to r  a t  low energy . T h e  o b se rv a tio n  o f lep to n ic  C P  -v io la tio n  a t  low energ ies 

w ill have fa r  reach in g  co n seq u en ces. I t  c an  shed  lig h t, in  p a r t ic u la r ,  o n  th e  p o ss ib le  o rig in  of 

th e  b a ry o n  a sy m m e try  o f th e  U n iverse . A s w as rea lised  rec e n tly  [93,94], th e  C P -v io la tio n  nec 

e ssa ry  for th e  g e n e ra tio n  of th e  b a ry o n  a sy m m e try  c a n  b e  d u e  exclusively  to  th e  D irac  ( a n d /o r  

M a jo ra n a )  C P -v io la tin g  p h a se  in  th e  P M N S  m a tr ix . T h u s , th e re  c a n  b e  a  d ire c t re la tio n  b e t 

w een low en e rg y  C P -v io la tio n  in  th e  le p to n  sec to r, o b se rv ab le , e.g ., in  n e u tr in o  o sc illa tio n s , 

a n d  th e  m a t te r - a n t im a t te r  a sy m m e try  o f th e  U n iverse . T h e se  re su lts  u n d e rlin e  th e  im p o r ta n c e  

o f u n d e rs ta n d in g  th e  s ta tu s  of th e  C P -s y m m e try  in  th e  le p to n  se c to r  a n d , c o rre sp o n d in g ly , of 

th e  e x p e rim e n ts  a im in g  to  m ea su re  th e  C H O O Z  an g le  0 13 a n d  o f th e  e x p e rim e n ta l searches for 

C P -v io la tio n  in  n e u tr in o  osc illa tio n s.

2 . 2  R e v i e w  o f  t h e  p r e s e n t  g e n e r a t i o n  o f  e x p e r i m e n t s

2 . 2 . 1  S o l a r  a n d  r e a c t o r  n e u t r i n o  e x p e r i m e n t s

M e asu re m e n ts  o f th e  s o la r -n e u tr in o  flu x  w ere th e  f irs t to  in d ic a te  t h a t  n e u tr in o s  u n d e rg o  flavour 

o sc illa tio n s . T h e  firs t in d ic a tio n s  t h a t  th e  s o la r -n e u tr in o  flu x  w as sm a lle r  th a n  th a t  p re d ic te d  by 

th e  S ta n d a rd  S o lar M odels  cam e  fro m  D a v is ’ e x p e rim e n t a t  H o m e sta k e  (U SA ) [6]. T h e  re su lts  

o f th is  e x p e rim e n t, have b e e n  co n firm ed  by  a  series o f so la r  n e u tr in o  e x p e rim e n ts , th e  SA G E  

e x p e rim e n t in  R u ss ia  [48], th e  G a llex  a n d  G N O  e x p e rim e n ts  in  I ta ly  [106,107], th e  K am io k a n d e  

a n d  S u p e r-K a m io k a n d e  (SK ) in  J a p a n  [51,108] a n d  fin a lly  by  th e  S u d b u ry  N e u tr in o  O b se rv a to ry  

(S N O ) in  C a n a d a  [7 ,5 2 -5 4 ,1 0 9 ]. In  p a r t ic u la r , th e  n e u tra l  c u rre n t (N C ) to  ch a rg ed  c u rre n t 

(C C ) r a t io  fro m  th e  SN O  d a ta  in  2002 [52] e s ta b lish e d  th e  p resen ce  of a n  ac tiv e  n e u tr in o  flavour 

o th e r  th a n  ve in  th e  o b se rv ed  so la r  n e u tr in o  flu x  a t  th e  5.3ct level, p u t t in g  to  re s t an y  d o u b t  

a b o u t  th e  ex is ten ce  of flavour o sc illa tio n s  o f so la r  n e u tr in o s . F u r th e r  ev id en ce  w as p ro v id ed  

by  th e  s ta t is t ic a lly  pow erfu l N C  d a ta  fro m  th e  sa lt  p h a se  o f th e  SN O  e x p e rim e n t [54, 109]. 

T h e  c u m u la tiv e  re su lt  o f so la r n e u tr in o  d a ta ,  co llec ted  from  d iffe ren t e x p e rim e n ts  over a  p e rio d  

o f m o re  th a n  fo u r d ecad es , c u lm in a te d  in  th e  em erg en ce  o f th e  ‘L a rg e  M ix in g  A n g le ’ (L M A ) 

so lu tio n  as th e  m o st fav o u red  e x p la n a tio n  o f th e  so la r n e u tr in o  p ro b lem .

F ig u re  2 show s th e  con fidence  level c o n to u rs  in  th e  A m ^1 — s in 2 012 p lan e , allow ed fro m  th e  

g lobal an a ly s is  o f a ll so la r n e u tr in o  d a ta  c o m b in ed  [77 ,110 ,111]. T o i l lu s tra te  th e  effect o f th e  

re su lts  fro m  th e  sa lt  p h a se  d a ta  fro m  SN O , th e  figure  show s in  th e  r ig h t-h a n d  a n d  le f t-h a n d  

p an e ls , th e  allow ed a re a s  o b ta in e d  w ith  a n d  w ith o u t  th e  sa lt  p h a se  SN O  re su lts  respec tive ly .
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Figure 2: The 90%, 95%, 99% and 99.73% C.L. contours (for two degrees of freedom (dof)) show the allowed 
areas from the global analysis of the solar neutrino data with (right-hand panel) and without (left-hand panel) 
the SNO salt phase data.

T he h igh s ta tis tic s  N C to  CC ra tio  in SNO salt d a ta , causes th e  shrink ing  of th e  allowed regions. 

In  p a rticu la r, th e  u p p e r b ound  on b o th  and  sin2 d\2 is seen to  im prove rem arkably.

T h e  K am L A N D  reac to r an ti-n eu trin o  experim en t in J a p a n  [8,55], specifically designed to  

te s t th e  LM A  region of th e  solar n eu trin o  p a ram e te r space, p resen ted  its first resu lts in 2002, 

confirm ing th e  LM A  so lu tion  [55]. T h e  h igher s ta tis tic s  d a ta  from  th is  experim en t released in 

2004 [8] no t only confirm ed th e  observed dep le tion  of th e  reac to r an tin eu trin o s  from  th e  first 

resu lts [55], b u t for th e  first tim e unam biguously  showed th e  existence of an  L / E  dependence 

in its p o sitro n  sp ec tru m , confirm ing th a t  th e  observed v e flavour oscillations w ere indeed due  to  

n eu trin o  m ass and  m ixing.

F igu re  3 [110,111] shows th e  im p act of th e  first and  second set of d a ta  from  th e  K am L A N D  

experim en t on th e  solar n eu trin o  oscillation  p a ram e te r space. T h e  cu rren t 3a allowed range of 

A m ^  and  sin2 d\2 o b ta in ed  in th e  analysis of B andyopadhyay  et al. [77,110,111] is given in 

Table 1 along w ith  th e ir  co rrespond ing  “sp read ” defined as:

P  _  P  .i ^ m a x  ^ m m  -, \
sPread  =  — ï ^  . x 100 > (? )max +  m m

w here P min and  P max are  th e  m in im um  and  m axim um  allowed values of th e  p a ram e te r P  

a t 3a. T h e  allowed regions were derived  on th e  assum ption  of C P T  invariance and  th a t  0\3
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Figure 3: The 90%, 95%, 99% and 99.73% C.L. contours (2 dof) show the allowed areas from the global analysis 
of the solar neutrino data (left-hand panel) and solar neutrino data combined with the first KamLAND results [55] 
(middle panel) and second KamLAND results [8] (right-hand panel).

is neg lig ib le . A lso  g iven  in  T ab le  1 a re  th e  b o u n d s  on  A m ^  a n d  s in 2 d i2 t h a t  a re  e x p e c te d  to  

b e  o b ta in e d  w h en  a d d it io n a l d a ta  from  th e  ru n n in g  SN O  a n d  K a m L A N D  e x p e rim e n ts  becom es 

availab le . F o r SN O , th e  an a ly s is  a ssu m es th a t  th e  th i r d  a n d  fina l p h a se  o f th e  e x p e rim e n t will 

m ea su re  th e  sam e  N C  a n d  C C  ra te s  as th e  sa lt  p h a se , b u t  w ith  red u c e d  e rro rs  o f 6% a n d  5% 

resp ec tiv e ly  [112]. F o r K am L A N D , th e  p ro sp e c tiv e  3 k T y  d a ta  is s im u la te d  a t  A m ^  =  8.0 x  10- 5 

e V 2 a n d  s in 2 d i2 =  0.3 a n d  a  sy s te m a tic  e rro r  of 5% is a ssu m e d . B e t te r  m e a su re m e n t o f c h arg ed - 

c u rre n t (C C ) a n d  n e u tra l-c u r re n t  (N C ) ra te s  in  SN O  is e x p e c te d  to  im p ro v e  th e  lim its  o n  s in 2 d i2 . 

T h e  s e n s itiv ity  of th e  K a m L A N D  e x p e rim e n t to  th e  sh a p e  of th e  re a c to r- in d u c e d  Ve p o s itro n  

sp e c tru m , gives th e  e x p e rim e n t a  tre m e n d o u s  a b ility  to  c o n s tra in  A m 2 i . H ow ever, we can  see 

fro m  ta b le  1 , K a m L A N D  is n o t as sen sitiv e  to  th e  m ix in g  an g le  d i2 [98,113]. T h e  u n c e r ta in ty  in 

A m 2 i is e x p e c te d  to  red u c e  to  6% a t  3 a  w ith  3 k T y  o f d a ta  from  K am L A N D . T h e  u n c e r ta in ty  

in  s in 2 d i2 is e x p e c te d  to  im p ro v e  a f te r  th e  p h a se -I II  re su lts  fro m  SN O  to  18% a t  3 a . T h is  

w o u ld  im p ro v e  to  a b o u t  16% if th e  SN O  p h a se -I II  p ro je c te d  re su lts  a re  co m b in ed  w ith  th e  3 

k T y  s im u la te d  d a ta  from  K am L A N D . H ow ever, we n o te  th a t  even  w ith  th e  co m b in ed  d a ta  from  

p h a s e - I I I  o f SN O  a n d  3 k T y  s ta t is t ic s  from  K am L A N D , th e  u n c e r ta in ty  o n  s in 2 d i2 w ould  s ta y  

well ab o v e  th e  10-15%  level a t  3 a .

In  o u r  d iscu ss io n  so fa r , we have assu m ed  th e  m ix in g  an g le  0 i3 to  b e  zero . I f  0 i3 is allow ed 

to  v a ry  freely, th e n  th e  allow ed reg ions o b ta in e d  a re  th o se  show n in  figure  4 [114]. N o te  th a t  

th is  figure  show s o n ly  th e  2a  c o n to u rs  a n d  uses th e  confidence-level d e fin itio n  a p p ro p r ia te  for

G lobal Solar Solar +  K am LA N D  

162 Ty Data

Solar +  K am LA N D  

766.3 Ty Data
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D a ta  set 

used

R a n g e  o f S p re ad  in  R a n g e  o f S p re ad  in

A m 22i A m ^  s in 2 0i2 s in 2 d i2

o n ly  so la r  (3.3 -  18.4) x 1 0 - 5  e V 2 69%  0.24 -  0.41 26%

so la r +  766.3 T y  K L  (7.2 -  9.2) x lO “ 5 eV 2 12% 0.25 -  0.39 22%

so la r (S N 0 3 )  +  766.3 T y  K L  (7.2 -  9.2) x lO “ 5 eV 2 12% 0.26 -  0 .37 18%

so la r(S N O 3 ) +  3 K T y  K L  (7 .6  -  8 .6) x 1 0 - 5  eV 2 6% 0.26 -  0.36 16%

Table 1: The 3a allowed ranges (1 dof) and % spread of A m ^  and sin2 012 obtained using current and expected 
future data from the current generation of solar neutrino and KamLAND experiments.

o n e  d eg ree  o f freed o m . T h e  d a ta  d o  n o t ex c lu d e  th e  p o ss ib ility  th a t  d i3 =  0. T h e  K am L A N D  

e x p e rim e n t p laces a n  u p p e r  b o u n d  o n  th e  va lu e  o f 0 i3 by  ta k in g  in to  a c co u n t th e  n e u tr in o  en erg y  

s p e c tru m  as well as th e  a b so lu te  ra te . B y  low ering  th e  v a lu e  of 0 i2 , th e  a n ti-c o r re la tio n  b e tw een  

d i2 a n d  0 i 3 c a n  b e  u sed  to  e x p la in  th e  K am L A N D  r a te  d a ta  fo r a  w ide  ra n g e  o f va lues of d i3 . 

In  c o n tra s t, th e  K am L A N D  d a ta  on  th e  p o s itro n  en e rg y  s p e c tru m  c a n  b e  e x p la in ed  o n ly  fo r a 

c e r ta in  ra n g e  o f d i2 . T h is  im p o ses a n  u p p e r  lim it on  th e  allow ed va lu e  of d i3 . F o r th e  so la r 

n e u tr in o s , th e  u p p e r  lim it on  d i3 com es m a in ly  from  th e  d iffe rence  in  th e  9 i2- d i3 a n ti-c o rre la tio n  

b e tw een  th e  low- a n d  h ig h -e n e rg y  e n d  o f th e  s o la r -n e u tr in o  sp e c tru m . T h e  te n s io n  b e tw een  th e  

low e n e rg y  so la r n e u tr in o  d a ta  from  S A G E , G A L L E X , a n d  G N O  a n d  th e  h ig h  en e rg y  8B  d a ta  

fro m  SK  a n d  SN O , re su lts  in  a  re a so n a b ly  t ig h t  u p p e r  b o u n d  on  0 i3 [97,115]. T o g e th e r, th e  d a ta  

fro m  s o la r -n e u tr in o  e x p e rim e n ts  a n d  K am L A N D  p u t  a  r a th e r  s tr in g e n t lim it o f s in 2 0 i3 >  0.05 

a t  2 a  [114].

2 . 2 . 2  A t m o s p h e r i c  n e u t r i n o  e x p e r i m e n t s

T h e  p a ra m e te rs  A m 22 (æ  A m 2^  a n d  s in 2 d23 a re  c o n s tra in e d  by  th e  z e n ith -a n g le  d e p e n d e n c e  

o f th e  a tm o s p h e r ic -n e u tr in o  d a ta  o b ta in e d  by  th e  S u p e r-K a m io k a n d e  e x p e rim e n t (S K ) [5,116]. 

T h e  re su lts  fro m  th e  e a rlie r  K a m io k a n d e  [117, 118], M A C R O  [119, 120], a n d  S o u d a n -2 [12 1] 

e x p e rim e n ts  a re  in  ag re e m e n t w ith  th e  SK  d a ta .  F ig u re  5 [116] show s th e  allow ed a re a s  in  

th e  A m 3 i - s i n 2 2623 p a ra m e te r  space , fro m  a  tw o -g en e ra tio n  a n a ly s is . T h e  allow ed reg ions a re  

o b ta in e d  by  f it t in g  b o th  th e  z e n ith -a n g le  d a ta  [116] a n d  th e  L / E  d e p e n d e n t d a ta  [9] fro m  SK .

T h e  va lues o f A m 2i a n d  s in 2 2923 a re  a lso  c o n s tra in e d  by  th e  re su lts  fro m  th e  K 2 K  [57] a n d  

M IN O S  [11] lo n g -b ase lin e  e x p e rim e n ts . W h ile  K 2 K  h as  fin ished  its  ru n , M IN O S  h as  d e c la re d  its  

f irs t re su lts  in  th e  su m m e r o f 2006. B o th  K 2 K  a n d  M IN O S  re su lts  a re  c o n s is te n t w ith  th e  SK 

a tm o sp h e ric  n e u tr in o  d a ta ,  a n d  w h ile  th e  allow ed ran g e  of va lues fo r s in 2 2923 is s till co n tro lled  

m a in ly  by  th e  SK  a tm o sp h e ric  d a ta ,  th e  re su lts  fro m  th e  lo n g -b ase lin e  e x p e rim e n ts  hav e  a n  

im p a c t on  th e  allow ed ra n g e  o f va lues fo r A m 3i .

F ig u re  6 [67] show s th e  p ro je c te d  allow ed a re a s  o b ta in e d  from  a  fu ll th re e -g e n e ra tio n  an a ly s is  

o f th e  g lo b a l d a ta  fro m  all so la r, a tm o sp h e ric , lo n g -b ase lin e , a n d  re a c to r -n e u tr in o  e x p e rim e n ts . 

F ille d  reg ions c o rre sp o n d  to  allow ed a re a s  w ith  th e  la te s t  M IN O S  [11] a n d  SN O  [109] resu lts , 

w h ile  th e  hollow  reg ions c o rre sp o n d  to  th e  allow ed a re a s  o b ta in e d  w ith o u t  th e se  u p d a te s . In
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Figure 4: Three flavour analysis of solar and KamLAND data (both separately and in combination) in the 
(Am2i ( s  Srn2), sin2 $12, sin2 $13). The contours show the 2a allowed regions corresponding to A x2 =  4.

x  10-3

s in 22 0

Figure 5: The 68% (red lines), 90% (black lines) and 99% (blue lines) C.L. (2 dof) allowed oscillation parameter 
regions obtained in two-generation framework by the SK collaboration. The solid lines are with the analysis of 
the zenith angle binned data, while the dashed lines are obtained using the L /E  binned analysis.
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th e  A %2 v e rsu s  p a ra m e te r  cu rv es in  th e  figure, th e  solid  lines a re  for th e  fu ll d a ta  se t, w hile  th e  

d a sh e d  lines a re  w ith o u t th e  new  SN O  [109] a n d  M IN O S  [11] re su lts . T h e  im p a c t of th e  M IN O S  

d a ta  o n  th e  allow ed va lues o f A m 2j is c lea rly  v isib le . T h e  b e s t- f it  fo r A m 31 sh if ts  to  a  la rg e r 

va lu e  c o m p a re d  to  t h a t  o b ta in e d  from  th e  SK  a tm o s p h e r ic -n e u tr in o  d a ta  a lone. T h e  ran g e  of 

allow ed va lues for A m 31 is a lso  s ig n ifican tly  ch an g ed . W h ile  th e  u p p e r  b o u n d  on  A m 31 is h a rd ly  

affec ted , th e  low er lim it o n  th is  p a ra m e te r  is c o n s id e rab ly  im p ro v ed . T h e  c u rre n t lim its  o n  all 

th e  o sc illa tio n  p a ra m e te rs  c an  b e  d ire c tly  re a d  fro m  th is  figure.

- 3
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Figure 6: Projections of the allowed regions from the global oscillation data at 90%, 95%, 99%, and 3a C.L. 
for 2 dof for various parameter combinations. Also shown is A x2 as a function of the oscillation parameters 
sin2 012, sin2 023, sin2 013, A m 221, A m |1, minimized with respect to all undisplayed parameters. Dashed lines and 
empty regions correspond to the global analysis before this update, while solid lines and colored regions show our 
most recent results.

F ig u re  7 show s th e  90%  C .L . u p p e r  lim it on  0 13 a n d  how  it d e p e n d s  o n  th e  d iffe ren t d a ta  se ts . 

O n e  can  n o te  from  th is  fig u re  th a t  th e  b o u n d  from  th e  so la r+ K a m L A N D  co m b in ed  an a ly s is  is 

c o m p a ra b le  to  th e  o ne  o b ta in e d  u s in g  th e  a tm o s p h e r ic + K 2 K + M IN O S  re su lts . T h e  90% (3ct)
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Figure 7: 90% C.L. upper bound on sin2 013 (2 dof) from the combination of all neutrino oscillation data as a 
function of Am31.

bo u n d s (1 dof) on sin2 013 from  an  analysis of d ifferent sets of d a ta  read  as [67]

( 0.033 (0.071) (solar +  K am LA N D )

: sin2 013 <  I 0.026 (0.054) (C H O O Z +  a tm ospheric  +  K 2K  +  M IN O S) (8)

[ 0.020 (0.040) (global d a ta )

T he  best-fit values and  allowed range of values of th e  oscillation p a ram ete rs  a t different C.L. 

ob ta in ed  by M alton i et al. in [67] are  show n in T able 2 .

p a ram e te r best fit. 2a 3(7 4a

A m ?21 [10~ 5 eV 2] 

A m i  [1CT3 eV 2] 

sin2 012 

sin2 023 

sin2 013

7.9

2.6

0.30

0.50

0.000

7.3-8.5 

2 .2-3.0  

0 .26-0.36 

0.38-0.63 

<  0.025

7.1-8.9  

2.0-3.2  

0.24-0.40 

0.34-0.68 

<  0.040

6 .8-9.3

1.8-3.5 

0 .22-0.44 

0.31-0.71

<  0.058

Table 2: Best-fit values, 2a, 3a, and 4a intervals (1 dof) for the three-flavour neutrino oscillation parameters from 
global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and accelerator (K2K and MINOS) 
experiments.

2 . 2 . 3  L o n g - b a s e l i n e  n e u t r i n o - o s c i l l a t i o n  e x p e r i m e n t s

In  1962, ju s t  a  few years a fte r n eu trinos  were observed d irec tly  for th e  first tim e using th e  

in tense flux g enera ted  in a nuclear reac to r [122], th e  AGS p ro to n  accelera tor a t B rookhaven  was
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used to  show th a t  a  second genera tion  of neu trinos  exists [123]. In  th is  experim en t, a  15 GeV 

p ro to n  beam  im pinged on a bery llium  ta rg e t, p roducing  pions, w hich decayed in to  m uons and  

neu trinos. 13.5m of steel sep ara ted  th e  volum e w here th e  pions decayed and  th e  spark  cham bers 

d e tec ted  th e  m uons c rea ted  by th e  n eu trinos  p e n e tra tin g  th e  steel.

Today, th e  sam e fu n d am en ta l princip les are used to  s tu d y  th e  phenom enon of n eu trin o  os

c illations. T h e  energies of th e  n eu trinos  are  fixed a t a  GeV or m ore due to  th e  p ro d u c tio n  

m echanism , therefore, to  p robe  th e  oscillations first seen in a tm ospheric  neu trinos, th e  d istances 

betw een n eu trin o  source and  ta rg e t have s tre tch ed  to  h und reds  of k ilom etres, giving rise to  th e ir  

collective nam e of long-baseline (LBL) neu trino -osc illa tion  experim ents.

A t th e  tim e  of w riting , tw o such experim en ts, K 2K  and  M IN O S, have d em o n stra ted  th a t  

neu trinos  d isap p ea r from  th e ir  m uon n eu trin o  beam s in a way th a t  is consisten t w ith  n eu trin o  

oscillations. A th ird  LBL beam , prov id ing  n eu trinos  w ith  energies ru n n in g  up  to  of ten s  of 

GeV, has ju s t  s ta r te d  o p era tin g  from  C E R N  to  G ran  Sasso. T h is facility  will te s t w h e th er th e  

^ -d is a p p e a ra n c e  signals are  ac tua lly  accom panied  by conversions of in to  vT, by looking for 

ta u  p ro d u c tio n  in a beam  th a t  is originally  free of ta u  neu trinos.

T h e  K 2K  (K E K -to-K am ioka) experim en t was form ally  proposed  in 1995 [124], a fte r th e  first 

ind ications of oscillations were seen in K am iokande, IM B, and  S oudan-II a tm ospheric  n eu trin o  

d a ta , b u t before th e  confirm ation  by Super-K am iokande, and  indeed before th e  com pletion  of 

th e  50 k t w ater C herenkov detec to r.

K 2K  had  a baseline of 250km , and  th e  m uon-neu trino  energy was a GeV or so. T h e  beam  was 

c rea ted  from  a 12 GeV p ro to n  beam , th e  h ad rons from  w hich were focussed in a ho rn -shaped  

electrom agnetic  volum e to  increase th e  beam  in tensity . A ded ica ted  d e tec to r com plex, w ith  a 

1 k t w ater C herenkov ta n k , fine-grained detec to rs , and  a m uon ranger, was located  100 m from  

th e  end  of th e  p ion-decay volum e, and  m easured  th e  beam  before it s ta r te d  oscillating  on its 

way to  K am ioka. S uper-K am iokande was used as th e  far d e tec to r, and  th e  first beam -induced  

n eu trin o  event was observed in th e  sum m er of 1999.

F ive and  a half years a fte r com m issioning, K 2K  ru n n in g  ended  la te  in 2004. T h e  final os

c illation  analysis [10] was perform ed  using  a d a ta  set co rrespond ing  to  0.922 x 1 0 20 p ro to n s on 

ta rg e t. T h e  e s tim a ted  beam  sp e c tra  for different n eu trin o  types are  show n in figure 8 . 112 beam - 

o rig inated  n eu trin o  events w ere observed, w here th e  expected  num ber in th e  absence of oscilla 

tions was 158.1+86. O f these  events, 58 were single-ring m uon-like events fu lly -con tained  w ith in  

th e  S uper-K am iokande d e tec to r. T h e  energies and  d irec tions of th e  m uons in fu lly-contained 

events can  be reco n stru c ted , an d  because of th e  sim ple k inem atics of th e  charged -cu rren t quasi 

e lastic (C C Q E ) events th a t  m ake up  m uch of th e  cross section a round  1 GeV, it is possible to  

e s tim a te  th e  energy of th e  incom ing neu trinos. Such a sp ec tru m  is show n in figure 8 , for th e  

58 events, w ith  unoscilla ted  and  best-fit oscillated curves, norm alised  to  th e  num ber of events 

seen. T hese resu lts  su p p o rt m axim al m ixing, w ith  best-fit tw o-neu trino  oscillation  pa ram ete rs  

of sin2 20 =  1 and  A m 2 =  2.8 x 10- 3eV 2. T h e  90% C.L. range for A m 2 a t sin2 20 =  1 is betw een 

1.9 and  3.5 x 1 0 - 3eV 2.

T h e  M IN O S (M ain In jec to r N eu trin o  O scillation  Search) experim en t was also proposed  in
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Figure 8: Left: The energy spectrum for each type of neutrino at the K2K Near Detector, estimated by MC 
simulations. The neutrino beam consists of 97.3% muon neutrinos. Right: The 58 fully-contained muon-like 
single-ring events, out of the 112 beam-originated neutrino events in K2K. The muon energies and directions can 
be reconstructed for these events, allowing their parent neutrino energies to be estimated under the assumption 
that they are from quasi-elastic interactions. The solid line is the best fit spectrum with neutrino oscillation and 
the dashed line is the expectation without oscillation, both normalised to the number of events seen [10].

E

1995, w ith  a n eu trin o  beam  po in ted  from  Ferm ilab  to  th e  S oudan m ine in M inneso ta , w ith  a 

baseline of 735 km . T h e  beam  has a system  of m ovable focussing horns to  allow th e  beam  

energy sp ec tru m  to  be a lte red . T h ree  different sp ec tra  are  show n in th e  u p p e r p lo t in figure 

9. B o th  near and  far d e tec to rs  consist of a steel and  p lastic-sc in tilla to r sandw ich  s tru c tu re , th e  

perform ance of w hich was s tud ied  in d e ta il in te s t beam  w ork a t C E R N  [125].

T h e  experim en t s ta r te d  ru n n in g  in th e  sp ring  of 2005, and  w ith in  a year had  g a th ered  d a ta  

co rrespond ing  to  1.27 x 1020 p ro to n s on ta rg e t. T h e  d a ta  are  show n in th e  lower p lo t in figure 9. 

T he  M IN O S resu lts  su p p o rt m axim al m ixing, w ith  b est fit p a ram ete rs  of |A m J2| =  2.74+0'26 x 

10- 3eV 2 and  sin2 2023 >  0.87 a t 68% C.L. T h e  oscillation p a ram ete rs  from  th e  K 2K  and  M IN O S 

experim ents, to g e th e r w ith  resu lts  from  S uper-K am iokande are  show n in figure 10. M IN O S will 

ru n  for five years, w ith  th e  goal of accum ula ting  16 x 1020 p ro to n s on ta rg e t. T h is  d a ta  set 

should im prove ou r know ledge of th e  oscillation p a ram ete rs  substan tia lly . B o th  th e  experim en ts 

described  here are  linked, if only indirectly , to  fu tu re  p ro jec ts  to  m ake precision m easurem ents 

of th e  oscillation  p a ram ete rs  and  to  p robe  th e  th ird  m ixing angle. T hese p ro jec ts , T 2K  and  

N O vA , are  discussed below.

2 . 2 . 4  0 v ß ß  E x p e r i m e n t s

E stab lish in g  w h e th er th e  n eu trin o  is a  D irac or a  M a jo ran a  ferm ion is of fu n d am en ta l im portance  

for u n d e rs tan d in g  th e  origin of n eu trin o  m asses and  m ixing (see, e.g., [126]). Let us recall 

th a t  th e  neu trinos, Vj, w ith  defin ite  m ass, m j , will be D irac ferm ions if partic le  in terac tions
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R e c o n s tru c te d  Ev(G eV )

Figure 9: Top: MINOS neutrino beam spectra at the Near Detector, for three beam configurations. Bottom: 
The final far detector spectrum and predicted distributions, after the first full year of MINOS running (1.27 x 
1020 protons on target) [11]. Two different methods of near-to-far extrapolation are shown for the unoscillated 
spectrum.
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Figure 10: Confidence intervals from the MINOS experiment [11]. Results from K2K [57] and Super-K [9,116] 
are also shown.

conserve som e add itive  lep ton  num ber, e.g., th e  to ta l lep ton  num ber L = L e +  L ß +  L T. If 

no lep ton  num ber is conserved, th e  n eu trinos  will be M a jo ran a  ferm ions (see, e.g., [62]). T h e  

heavy neu trinos  are  p red ic ted  to  be M a jo ran a  in n a tu re  by th e  see-saw m echanism  [127], w hich 

also provides an  a ttra c tiv e  ex p lan a tio n  of th e  sm allness of n e u trin o  m asses and , th ro u g h  th e  

leptogenesis th eo ry  [128], of th e  observed baryon  asy m m etry  of th e  U niverse. T h e  observed 

p a tte rn s  of n eu trin o  m ixing and  of n eu trin o  m ass-squared  differences d riv ing  th e  solar and  th e  

d om in an t a tm o sp h eric -n eu trin o  oscillations, can  be re la ted  to  m assive M a jo ran a  n eu trinos  and  

th e  existence of an  ap p ro x im ate  sy m m etry  in th e  lep ton  sector co rrespond ing  to  th e  conservation  

of th e  n o n -s tan d a rd  lep ton  num ber L' =  L e — L ß — L T (see, e.g., [129]).

T h e  only experim en ts  w hich have th e  p o ten tia l of estab lish ing  th e  M a jo ran a  n a tu re  of m assive 

neu trinos  are th e  (ß ß )0v-decay experim en ts  searching for th e  process (A , Z ) ^  (A, Z + 2 ) + e -  + e -  

(for reviews see, e.g., [62,130-134]). T h e  observation  of (ß ß )0v-decay and  th e  m easurem en t of 

th e  co rrespond ing  half-life w ith  sufficient accuracy, w ould no t only be a p roof th a t  to ta l lep ton  

num ber is no t conserved, b u t m ight also provide un ique in fo rm ation  on: i) th e  ty p e  of neu trino - 

m ass spectrum ; ii) th e  abso lu te  scale of n e u trin o  masses; an d  iii) th e  M ajo ran a  C P -v io la ting  

phases in th e  n eu trin o  m ixing m a trix  [69 -71 ,73 ,90 ,91 ,135-153].

If th e  Vj are M a jo ran a  ferm ions, o b ta in in g  in fo rm ation  a b o u t th e  M a jo ran a  C P  phases in 

Upmns will be rem arkab ly  difficult [73 ,135 ,151 ,154 ,155]. In  a large class of supersym m etric  

theories w hich include th e  see-saw neu trino -m ass-genera tion  m echanism , th e  phases a  an d  ß  

can  affect significantly  th e  p red ic tions for th e  ra te s  of lep ton-flavour v io lating  (LFV ) decays
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such as ß  ^  e +  7 , t  ^  ß  +  7 , etc. (see, e.g., [156-158]).

U nder th e  assum ptions of m assive, M a jo ran a  neu trinos, th ree -n eu trin o  m ixing, and  (ß ß )0v- 

decay being g enera ted  solely th ro u g h  th e  (V-A) charged -cu rren t w eak in te rac tio n  m ed ia ted  by 

th e  exchange of th e  th re e  M a jo ran a  neu trinos, th e  (ß ß )0v-decay am p litu d e  has th e  form  (see, 

e.g., [73,135]): A (ß ß )0v =  < m >  M , w here M  is th e  co rrespond ing  nuclear m a tr ix  elem ent 

(N M E) w hich does no t d epend  on th e  n eu trin o  m ixing p aram eters , and:

(m ) =  m i |U e i |2 +  m 21Ue2 |2eia +  m3|Ue3|2eiß , (9)

is th e  effective M a jo ran a  m ass in (ß ß )0v-decay, |Ue1 |= c 12c13, |Ue2 |= s 12c13, |Ue3 |= s 13. In  th e  

case of C P -invariance  one has [159-162], n21 =  eia= ± 1 ,  n31 =  eiß= ± 1 ;  n21(31) being  th e  relative 

C P -p a rity  of M a jo ran a  n eu trinos  v2(3) and  v 1.

In fo rm atio n  on th e  abso lu te  scale of n eu trin o  m asses can  be derived in 3H ß-decay  experim en ts 

[163,164] and  from  cosm ological and  astrophysica l d a ta . T he  m ost s trin g en t u p p e r  b ounds on 

th e  Ve m ass w ere o b ta in ed  in th e  T ro itzk  [163] and  M ainz [164] experim ents:

m ^e <  2.3eV a t 95% C.L. (10)

We have m ^e =  m 1;2;3 in th e  case of th e  QD  v-m ass sp ec tru m . T h e  K A T R IN  experim en t [164] is 

p lanned  to  reach a sensitiv ity  of m ^e ~  0.20 eV, i.e. it will p robe  th e  region of th e  QD  spec trum . 

T he  CM B d a ta  of th e  W M A P  experim en t, com bined w ith  d a ta  from  large-scale s tru c tu re  surveys 

(2dFG R S, SDSS), lead to  a lim it on th e  sum  of Vj m asses (see, e.g., [165,166]):

J ^ m j  = £  <  (0 .4-1 .7) eV  a t 95% C.L. (11)

j

D a ta  on w eak lensing of galaxies, com bined w ith  d a ta  from  th e  W M A P  and  P L A N C K  experi 

m ents, m ay allow £  to  be  d e te rm ined  w ith  an  u n ce rta in ty  of ~  0.04 eV [167,168]. I t proves con 

venient to  express [169,170] th e  th re e  n eu trin o  m asses in te rm s of A m |  an d  AmA , m easured  in 

n eu trino -osc illa tion  experim en ts, and  th e  abso lu te  neu trino -m ass scale d e te rm ined  by m in (m j ) 

[73, 132-135]. In  b o th  th e  norm al- and  th e  inverted-hierarchy, one has: A m 2  = A m | 1 >  0 , 

m 2= (m \  +  A m,Q ) a . For norm al o rdering , A m \  = A m 21 >  0 an d  m 3= (m f  +  A m \  ) a , w hile if 

th e  sp ec tru m  is w ith  inverted  ordering , m MIN= m 3, A m \  = A m | 3 >  0 and  m 1= (m 3  +  A m A  — 

A m,Q ) a .  T hus, given A m \  , A , 0© and  0 i 3 , (m ) depends on m in (rr i j) ,  M ajo ran a  phases a ,  

ß  and  th e  ty p e  of V-mass spec trum .

T h e  prob lem  of o b ta in in g  th e  allowed values of (m ) given th e  co n s tra in ts  on th e  pa ram e 

te rs  following from  neu trino -osc illa tion  d a ta , and , m ore generally, of th e  physics p o ten tia l of 

(ß ß )0v-decay experim en ts, was first s tud ied  in [169,170] and  subsequen tly  in [132-134]. D e 

ta iled  analyses were perform ed  m ore recen tly  in [151-153,170]. T h e  resu lts  are  illu s tra ted  in 

F ig .11. T h e  m ain  fea tu res of th e  p red ic tions for (m ) are  [73 ,91 ,135 ,141 ,142] (figure 11, left 

panel):

1. For th e  N H  sp ec tru m , (m)=\^JA m |  s \2+ \ J A m \  s f 3e ^ a-/3) |^0 .005  eV;
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Figure 11: The value of (m) as a function of m in (m j), obtained using i) the 95% C.L. allowed ranges of AmQ , 
|AmA |, sin2 O q  and sin2 013 (left panel), and ii) prospective 2a uncertainty in (m), corresponding to input 1-a 
experimental errors in AmQ A m ^and  sin2 O q  of 4%, 6% and 4% and sin2 O13 =  0.015 ±  0.006 (right panel). The 
regions shown in red/grey correspond to violation of CP-symmetry. (From [170].)

2. F o r te h  IH  sp e c tru m , (m )= \J \A m \  |( 1 — s in 2 26,0  s in 2 | ) ^ ,  th u s  (m)& -\/| A m?A | ^ 0 .0 5 5  eV  

a n d  { m ) Z  \ / |A m A  | cos 20Q ^ 0 .0 1 3  eV , th e  b o u n d s  c o rre sp o n d in g  to  th e  va lues a = 0 ;  7r; a n d

3. F o r th e  Q D  sp e c tru m , ( m ) = m o ( l—sin 2 20© s in 2 ^ ) a ,  m o k ,(m )k ,  mo cos 20© ^  0.03 eV , w ith  

m 0>  0.1 eV , m 0 <  2.3 eV  [164] o r  m 0 <  0.5 eV  [165,166].

F o r th e  IH  (Q D ) s p e c tru m  we have: s in 2( a / 2 ) =  (1 —(m )2/ m 2) / s i n 2 20©, m 2= |A m A  | (m 2). 

T h u s , a  m e a su re m e n t o f (m ) (an d  m 0 fo r Q D  sp e c tru m )  c a n  allow  to  d e te rm in e  a .

M an y  e x p e rim e n ts  have search ed  fo r ( ß ß )0 v-d ecay  [130]. T h e  b e s t  se n s itiv ity  w as ach ieved  in  

H e ide lberg -M oscow  76G e e x p e rim e n t [171]: (m ) < (0 .3 5  - 1.05) eV  (90%  C .L .), w h e re  a  fa c to r  

of 3 u n c e r ta in ty  in  th e  re lev an t N M E  (see, e.g ., [172-174]) is ta k e n  in to  a c co u n t. T h e  IG E X  

c o lla b o ra tio n  h as  o b ta in e d  [175]: (m ) <  (0.33 - 1.35) eV  (90%  C .L .). A  p o s itiv e  s ig n a l a t  > 3 ct , 

c o rre sp o n d in g  to  (m ) =  (0.1 — 0.9) eV , is c la im ed  to  b e  o b se rv ed  [176]. T w o  e x p e rim e n ts , 

N E M O 3  (w ith  100M o a n d  82Se) [177] a n d  C U O R IC IN O  (w ith  130Te) [178], desig n ed  to  reach  a

se n s itiv ity  to  (m ) ~  of (m ) ~  (0 .2 ---- 0.3) eV , p u b lish e d  firs t resu lts : (m ) <  (0 .7 ----- 1.2) eV  [177]

a n d  (m ) <  ( 0 . 2 ----- 0.9) eV  [178] (90%  C .L .), w h e re  e s tim a te d  u n c e r ta in tie s  in  th e  N M E  are

a c co u n te d  for. M o st im p o r ta n tly , a  n u m b e r  of p ro je c ts  a im  a t  se n s itiv ity  of (m ) ~ (0 .0 1 -0 .0 5 )  

eV  [179]: C U O R E  ( 130T e), G E R D A  (76G e), S u p e rN E M O  (100M o), E X O  ( 136X e), M A JO R A N A  

(76G e), M O O N  (100M o), X M A S S  ( 136X e), C A N D L E S  (48C a), e tc . T h e se  e x p e rim e n ts  w ill p ro b e  

th e  reg io n  c o rre sp o n d in g  to  IH  a n d  Q D  s p e c tra  a n d  te s t  th e  p o s itiv e  re su lt  c la im ed  in  [176].

T h e  ex is ten ce  o f sig n ifican t low er b o u n d s  on  (m ) in  th e  cases o f IH  a n d  Q D  s p e c tra  [91], w hich  

lie e ith e r  p a r t ia l ly  (IH  s p e c tru m ) o r co m p le te ly  (Q D  s p e c tru m ) w ith in  th e  ra n g e  o f se n s itiv ity

m MIN [eV]
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of th e  nex t genera tion  of (ß ß )0v-decay experim en ts, is one of th e  m ost im p o rta n t fea tu res of th e  

p red ic tions of (m ). T hese m inim al values are given, up  to  sm all corrections, by A m A  c o s 20© 

an d  m 0 cos 20©. A ccording to  th e  com bined analysis of th e  solar- and  reac to r- n e u trin o  d a ta  

[77,79,180] including  th e  la te s t SNO and  K L results: i) th e  possib ility  of cos 20© =  0 is excluded 

a t ~ 6<7 ; ii) th e  b est fit value of cos 20© is cos 20©= 0.38; and  iii) a t 95% C.L. one has for sin2 013=

0 (0.02), cos 20© > 0 .28  (0.28). T he  quo ted  resu lts  on cos 20© to g e th e r w ith  th e  range of possible 

values of |A m A  | an d  m 0, lead to  th e  significant and  ro b u st lower b ounds on (m ) in th e  cases of 

th e  IH  an d  th e  QD  sp ec tru m  [91,143-145]. A t th e  sam e tim e one can  always have (m ) =  0 in th e  

case of sp ec tru m  w ith  (p a rtia l)  no rm al h ierarchy  [141,142]. As figure 11 ind icates, (m ) can n o t 

exceed ~  6 m eV  for th e  N H  n eu trin o  m ass sp ec tru m . T h is  im plies th a t  m a x ((m ))  in th e  case 

of th e  N H  sp ec tru m  is considerab ly  sm aller th a n  m in ((m )) for th e  IH  and  th e  QD spec tra . T his 

m akes it possible th a t  in fo rm ation  ab o u t th e  ty p e  of neu trino -m ass sp ec tru m  m ay be ob ta ined  

from  a m easurem ent of (m ) =  0 [91]. In  p articu la r, a  positive resu lt in th e  fu tu re  genera tion  of 

(ß ß )0v-decay experim en ts  w ith  (m ) >  0.01 eV w ould im ply th a t  th e  N H  sp ec tru m  is strong ly  

disfavored (if no t excluded). P rospec tive  experim en ta l e rro rs  in th e  values of th e  oscillation 

p a ram ete rs  (figure 11, righ t panel), in (m ) and  th e  sum  of n eu trin o  m asses, and  th e  u n certa in ty  

in th e  relevant N M E [172-174], can  w eaken b u t do  no t invalidate  these  resu lts  [141-145,151].

As figure 11 ind icates, a  m easurem en t of (m ) >  0.01 eV w ould either: i) d e te rm in e  a rela tively  

narrow  in terval of possible values of th e  ligh test v-m ass m MIN ; or ii) w ould estab lish  an  u p p er 

lim it on m MIN. If  an  u p p e r lim it on (m ) is experim en ta lly  o b ta in ed  below 0.01 eV, th is  would 

lead to  a significant u p p e r lim it on m MIN.

T h e  possib ility  of estab lish ing  C P - v io lation  in th e  lep ton  sector due  to  M ajo ran a  C P V  phases 

has been  s tu d ied  in [73,135,154,155] and  in m uch g rea te r  d e ta il in [141,142,151]. I t was found 

th a t  it is very challenging: it requires q u ite  accu ra te  m easurem en ts of (m ) (and  of m 0 for 

QD sp ec tru m ), and  holds only for a lim ited  range of values of th e  relevant param ete rs . M ore 

specifically [141,142,151], estab lish ing  a t 2ct C P -v io la tion  associated  w ith  M a jo ran a  neu trinos  in 

th e  case of QD sp ec tru m  requires, for sin2 0© =0.31 in p a rticu la r , a  re la tive experim en ta l e rro r on 

th e  m easured  value of (m ) an d  m 0 sm aller th a n  15%, a “th eo re tica l u n ce rta in ty ” F < 1 .5  in th e  

value of (m ) due  to  an  im precise know ledge of th e  co rrespond ing  N M E, and  value of th e  relevant 

M a jo ran a  C P V  phase a  typ ica lly  w ith in  th e  ranges of ~  (n /4  — 3 n /4 )  and  ~  (5 n /4  — 7 n /4 ) 

(figure 11, rig h t-h an d  panel).

T h e  know ledge of th e  N M Es w ith  sufficiently sm all u n certa in ty  is crucial for o b ta in in g  q u a n 

t i ta tiv e  in fo rm ation  on th e  neu trino -m ix ing  p a ram ete rs  from  a m easurem ent of ( ß ß )0 v-decay 

half-life. Possible te s ts  of th e  N M E calcu la tions are discussed in [181].

2 . 3  C o m p l e t i n g  t h e  p i c t u r e

T h e  m easurem en ts of th e  neu trino -osc illa tion  p a ram ete rs  reviewed above h in t a t new  in terac tions 

p resen t a t an  ex trem ely  large m ass scale, A. In  sca tte rin g  experim en ts, for exam ple a t had ro n  

or lep ton  colliders, these  new  in terac tions are suppressed  by pow ers of A. In  co n tra st, n eu trin o  

oscillations are w idely believed to  be a d irec t consequence of th e  physics a t th e  large m ass scale;
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hence, m easurem en ts of n eu trin o  oscillations p robe  physics a t a un iquely  h igh m ass scale. T h e  

m easurem en ts reviewed above have estab lished  th e  presence of n eu trin o  oscillations and  have 

determ ined  a num ber of relevant param ete rs . To com plete  th e  p ic tu re , a  ded ica ted  experim en ta l 

p rogram m e is required; th e  elem ents of th is  experim en ta l p rogram m e are  [182]):

•  T h e  search for neu trino less d o u b le -b e ta  decay, to  estab lish  w h e th er n eu trinos  are M ajo ran a  

partic les  [183,184];

•  T h e  d e te rm in a tio n  of th e  neu trino -m ass scale by d irec t m easurem ent (see for exam ple [185]) 

o r th ro u g h  cosm ology (see for exam ple [186,187]);

•  T h e  d e te rm in a tio n  of th e  neu trino -m ass h ierarchy  by com bining neu trino -osc illa tion  m ea 

su rem ents w ith  th e  resu lts  of d irec t neu trino -m ass m easurem ents and  searches for 0Vßß 

decay;

•  T h e  d e te rm in a tio n  of th e  sm all m ixing angle 013 th ro u g h  m easurem ents of th e  sub -dom inan t 

n eu trin o  oscillations;

•  T h e  precise d e te rm in a tio n  of th e  m ixing angle 023 to  seek to  estab lish  w h eth er 023 is m axim al;

•  T h e  search for lep ton ic  C P  v io lation  in n e u trin o  oscillations; and

•  T h e  search for sterile  light n eu trinos  th ro u g h  th e  observation  of a  th ird  m ass-squared  differ 

ence in n eu trin o  oscillations. T h e  resen t m easurem ents from  M iniB ooN E [40] dis-favour a 

s te rile -n eu trin o  in te rp re ta tio n  of th e  LSN D  resu lts [188].

2 . 3 . 1  B o u n d s  o n  013 f r o m  a p p r o v e d  e x p e r i m e n t s

T h e  p resen t genera tion  of long-baseline oscillation experim en ts  (K 2K  [10] a t K E K , M IN O S [11] 

a t th e  N uM I beam  and  IC A R U S [189] and  O P E R A  [12] a t th e  CN G S beam , see ta b le  3 ) , are 

expec ted  to  m easure sin2 2023 an d  |A m 31| w ith  a precision of 10%, if |A m 31| >  10-3  eV 2. 

T hese experim en ts  could, in princip le, m easure 013 th ro u g h  vM ^  ve oscillations even th o u g h  

th e y  are  no t op tim ized  for such a m easurem en t. M IN O S is expected  to  reach a sensitiv ity  

of sin2 013 <  0.02 a t a  confidence level (CL) of 90% in 5 years [11]. T h e  m ain  lim ita tio n  of 

th e  M IN O S experim en t is th e  po o r e lectron-iden tification  efficiency of th e  d e tec to r. T h an k s 

to  th e  h igh density  and  high g ran u la rity  of th e  em ulsion cloud cham ber (E C C ) s tru c tu re , th e  

O P E R A  d e tec to r is b e t te r  su ited  for e lectron  de tec tion  and  can  reach sin2 013 <  0.015 a t 90% 

CL (for A m 21 =  2.5 x 10-3  eV 2), a fte r five years exposure to  th e  CN G S beam  a t nom inal 

in ten sity  [190,191].

T h e  013-sensitiv ity  of th e  p resen t LBL experim en ts  (includ ing  th e  T 2K , th a t  will be discussed 

in m ore d e ta il below) is show n in figure 12. T h e  sensitiv ity  of such experim en ts  to  013 is lim ited 

by th e  pow er of th e  p ro to n  d river and  by th e  ve co n tam in a tio n  of th e  beam . In  p a rticu la r, th e  

C N G S beam , w hich has been  op tim ised  for t  pro d u ctio n , has a m ean  energy a b o u t te n  tim es 

larger th a n  th e  first vM ^  ve oscillation  peak  a t a  baseline of 732 K m .
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N eu trin o  facility P ro to n  m om entum  (G eV /c) L (km ) E v (GeV) p o t /y r  ( 1019)

K E K  P S  [10] 12 250 1.5 2

FN A L N uM I [192] 120 735 3 2 0 4  34

C E R N  C N G S [193] 400 732 17.4 4.54- 7.6

Table 3: Main parameters for present long-baseline neutrino beams

s i n  2 0 13

Figure 12: Expected 6 -sensitivity (in vacuum and fo r Se p  =  0) fo r  MINOS, OPERA and fo r  the next T2K  

experiment, compared to the CHOOZ exclusion plot. From Ref. [194].
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A n o th er app roach  to  search for non-vanish ing  9i 3 (and  th e  023-octant [195]) is to  look a t ve 
d isap p ea ran ce  using  reac to r neu trinos. T h e  relevant oscillation p ro b ab ility  is:

P (ve ve) 1 -  sin2 2013 sin2 +  • • •, (12)

w hich does no t d epend  on 023 or ö c p . A t th e  baselines relevant for reac to r-n eu trin o  experim ents, 

th e  dependence of th e  oscillation  p ro b ab ility  on A m 21 and  012 is negligible. T herefore , th is  

app roach  allows an  unam biguous m easurem ent of 013 free of correlations and  degeneracies (see 

section 2 .4 ), th o u g h  it requires a very precise know ledge of th e  abso lu te  flux. T h e  D ouble-C hooz 

experim en t [196,197] will em ploy a n ear and  far d e tec to r, located  a t baselines of 0.2 K m  and

1.05 K m  respectively. B o th  d e tec to rs  will be  based  on gadolin ium -loaded  liquid scin tilla to r w ith  

a  fiducial m ass of 10.16 tonne . A n tin eu trin o s  will be de tec ted  using th e  delayed coincidence 

of th e  p o sitro n  from  th e  inverse ß -decay  and  th e  pho tons from  n e u tro n  cap tu re . T h e  d irec t 

com parison  of th e  event ra te s  in th e  tw o d e tec to rs  will allow th e  cancella tion  of m any  of th e  

sy stem atic  erro rs. A fter 5 years of d a ta  tak ing , th is  experim en t will reach a 013-sensitiv ity  

of sin2 013 <  0.0025 a t 90% CL. A n o th er reac to r experim en t has been  recen tly  p roposed  in 

J a p a n  [198]. T h is  experim en t has an  expected  sensitiv ity  of sin2 013 <  0.0038 a t 90% CL.

P resen t LBL and  reac to r-n eu trin o  experim en ts  can  no t address th e  o th e r issues raised  above; 

th e  baselines are  to o  sh o rt to  take  advan tage of m a tte r  effects requ ired  to  identify  th e  m ass 

hierarchy, and  th e y  are no t designed to  look for C P-v io la tion .

2 . 4  D e g e n e r a c i e s  a n d  c o r r e l a t i o n s

W e will follow reference [199] to  in tro d u ce  th e  degeneracy  problem . O th e r approaches have been 

p roposed  in references [195,200-204].

2 . 4 . 1  A p p e a r a n c e  c h a n n e l s :  v e ^  v M, a n d  ^  v e

I t  was originally  po in ted  o u t in reference [205] th a t  a m easurem en t of th e  appea ran ce  p robab ility  

P (va  ^  Vß) =  Paß for a neu trino -osc illa tion  experim en t w ith  a fixed baseline (L) and  energy 

(E ) can  no t be used to  d e te rm in e  un iquely  th e  oscillation p aram eters . Indeed , ta k in g  (013,£) as 

th e  ‘t r u e ’ values, th e  equation

Paß (013, ^) =  Paß (013,ö) (13)

has a con tinuous num ber of solutions. T h e  locus of po in ts  in th e  (013,ö) p lane satisfy ing  th is  

eq u a tio n  is called an  ‘eq u ip ro b ab ility ’ curve. As can  be seen from  figure 13(left), th e  s tro n g  cor 

re la tion  betw een 013 and  ö [206] defines a s tr ip  in th e  (013,ö) p lane com patib le  w ith  P aß (013,£ ).

C onsider now an  experim en t th a t  can  m easure b o th  n eu trin o  (+ )  and  a n tin eu trin o  (—) ap 

p earance  oscillation  probab ilities, a t th e  sam e L / E . T h e  system  of equations:

( ^ )  =  P aß (013,ö ) (14)
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Figure 13: Correlation of 613 and S: Left: i f  only neutrinos (or antineutrinos) are measured: continuum degener

acy; Right: i f  both neutrinos (full line) and antineutrinos (dashed line) are measured: twofold degeneracy. From  

reference [207].

describes tw o eq u ip robab ility  curves, see figure 13(righ t). T h e  system  has tw o so lutions: th e  

in p u t p a ir (013,£) and  a second, (L /E )-d e p e n d e n t, po in t. T h e  ‘con tinuum  degeneracy ’ has been 

solved, b u t a d iscre te  am bigu ity  in th e  m easurem ent of th e  physical values of 013 and  ö is still 

presen t; th e  ‘in trinsic  degeneracy ’ or ‘in trinsic  c lone’ [205].

M ore in fo rm ation  is needed to  solve th e  in trinsic  degeneracy. T h is  in fo rm ation  can  be ob ta ined  

e ith e r by m aking  in d ependen t m easurem ents a t d ifferent values of L / E  or by m aking use of 

in d ep en d en t oscillation  channels. T h e  value of L / E  m ay be varied, for exam ple, by m easuring  th e  

N eu trin o  F ac to ry  beam  a t a num ber of baselines [205] and  [208], by vary ing  th e  n eu trin o -b eam  

energy a t a  b e ta -b eam  facility  [209], o r by m easuring  precisely th e  neu trino -energy  sp ec tru m  in 

a liqu id-argon  d e tec to r [210]. In  figure 14(left) it can  be seen th a t  experim en ts  w ith  different 

baselines have in trinsic  clones in d ifferent regions of th e  (013,ö) p lane. If  th e  clones are well 

sep ara ted , th e  degeneracy  can  be  solved. T h e  equ ip robab ility  curves for th e  tw o oscillation 

channels ve ^  and  ve ^  vt  m easured  a t a  p a rtic u la r  L / E  are  show n in figure 14(righ t). 

T h e  figure shows th a t  th e  in trinsic  clones for th e  tw o channels ap p e a r in different regions of th e  

p a ram e te r space, m aking  it possible to  resolve th e  in trinsic  degeneracy.

Tw o o th e r sources of am bigu ities are  also p resen t [200,211,212]:

•  A tm ospheric -neu trino  experim en ts  m easure d isap p ea ran ce  or ^  vt  ap p ea ran ce  for 

w hich th e  leading te rm s in th e  expressions for th e  oscillation p robab ilities  d epend  q u ad ra ti-  

cally on A m f3, therefo re  th e  sign of A m f3 is n o t know n [213]; and

•  A t leading  order, th e  oscillation  p robab ilities  for vm, ve d isap p ea ran ce  and  ^  vt  a p p e a r 

ance d epend  up o n  sin2 2023. T herefore  only  th e  difference of 023 from  45° (m axim al m ixing) 

is know n, i.e. it is no t know n w h e th er 023 is sm aller o r g rea te r th a n  45°.

As a consequence, fu tu re  experim en ts  m ust m easure th e  tw o con tinuous variables 013 and  ö as
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Figure 14: Solving the intrinsic degeneracy using: Left: same oscillation channel, but two different baselines; 
Right: same L /E , but two different oscillation channels (i.e. golden and silver). From reference [207].

well as th e  tw o d iscre te  variables:

Satm  =  sign[A m 23], Soct =  sign[tan(2023)]. (15)

T hese tw o variables assum e th e  values ± 1  depend ing  on th e  sign of A m | 3 (satm =  1 for m3 >  m2 

an d  s atm  =  —1 for m j <  m2) and  023 (soct =  1 for 023 <  n /4  an d  soct =  —1 for 023 >  n /4 ) .  

Therefore, ta k in g  in to  account th e  p resen t ignorance on th e  n eu trin o  m asses and  m ixing  m atrix , 

eq u a tio n  (14) m ust be rew ritten , m ore precisely, as:

P a ß S; Sa tm , s oct) =  P aß (0 ^  ö; s atm  =  s a tm ; s oct =  s oct) , (16)

w here s atm  an d  soct have been included as in p u t p a ram ete rs  in ad d itio n  to  $13 an d  Æ. In  equation  

(16) we have im plic itly  assum ed th a t  th e  sign of A m | 3 an d  th e  o c ta n t for 023 are  unknow n. T h e  

following system s of equations should be considered:

P a ß (013,S; s a tm , s oct) =  P aß (013,ö; s atm  =  s a tm ; s oct =  s oct) (17)

=  P a ß (013,ö; s atm  =  satm; soct =  soct) (18)

=  P a ß (013, ö; s atm  =  s a tm ; s oct =  soct) . (19)

T hese new  sets of eq u ip robab ility  system s arise w hen we eq u a te  th e  m easured  p ro b ab ility  (l.h.s.) 

w ith  th e  th eo re tica l p robab ilities  o b ta in ed  inc luding  one of th e  th re e  possible w rong guesses of 

sa tm  and  soct (r.h .s .).

Solving th e  four system s of equations (16)- (19) will yield th e  tru e  so lu tion  plus ad d itio n a l 

‘clones’, form ing an  eightfo ld-degeneracy  [212]. T hese eight solu tions are respectively:

•  T h e  tru e  so lu tion  and  its in trinsic  clone, o b ta in ed  solving th e  system  in equation  (16);

•  T h e  A m |3-sign clones (hereafter called ‘s ign ’ clones) of th e  tru e  and  in trinsic  so lu tion , ob 

ta in ed  solving th e  system  in equa tion  (17 );
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T h e  023-o c tan t clones (hereafter called ‘o c ta n t’ clones) of th e  tru e  and  in trin sic  solution, 

o b ta in ed  solving th e  system  in equation  (18 ); and

T h e  A m atm-sign 023-o c ta n t clones (hereafter called ‘m ix ed ’ clones) of th e  tru e  and  in trinsic 

solution, o b ta in ed  solving th e  system  in eq u atio n  (19).

N otice, however, th a t  tra n s itio n  p robab ilities  are  no t th e  experim en ta lly  m easured  quan tities . 

E x p erim en ta l resu lts are  given in te rm s of th e  num ber of charged lep tons observed in a specific 

d etec to r. For th e  N eu trin o  F ac to ry  ‘golden ch an n e l’ (ve ^  v: ), for exam ple, one coun ts th e  

num ber of m uons w ith  charge opposite  to  th e  charge of th e  m uons c ircu la ting  in th e  sto rage ring. 

If th e  d e tec to r can  m easure th e  final s ta te  lep ton  and  h ad ro n  energies w ith  enough precision, 

events can  be g rouped  in energy bins of w id th  A E . T he  num ber of m uons in th e  ith energy bin  

for th e  in p u t pa ir (013 , s ), for a  p a ren t m uon energy E : , is given by:

• f dav (p ) ( E „ ,E V) , _ _ d $ v (p ) (E V, E „ ) 1 E i+ A E
n ; t (013,0) = \ ^  ! eg) P ±(E u,d13,ó) eg) \ (20)

dEu dEv
Ei

w here ® s tan d s  for a  convolu tion  in tegral, N • is th e  nu m b er of events in b in  i, E v is th e  n eu trin o  

energy, E :  is th e  sca tte red  m uon energy, ovmM(PM), is th e  n eu trin o  charged -cu rren t sca tte rin g  

cross section, and  $  is th e  n e u trin o  flux. Solving th e  following system s of equations, for a  given 

energy b in  and  fixed in p u t p a ram ete rs  (013 , s ):

N iu± (013, S; Satm ,Soct) =  N V  (013,ö

n ;  ± ( 

n ;  ± ( 

n :  ±

?13,0 

013, ö

(013, ö

s atm  — s atmi s oct — s oct)

s atm  — s atmi s oct — s oct)

s atm  — s a tm , s oct — s oct)

s atm  — s a tm , s oct — s oct)

(21)

(22)

(23)

(24)

yields th e  eight so lu tions co rrespond ing  to  th e  i- th  bin.

T h e  ex istence of unsolved degeneracies resu lts in a loss of sensitiv ity  to  th e  unknow ns 013, ö, satm 

(see below). T h e  b est way to  solve th e  degeneracies is to  perfo rm  a set of com plem en tary  m ea 

surem ents; experim en ts  m ust have different baselines, good energy resolu tion , and  access to  

different channels. T h ere  is no ‘synergy ’ in experim en ts  a t th e  sam e L / E  m easuring  th e  sam e 

channel [214]. A m eth o d  to  look for op tim al com binations of m easurem ents based  on solving th e  

set of system s of equations (21)- (24) has been  presen ted  in reference [199]. M ost of th e  previous 

considera tions also app ly  to  th e  T -con juga ted  tra n s itio n  ^  ve and  to  ve ^  vt  (th e  N eu trin o  

F ac to ry  ‘silver ch an n e l’).

2 . 4 . 2  D i s a p p e a r a n c e  c h a n n e l s :  ^

A n in dependen t m easurem ent of th e  a tm ospheric  p a ram ete rs  023 and  A m 223 can  be m ade v ia 

th e  v: -d isap p earan ce  channel using  a conventional n eu trin o  beam  or th e  N eu trin o  Factory. 

I t  is expected  th a t  th is  k ind of m easurem ent will reduce th e  e rro r on th e  a tm ospheric-m ass 

difference to  less th a n  10% w ith  a few years of d a ta  if A m | 3 >  2.2 x 10-3  eV 2 [215]. T h e

35



expected  e rro r on th e  a tm ospheric  angle depends on th e  value of 023 itself, th e  sm allest e rro r 

being  achieved for large, b u t non-m axim al, m ixing [216]. I t  is in te res tin g  to  s tu d y  in d e ta il th e  

p a ram e te r co rre la tions and  degeneracies th a t  affect th is  m easurem ent an d  th a t  can  induce large 

uncerta in ties . T he  vacuum -oscillation  p ro b ab ility  expanded  to  th e  second o rder in th e  sm all 

p a ram ete rs  013 and  (A 12L /E )  [213] is:

w here J  =  cos 013 s in 2 0 12 s in 2 0 13 s in 2 0 23 and  A 23 =  A m |3/2 E ,  A 12 =  A m 22/2 E .  T h e  do m 

in an t co n trib u tio n  com es from  first te rm  in th e  first paren thesis  w hich is sym m etric  u n d er 

023 ^  n /2  — 023. T h is  sym m etry  is lifted by th e  o th e r te rm s w hich in tro d u ce  a m ild C P- 

conserving  ö-dependence, a lb e it th ro u g h  sub-lead ing  effects w hich are very difficult to  isolate.

Since th e  satm =  s ig n (A m |3) is unknow n, tw o system s of equations m ust be solved:

w here s atm is th e  physical m ass hierarchy. For non-m axim al 023, four different solutions are 

ob ta in ed . For |A m |3| ~  A m atm eq u atio n  (26) yields tw o so lu tions, th e  in p u t value 023 =  023 

an d  023 ~  n /2  — 023. T h e  second so lu tion  is no t exac tly  023 =  n /2  — 023 due to  th e  sm all

second  te rm  p o sitive; a  c h an g e  t h a t  m u st b e  c o m p e n sa te d  w ith  a n  in crease  in  |A m 23| to  give

P ± i ( A m litm ; s  a tm ) =  ( |A m 2 3 |; —s atm ) .

T h e  re su lt  o f a  fit to  th e  d isa p p e a ra n c e -c h a n n e l d a ta  a t  th e  T 2 K  p h a se  I e x p e rim e n t is show n

012 =  33°. For m axim al m ixing, 023 =  45°, figure 15 (left), tw o so lu tions are found a t 90 % CL 

w hen b o th  choices of satm a re  considered . O n th e  o th e r hand , using  a non-m axim al atm ospheric

g en era l, a  tw o-fo ld  o r fo u r-fo ld  d eg e n e ra cy  m u st b e  d iscu ssed  in  th e  d isa p p e a ra n c e  ch an n el.

N o tice  how  th e  d isa p p e a ra n c e  sign  c lones a p p e a r  a t  a  v a lu e  of |A m |3 | h ig h e r  th a n  th e  in p u t 

v a lue . T h is  is e x p e c te d  fro m  e q u a tio n  (2 5 ) ; th e  sh ift in  th e  v e rtica l ax is is a  fu n c tio n  o f 013 a n d  

ö w hich , in  th is  case , h a s  b e e n  k ep t fixed a t  013 =  0° =  ö. T h e  d e g e n e ra cy  can  b e  so ften ed  or 

solved by  u s in g  d e te c to rs  a t  base lin es long  e n o u g h  th a t  m a t te r  effects c an  b e  e x p lo ite d  [218].

2 2012 +  s f 2 sin2 2023 cos(A 23L )], (25)

A m ltm ; s a tm ) =  |A m 2 3 | ; s atm ) ; (26)

and

A m ltm ; s  a tm ) =  |A m 2 3 | ; —s atm ) , (27)

023-o c ta n t asym m etry ; Tw o m ore solutions from  eq u a tio n  (27) a t a  d ifferent value of |A m |3| 

are  also p resen t [217]. In  eq u a tio n  (25) we can  see th a t  changing  th e  sign of A m | 3 m akes th e
I 3

in figure 15 for th re e  different values of th e  a tm ospheric  m ass difference A m 23 =  (2 .2 ,2 .5 ,2 .8 ) x 

10-3  eV 2. F ixed  values of th e  solar p a ram ete rs  have been  used, A m ^2 =  8.2 x 10-5  eV 2;

angle 023 =  41.5° (sin2 023 =  0.44) four degenera te  solutions are found, figure 15(righ t). In
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Figure 15: The sign degeneracy at T2K-I; left: 023 =  45° ; right: 023 =  41.5°.

2 . 4 . 3  A  m a t t e r  o f  c o n v e n t i o n s

I t  is u se fu l to  o p e n  h e re  a  sh o r t  p a re n th e s is  to  a d d re ss  a  p ro b le m  t h a t  a ro se  rec e n tly  c o n c ern in g  

th e  ‘p h y s ic a l’ m ea n in g  o f th e  v a riab le s  u sed  to  fit th e  ‘a tm o s p h e r ic ’ m ass d ifference, A m 2atm . 

N o tice , f irs t o f all, t h a t  th e  e x p e rim e n ta lly  m ea su red  so la r-m ass  d ifference  A m ^ ol c an  b e  u n 

a m b ig u o u s ly  id en tif ied  w ith  th e  th re e -fa m ily  p a ra m e te r  A m \ 2 =  m2 — m f .  T h is  is n o t t ru e  

for th e  e x p e rim e n ta lly  m ea su red  a tm o sp h e ric  m ass  d iffe rence  A m 2a tm . S ince th e  su b -le a d in g  

so la r effects a re , a t  p re se n t, b a re ly  seen  in  a tm o sp h e ric  n e u tr in o  e x p e rim e n ts  we can  define  th e  

th re e -fa m ily  p a ra m e te r  to  b e  u sed  in  th e  fits  in  a  n u m b e r  o f w ays: b y  u s in g  A m | 3 =  m j  — m f ; 

A m f3 =  m \  — m \ ;  o r A m 2 =  ( A m f3 +  A m 2 3) / 2  [219]. A  g o o d  d e sc r ip tio n  o f th e  d a ta  w ill b e  

o b ta in e d  w ith  e ith e r  choice. W h e n  m e a su re m e n ts  of th e  a tm o sp h e ric  m ass -sq u a re d  d ifference  

w ith  a  p rec is io n  a t  th e  level o f 10 -4  eV 2 a re  av a ilab le , how ever, th e  d iffe ren t choices of th e  f it t in g  

p a ra m e te r  w ill g ive d iffe ren t re su lts .

T h is  effect c an  b e  o b se rv ed  in  fig u re  16, w h ere  th e  th re e  choices in tro d u c e d  above  a re  com 

p a re d . T h e  th re e  p an e ls  show  th e  90%  C L c o n to u rs  re su ltin g  fro m  a  fit to  th e  e x p e rim e n ta l 

d a ta  c o rre sp o n d in g  to  th e  in p u t  value , A m 2atm  =  2.5 x  10 - 3 , in  n o rm a l h ierarchy , b u t  f it te d  

u s in g  in  tu r n  A m | 3 (left p a n e l) , A m 23 (m id d le  p an e l)  a n d  A m 2 ( rig h t p a n e l) . I t  c an  b e  seen 

th a t  th e  c o n to u r  c o rre sp o n d in g  to  th e  n o rm a l h ierarch y , s atm  =  s atm , is alw ays lo ca ted  a ro u n d  

th e  in p u t  value . O n  th e  o th e r  h a n d , th e  c o n to u r  o b ta in e d  for th e  in v e rted  h ie ra rc h y  is lo ca ted  

above, below , o r  on  to p  of th e  in p u t  v a lu e  d e p e n d in g  on  th e  choice o f f it t in g  v a riab le . T h is  is a  

co n seq u en ce  of th e  fac t t h a t  th e  d iffe rence  b e tw een  each  of th e  p o ss ib le  choices is O ( A m f 2).

F o r th re e -fa m ily  m ix ing , th re e  ‘fre q u e n c ie s’ c a n  b e  defin ed , th e  sh o r te s t  b e in g  th e  so lar- 

o sc illa tio n  freq u en cy  (u n am b ig u o u s ly  re la te d  to  th e  m ass  d ifference  A m 22). In  th e  case  o f th e  

n o rm a l h ierarch y , th e  m id d le  freq u en cy  is re la te d  to  A m | 3 a n d  th e  lo n g est one  to  A m f 3. In  th e  

case  of th e  in v e rted  h ie ra rc h y  th e se  tw o  freq u en c ies  a re  in te rc h a n g e d  a n d  th e  m id d le  freq u en cy  

w ill b e  re la te d  to  A m 3 2 a n d  n o t to  A m J 2. F o r th is  reaso n , it h a s  b e e n  su g g ested  t h a t  th e  a n a l 

y sis o f th e  n o rm a l a n d  in v e rted  h ie ra rch ies  sh o u ld  b e  p re se n te d  u s in g  v a riab le s  w h ich  m a in ta in
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Figure 16: Different choices of the three-family “atmospheric” mass difference; left: Am23; middle: A m 23; right: 
A m 2, [219].

th e  o rd e r in g  o f th e  o sc illa tio n  frequencies .

2 . 4 . 4  D i s a p p e a r a n c e  c h a n n e l s :  v e ^  v e

A  b e ta -b e a m  o r N e u tr in o  F a c to ry  c a n  ex p lo it th e  ve-d isa p p e a ra n c e  c h a n n e l to  m ea su re  th e  so la r 

p a ra m e te rs  A m f 2, $12 o r  d 13 in  a  d eg en eracy -free  e n v iro n m e n t. T h e  ve-d isa p p e a ra n c e  p ro b a b il ity  

d o es  n o t d e p e n d  o n  ö o r on  d23. T h e  0 13 m e a su re m e n t is, th e re fo re , n o t a ffec ted  by  ( $13 — 5) 

c o rre la tio n s  o r  th e  s oct am b ig u ity . T h e  ve ^  ve m a tte r -o s c illa tio n  p ro b ab ility , e x p a n d e d  a t  

second  o rd e r  in  th e  sm all p a ra m e te rs  0 13 a n d  ( A m \ 2L / E ) ,  is [220 ]:

P t  =  1 -  ( ^ )  s i n 2 ( 2 0 i3 )  s i n 2 -  (~r) s i n 2 ( 2 0 i2 )  s i n 2 (4^) > ( 2 8 )

w h ere  A 23 =  A n i 23/ 2 E ,  A 12 =  A m 22/ 2E , A  =  s /2 G p N e , a n d  B zF =  |^4 =F A 231 - T h is  e q u a tio n  

d e sc rib es  re a so n a b ly  well th e  b e h a v io u r  of th e  t r a n s i t io n  p ro b a b il ity  in  th e  e n e rg y  ra n g e  covered  

by  th e  b e ta -b e a m  fac ilities  p re se n tly  co n sid e red . T w o  sou rces o f a m b ig u itie s  a re  still p re se n t in  

ve-d isa p p e a ra n c e  m e a su re m e n ts , s atm  (fo r larg e  va lues o f d 13, i.e. in  th e  ‘a tm o s p h e r ic ’ reg ion) 

a n d  th e  0 13 — d 12 c o rre la tio n  (for sm all va lues o f $13, i.e. in  th e  ‘s o la r ’ reg io n ). A  b e ta -b e a m  

cou ld  in  p r in c ip le  im p ro v e  th e  p rec is io n  w ith  w h ich  th e  so la r p a ra m e te rs  a re  k n o w n  th ro u g h  ve 

d isa p p e a ra n c e  m e a su re m e n ts . T h is  is n o t th e  case  for a  b e ta -b e a m  fac ility  in  w h ich  th e  n e u tr in o  

en e rg y  o f ~  100 M eV  is m a tc h e d  to  a  b ase lin e  o f ~  100 km . F o r such  a  facility , a t  la rg e  $ 13, th e  

second  te rm  in  e q u a tio n  (28) d o m in a te s  over th e  la s t te rm . O n  th e  o th e r  h a n d , for sm all d 13 th e  

s ta t is t ic s  is to o  low to  im p ro v e  u p o n  th e  p re se n t u n c e rta in tie s  on  d 12 a n d  A m 22 (n o te  th a t  th e  

en e rg y  a n d  b ase lin e  o f th e  low - 7 b e ta -b e a m  h as  n o t b e e n  ch o sen  to  p e rfo rm  th is  ta s k ) . I t  has  

b e e n  show n t h a t  if sy s te m a tic  e rro rs  c a n n o t b e  co n tro lled  to  b e t t e r  t h a n  a t  5% , th e  b e ta -b e a m  

d isa p p e a ra n c e  c h a n n e l does n o t im p ro v e  th e  C H O O Z  b o u n d  o n  0 13 [217].

E q u a tio n  (28) c a n  a lso  b e  a p p lie d  to  re a c to r -n e u tr in o  e x p e rim e n ts  w h ich  a im  a t  a  p rec ise  

m e a su re m e n t o f d 13 in  a  ‘d e g e n e ra cy -fre e ’ reg im e. F o r th e  ty p ic a l b ase lin e  a n d  e n e rg y  o f a  re a c to r  

e x p e rim e n t (e.g ., L  =  1.05 km  a n d  ( E v ) =  4 M eV  fo r th e  D o u b le -C h o o z  p ro p o sa l [196,197]) 

we c an  safe ly  co n s id e r a n tin e u tr in o  p ro p a g a tio n  in  v acu u m . A s a  con seq u en ce , n o  se n s itiv ity  

to  s atm  is e x p e c te d  a t  th e se  e x p e rim e n ts , since  B T  ^  A 23 fo r A 23 »  A .  I t  is v e ry  d ifficu lt for 

re a c to r  e x p e rim e n ts  to  te s t  sm all va lues o f $13, a n d  th u s  th e  0 13 — d 12 c o rre la tio n  (sign ifican t 

o n ly  in  th e  “so la r” reg ion) c a n  a lso  b e  n eg lec ted .
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3  I m p l i c a t i o n s  fo r  n e w  p h y s i c s  a n d  c o s m o l o g y

N eu trin o  m ass is th e  first exam ple of physics beyond th e  S tan d a rd  M odel. T h e  ex trem e sm allness 

of n eu trin o  m asses, com pared  to  charged ferm ion m asses, and  th e  large m ixing angles, are  b o th  

m ysteries th a t  m ake m ore acu te  th e  flavour prob lem  in th e  S tan d a rd  M odel: w hy are th e re  

th re e  fam ilies of quarks and  lep tons w ith  th e  m asses and  m ixings th a t  are observed? A lthough  

th e re  are m any  ideas concerning  th e  underly ing  m echanism  by w hich n eu trin o  m ass is genera ted , 

a t p resen t none of th e  p roposed  m echanism s have any experim en ta l foundation ; to  m ake real 

progress m ore d a ta  is requ ired . T h e  n eu trin o  m asses and  m ixings are  as fu n d am en ta l as those  of 

th e  quarks, yet th e  precision w ith  w hich th e  neu trino -m ix ing  p a ram ete rs  are know n is very poor 

w hen com pared  to  th e  precision of th e  q u a rk  param ete rs . Some of th e  n eu trin o  p aram eters , 

such as th e  reac to r angle an d  th e  C P -v io la ting  phase, have yet to  be m easured , and  th e  sign of 

th e  a tm ospheric  m ass-squared  difference is u ndeterm ined . If  n eu trin o  are  D irac ferm ions, th e n  

n eu trin o  m asses m ay arise in a m an n er sim ilar to  th a t  w hich genera tes th e  m asses of th e  o th e r 

charged fu n d am en ta l ferm ions. However, if n eu trinos  are  M a jo ran a  partic les, th e n  th e  m ass- 

g enera tion  m echanism  m ay be q u ite  different. T hese issues, w hich have p rofound  im plications 

for p artic le  physics and  cosmology, will be discussed in d e ta il in th is  section.

3 .1  T h e  o r i g i n  o f  s m a l l  n e u t r i n o  m a s s

T his section will address th e  im plications of see-saw m echanism s, su p ersy m m etry  and  R -p arity  

v io lation , e x tra  d im ensions, s trin g  theory , and  TeV  scale m echanism s for sm all n eu trin o  m asses 

on th e  p ro p erties  of th e  neu trinos.

3 . 1 . 1  S e e - S a w  m e c h a n i s m s

T he charged-ferm ion sp ec tru m  already  contains q u ite  s tro n g  h ierarchies w ith  th e  electron  m ass 

being  a few m illion tim es sm aller th a n  th e  to p -q u a rk  m ass. N eu trin o  m asses are also very 

sm all com pared  to  charged-ferm ion m asses, w ith  th e  a tm ospheric  n eu trin o  m ass being  a few 

m illion tim es sm aller th a n  th e  electron  m ass. Such severe ferm ion m ass h ierarchies d em and  some 

exp lanation . O ne sim ple approach  is based  on th e  see-saw m echanism  and  its genera lisation  to  

include th e  charged-ferm ion m asses by F ro g g att and  N ielsen [221]. T he  idea is th a t  all Yukawa 

couplings are of o rder unity, b u t lowest o rder Yukawa couplings to  Higgs fields are  fo rb idden  by 

some sym m etry ; n e u trin o  m asses are  fu r th e r  suppressed  by th e  fact th a t  rig h t-handed  neu trinos 

are very  heavy. Sm all effective Yukaw a couplings and  sm all M a jo ran a  m asses are  th e n  genera ted  

a t h igher o rder, suppressed  by ra tios  of vacuum  ex p ec ta tio n  values (vevs) to  heavy field m asses. 

T he  see-saw m echanism  th u s  provides a convincing ex p lan a tio n  for th e  sm allness of n eu trin o  

m asses. H ere we review  its sim plest form , th e  ty p e  I see-saw m echanism  and  its genera lisation  

to  th e  ty p e  II  see-saw m echanism .

Before d iscussing  th e  see-saw m echanism , th e  d ifferent types of n e u trin o  m ass th a t  are  possible 

will be reviewed. So far we have been  assum ing  th a t  n e u trin o  m asses are M a jo ran a  m asses of
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th e  form :

m vLLiyLv£  (29)

w here v l  is a le ft-handed  n eu trin o  field and  vR is th e  C P  con jugate  of a  le ft-handed  n eu trin o  

field, in o th e r w ords a rig h t-h an d ed  a n ti-n eu trin o  field. M a jo ran a  m asses im ply lep ton -num ber 

v io lation . N ote  th a t  lep ton -num ber v io lation  is fo rb idden  by gauge invariance a t th e  reno r 

m alisation  level in ex tensions of th e  S ta n d a rd  M odel in w hich th e  Higgs sector only  con tains 

doub le ts . T h e  sim plest version of th e  see-saw m echanism  assum es th a t  M ajo rana-m ass te rm s 

are g enera ted  th ro u g h  th e  in te rac tions  of th e  rig h t-handed  neu trinos  [127,222,223].

If we in tro d u ce  rig h t-handed  n eu trin o  fields th e n  th e re  are  tw o so rts of ad d itio n a l n eu trin o  

m ass te rm s th a t  a re  possible: ad d itio n a l M a jo ran a  m asses of th e  form:

+  h erm itian  con jugate  , (30)

w here v r  is a  rig h t-h an d ed  n eu trin o  field, vR is th e  C P  con jugate  of a rig h t-handed  n eu trin o  

field, in o th e r w ords a le ft-handed  a n tin eu trin o  field; and  D irac m asses of th e  form:

m LR^7Lï/R +  h e rm itian  con jugate  . (31)

Such D irac m ass te rm s conserve lep ton  num ber, and  are  no t fo rb idden  by electric-charge con 

servation.

O nce th is  is done, th e  types of n eu trin o  m ass described  in equations (30), (31) (b u t no t 

eq u a tio n  (29) since we do  no t assum e d irec t m ass te rm s, e.g. from  Higgs tr ip le ts , a t th is  stage) 

are  p e rm itte d , and  we have th e  m ass m atrix :

ï ' l  )  ( „r * * h e rm itian  con jugate  . (32)
m LR

Since th e  rig h t-handed  neu trinos  are  electrow eak singlets, th e  M a jo ran a  m asses of th e  r ig h t 

h anded  neu trinos, M r r , m ay be o rders of m ag n itu d e  larger th a n  th e  electrow eak scale. In  th e  

app rox im ation  th a t  M RR »  mLR th e  m a tr ix  in eq u a tio n  (32) m ay be d iagonalised  to  yield 

effective M a jo ran a  m asses of th e  ty p e  in eq u a tio n  (29):

m LL =  - m LRm r r m LR • (33)

T he  effective le ft-handed  M ajo ran a  m asses, mLL, are n a tu ra lly  suppressed  by th e  heavy scale, 

M r r . In  a one-fam ily exam ple, if we tak e  mLR =  M W and  M RR =  M Gu t  , th e n  we find 

mLL ~  10-3  eV w hich looks good for solar neu trinos. A tm ospheric  n eu trin o  m asses would 

requ ire  a rig h t-handed  n eu trin o  w ith  a m ass below th e  G U T  scale.

W ith  th re e  le ft-handed  n eu trinos  and  th re e  rig h t-h an d ed  neu trinos  th e  D irac m asses, mLR, 

are a 3 x 3 (com plex) m a tr ix  and  th e  heavy M ajo ran a  m asses, M r r , form  a sep ara te  3 x 3 

(com plex, sym m etric) m a trix . T h e  light effective M a jo ran a  m asses mLL are  also a 3 x 3 (com plex 

sym m etric) m a trix  and  con tinue to  be given by equation  (33) w hich is now in te rp re te d  as a
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Figure 17: Diagram illustrating the type I see-saw mechanism.

v vu u

m a tr ix  p ro d u c t .  F ro m  a  m o d e l-b u ild in g  p e rsp e c tiv e  th e  fu n d a m e n ta l  p a ra m e te rs  w h ich  m u st b e  

in p u t  in to  th e  see-saw  m ech an ism  a re  th e  D irac  m ass  m a tr ix  a n d  th e  h eav y  r ig h t-h a n d e d  

n e u tr in o  M a jo ra n a  m ass  m a tr ix  M r r .  T h e  lig h t effective le f t-h a n d e d  M a jo ra n a  m ass m a tr ix  

m ^ L arises  as a n  o u tp u t  a c co rd in g  to  th e  see-saw  fo rm u la  in  e q u a tio n  (3 3 ) .

T h e  v e rs io n  of th e  see-saw  m ech an ism  d iscu ssed  so fa r  is so m e tim es ca lled  th e  ty p e  I see 

saw  m ech an ism . I t  is th e  s im p les t v e rs io n  o f th e  see-saw  m ech an ism , a n d  c an  b e  th o u g h t  o f as 

re su ltin g  from  in te g ra tin g  o u t h eav y  r ig h t-h a n d e d  n e u tr in o s  to  p ro d u c e  th e  effective d im en sio n -5  

n e u tr in o  m ass o p e ra to r:

— ■ L t ) k  ( H u ■ L )  , (34)

w h ere  th e  d o t  in d ic a te s  th e  S U (2 )L-in v a r ia n t p ro d u c t ,  and :

k =  2 YvM RRy J  , (35)

w ith  Yv b e in g  th e  n e u tr in o  Y ukaw a co u p lin g s  a n d  m L R =  Yvvu w ith  vu =  (H u). T h e  ty p e  I 

see-saw  m ech an ism  is i llu s tra te d  d ia g ra m m a tic a lly  in  fig u re  17.

In  m odels  w ith  a  le f t-r ig h t sy m m e tric  p a r t ic le  c o n te n t such  as m in im a l le f t-r ig h t sy m m e tric  

m o d els , P a ti-S a la m  m o d els , o r G ra n d  U nified  T h eo rie s  (G U T s) b a sed  o n  S 0 (1 0 ) , th e  ty p e  I 

see-saw  m ech an ism  is o f te n  g en era lised  to  a  ty p e  I I  see-saw  (see e.g . [70 ,22 4 -2 2 7 ]), w h e re  a n  

a d d it io n a l d ire c t m ass  te rm , m LL, fo r th e  lig h t n e u tr in o s  is p re se n t.

W ith  such  a n  a d d it io n a l d ire c t m ass te rm , th e  g e n e ra l n e u tr in o  m ass m a tr ix  is g iven  by:

< )  I 1  ^  I . (36)
mLR M r r  J  \  V r

U n d e r  th e  a s su m p tio n  th a t  th e  m ass e igenvalues M Ri of M r r  a re  v e ry  larg e  c o m p a red  to  th e  

c o m p o n e n ts  o f mL!L a n d  m LR, th e  m ass m a tr ix  c an  a p p ro x im a te ly  b e  d iag o n a lised  y ie ld in g  

effective M a jo ra n a  m asses:

m LL -  m LL +  m LL , (37)

w ith  :

m lLL ~  - m LR M r R  m L R , (38)

fo r th e  ligh t n e u tr in o s .
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Figure 18: Diagram leading to a type II contribution m l L to the neutrino mass matrix via an induced vev of the 
neutral component of a triplet Higgs A.

T h e  d irec t m ass te rm , m ] L, can  also provide a n a tu ra lly  sm all co n trib u tio n  to  th e  light- 

n eu trin o  m asses if it stem s, e.g., from  a see-saw suppressed  induced  vacuum -expec ta tion  value. 

W e will refer to  th e  general case, w here b o th  possibilities are allowed, as th e  II  see-saw m echa 

n ism . R ealising  th e  ty p e  II  co n trib u tio n  by genera ting  th e  dim ension-5 o p e ra to r  in eq u a tio n  (34) 

v ia  th e  exchange of heavy Higgs tr ip le ts  of SU (2)L is illu s tra ted  d iag ram m atica lly  in figure 18.

3 . 1 . 2  S u p e r s y m m e t r y  a n d  R - p a r i t y  V i o l a t i o n

A n o th e r exam ple of th e  origin  of sm all n e u trin o  m asses is R -p a rity  v io la ting  su p ersy m m etry  

(SUSY ) (for a  review  see [228]). H ere, th e  le ft-handed  neu trinos  m ix w ith  neu tra linos  afte r 

SU SY  breaking , leading to  sm all, loop suppressed , M a jo ran a  m asses. T he  m asses d epend  on 

th e  SUSY  m ass sp ec tru m . Should SUSY  be discovered, and  th e  m ass sp ec tru m  de te rm ined , a t 

h igh-energy colliders, th e  th e o ry  could be used to  p red ic t th e  M a jo ran a  m asses.

In  any supersym m etric  ex tension  of th e  S ta n d a rd  M odel it is possible to  in tro d u ce  in teractions 

th a t  b reak  R -parity , defined as R  =  (—1)3B+L+ 2S [229], w here L , B ,  and  S  are  th e  lep ton  

num ber, baryon  num ber, and  spin, respectively. T he  in te rac tions  th a t  can  co n trib u te  to  th e  

n eu trin o  m asses m ust also v io late  lep ton  num ber, and  are  given by [230] :

W Rpv  = £ab [ i h j k L ^ R k  +  KjkLtQ^Dk + eiL?H>] (39)

T h e  tr ilin e a r R -P a rity  v io lating  (T R pV ) p a ram ete rs  Aij k an d  A j  are  dim ensionless Yukawa 

couplings th a t  v io late  lep ton  num ber keeping baryon  num ber conserved. T h e  baryon  num ber 

v io la ting  in teractions (of th e  form  \ \ " I J D D ) can  also be  included, leading  to  p ro to n  decay. T h e  

p resen t lim it on th e  lifetim e of th e  p ro to n  [231] leads to  s trin g en t co n s tra in ts  on p ro d u c ts  of A 

couplings, a lth o u g h  such co n s tra in ts  can  be relaxed in th e  case of Split S u p ersym m etry  [232].

T h e  b ilinear R -P a rity  v io lating  (B R pV ) p aram eters , e ,̂ induce sn eu trin o  vacuum  ex p ec ta tio n  

values Vi, as well as m ixing betw een partic les and  sparticles. In  p a rticu la r , neu trinos  m ix w ith  

neu tra linos form ing a set of seven n e u tra l ferm ions Fi0. A low energy see-saw m echanism  induces
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th e  tree-level neu trino -m ass m a trix  [233] :

v *° 4 d e t(.M  o)

'  a 2 A 1 A 2 A 1 A 3

A 1 A 2 a 2 A 2 A 3

_A 1 A 3 A 2A 3 a 3  .

(40)

w here M x 0 is th e  M inim al S upersym m etrie  S tan d a rd  M odel (M SSM ) (for a  review  see [234]) 

n eu tra lin o  m ass m a trix  and  th e  p a ram ete rs  A i =  ß v i +  eiVd are  p ro p o rtio n a l to  th e  sneu trino  

vevs in th e  basis w here th e  ei te rm s are  ro ta te d  away from  th e  su p erp o ten tia l. N ote th a t  if th is  

is done B R pV  reap p ears  in th e  soft te rm s [235].

T h e  tree-level n eu trin o  m ass m a tr ix  has only one non-zero  eigenvalue, equal to  th e  trac e  of th e  

m a trix  in eq u a tio n  (40), and  therefo re  p ro p o rtio n a l to  |A |2. If  th e  above tree-level co n trib u tio n  

d om inates over one-loop graphs, th e  square  of th is  eigenvalue w ould be equal to  th e  a tm ospheric  

m ass-squared  difference, A m 22 ~  m 3°)2, and  th e  a tm ospheric  and  reac to r angles w ould be given 

by ta n 2 ~  Ag/A 3 and  ta n 2 ^  æ  A2/(A 2 +  A2) respectively. W ith o u t one-loop corrections, 

th e  solar m ass-squared  difference and  th e  solar angle rem ain  u ndeterm ined .

O nce th e  one-loop corrections are  included [236] th e  sy m m etry  of th e  n eu trin o  m ass m a trix  

in equa tion  (40) is b roken and  th u s  th e  so lar m ass squared  difference is g enera ted  radiatively . 

T he  one-loop co rrected  neu trino -m ass m a trix  has th e  general form:

M j ' =  A A iA j  +  B ( e iA j  +  ej Ai) +  C eiej  , (4 1)

w here A (0) =  (g 2M 2 +  g /2M 2) /4 d e t ( M xo) is th e  only non-zero coefficient a t tree-level. In  B R pV  

m ost partic les co n trib u te  in loops to  th e  n eu trin o  m ass m a trix . A n im p o rta n t loop is th e  one 

involving b o tto m  quarks and  squarks, w hich is show n in figure 19. T h e  ex te rn a l arrow s represen t 

th e  flow of lep ton  num ber, w hile th e  in te rn a l ones show th e  flow of th e  b o tto m -q u a rk  electric 

charge, and  th e  cross signals a m ass insertion . T h e  com plete  dashed  line rep resen ts a single scalar 

p ro p ag a to r co rrespond ing  to  th e  heavy b o tto m  squark  b2, w ith  th e  full circles p ic to ria lly  show ing 

th e  com ponen t of th is  m ass e igensta te  in left and  righ t sbo ttom s. T h e  ex te rn a l lines are  th e  

n eu trin o  s ta tes  w hich define th e  basis used to  w rite  th e  n eu trin o  m ass m a tr ix  in equa tion  (40 ). 

T h e  open  circles p ic to ria lly  rep resen t th e  com ponen t of these  n eu trin o s  in higgsinos and  ind icates 

th e  place w here R -P a rity  is v io lated . A sim ilar g rap h  w ith  th e  light sb o tto m , b2, is ob ta ined  

replacing  c; ^  —s ; and  s ;  ^  c;. T h e  sum  of these  tw o g rap h s co n trib u tes  to  th e  coefficient C  

in th e  following way:

c<i> =  s i, l( 2 "» ) a -b «a  - (4 2 )

w here N c =  3 is th e  num ber of colours, and  we have defined:

A B ;ib2 =  B ° (0 ; m g ,m 22) -  B ° (0 ; ) æ  -  ln (m | / m 2i ) . (43)

T h e  resu lt in equa tion  (42) can  be u n d ers to o d  w ith  th e  help  of th e  g rap h  presen ted  above. I t  

is p ro p o rtio n a l to  th e  b o tto m -q u a rk  m ass due  to  th e  m ass insertion , and  to  th e  square  of th e  

b o tto m  Yukawa coupling  due to  th e  vertices. T h e  sb o tto m  m ixing co n trib u tes  w ith  th e  facto r
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Figure 19: Pictorial representation of the bottom-sbottom loops contributing to the neutrino mass matrix, with 
Rp violated bilinearly in the open circles.

sin (20^), and  th e  h iggsino-neutrino  m ixing accounts for th e  fac to r e^ej/ ß 2, w here th e  e pa ram ete rs  

have been  factored  o u t from  C . T h e  co n trib u tio n  is fin ite  because V eltm an functions [237] from  

b2 and  b\ are  su b tra c te d  from  each o th e r. T h e  co n trib u tio n  to  th e  B  p a ram e te r can  be ob ta ined  

using  B (b) =  —a 3ß C (b), w ith  a 3 =  v u (g 2M 1 +  g/2M 2) /4 d e t ( M x0), as can  be inferred  from  th e  

n eu tra lin o -n eu trin o  m ixing show n in th e  g raph . T here  is also a co n trib u tio n  A b, b u t it is in 

general a  sm all co rrection  to  A (0).

T h ere  are  sim ilar loops w ith  charged scalars S +  (charged Higgs bosons m ixing w ith  charged 

slep tons [238]) to g e th e r w ith  charged ferm ions F +  (charginos m ixing w ith  charged lep tons [239]). 

A m ong these are th e  charged Higgs and  s ta u  co n trib u tio n s  w hich have th e  sam e form  as th a t  

given in eq u a tio n  (42) w ith  th e  rep lacem ents b ^  t , b ^  f ,  and  ta k in g  N c =  1 . T h ere  are also 

loops w ith  n eu tra l scalars SO (n eu tra l Higgs bosons m ixing w ith  sneu trinos [240]) to g e th e r w ith  

th e  n eu tra l ferm ions F 0  m entioned  above.

B R pV  can successfully be em bedded  in su p erg rav ity  [241], a lthough  w ith  non-universal ej 

te rm s a t th e  G U T  scale (as well as b ilinear soft te rm s B j, associated  to  ej). By defin ition , th e  

coefficients A, B , and  C  in eq u atio n  (41) d epend  exclusively on th e  universal scalar m ass m 0, 

gaugino  m ass M 2/ 2, and  tr ilin e a r p a ram e te r A0 a t th e  G U T  scale, and  th e  values of ta n  ß  and  

ß  a t th e  w eak scale. In  figure 20 we see th e  region of th e  m 0 — M 1/ 2 p lane consisten t w ith  

n eu trin o  experim en ta l d a ta , for fixed values of th e  B R pV  param ete rs  e1 =  —0.0004, e2 =  0.052, 

e3 =  0.051 GeV, an d  A 1 =  0.022, A2 =  0.0003, A3 =  0.039 G eV 2 [242]. In  th is  scenario, th e  

solar m ass-squared  difference strong ly  lim its th e  universal gaugino  m ass from  above and  below. 

L arge values of th e  un iversal scalar m ass are  lim ited  m ain ly  by th e  a tm ospheric  m ass-squared  

difference.

T h is  m odel can  be te s ted  a t colliders, an d  th e  m ain  signal th a t  d ifferen tia tes it from  th e  

M SSM  is th e  decay of th e  ligh test n eu tra lin o  w hich decays only in R pV  m odes. In  th e  scenario  

of figure 20 th e  n eu tra lin o  m ass is 99 G eV  and  decays to  an  on-shell W , satisfying:

B(x°i ^  We)  A?

B( XÏ  -  W»)  A2 • 1 j

Such ra tio s can  be d irec tly  re la ted  to  n eu trin o  m ixing  angles [243].

O th e r scenarios have been stud ied , for exam ple A nom aly  M ediated  S uper-S ym m etry  B reak ing  

(A M SB) [245], and  G auge M ediated  S u p ersy m m etry  B reak ing  [246], and  Split S u p ersym m etry
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Figure 20: Region of parameter space where solutions satisfy all experimental constraints [242].

m 0 (G e V ) m 3/2 (T e V )

Figure 21: Atmospheric and solar mass-squared differences as a function of susy masses in AMSB [244].
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Figure 22: Pictorial representation of the fermion-sfermion loops contributing to the neutrino mass matrix, with 
Rp violated trilinearly in the open circles.

[247]. In  th e  case of AM SB we see in figure 21 how th e  solar and  a tm ospheric  m ass-squared  

differences d epend  on th e  universal scalar and  gaugino  m asses, for fixed values of th e  B R pV  

p aram ete rs  e1 =  -0 .0 1 5 , e2 =  -0 .0 1 8 , e3 =  0.011 GeV, and  A i =  -0 .0 3 , A2 =  -0 .0 9 , A3 =  

- 0 .0 9  G eV 2.

T R p V  in te rac tions  do  no t co n trib u te  to  n eu trin o  m asses a t tree-level [248]. T h e  one-loop 

co n trib u tio n s  to  these  d iag ram s are  given by th e  d iag ram s show n in figure 22 . T h e  convention 

for th e  g raphs is th e  sam e as before. A nalogous g raphs are o b ta in ed  for th e  light scalars dn and  

in w ith  th e  rep lacem ent cj^ ^  an d  s j  ^  c j^ . T he  m ixing angles are:

N ote  th a t  th e  co n trib u tio n  to  th e  n eu trin o  m ass m a trix  is sym m etric  in th e  indices i and  j  [249].

w hich can  be added  to  equation  (41). In  th is  way, B R pV  and  T R pV , to g e th e r or sep ara ted , can  

exp lain  th e  n eu trin o  m asses and  oscillations observed in experim ents.

3 . 1 . 3  E x t r a  D i m e n s i o n s

T he basic gauge-theore tic  way to  account for sm all n e u trin o  m asses is to  ascribe th em  to  th e  v i 

o la tion  of lep ton  num ber by add ing  to  th e  SM an  effective dim ension-five o p e ra to r O  =  A L H L H  

[250] (see figure 23 ). T h e  favourite  scenario  realising  th is  idea is th e  “see-saw” m echanism , w hich 

requires th e  presence of singlet “rig h t”-handed  neu trinos, w hich m ix w ith  th e  o rd in a ry  SU(2) 

doub le t “left”-handed  n eu trinos  [251]. T he  suppression  of th e  n eu trin o  m asses resu lts  from  th e

M Ln -  M Rn M Ln -  M Rn

T he co n trib u tio n  to  th e  n eu trin o  m ass m a trix  due  to  T R p V  is:

(45)

(46)
kn

A sim ilar co n trib u tio n  holds for lep tons and  slep tons inside th e  loop, rep lacing  A  by A couplings. 

In  th e  app rox im ation  w here only partic les  of th e  th ird  genera tion  co n trib u te  inside th e  loops, 

th e  shift to  th e  n eu trin o  m ass m a tr ix  from  T R p V  is:

( A M j ) TRpV =  D A 33A' 33 +  EAi33Aj33 , (47)
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Figure 23: Dimension five operator responsible for neutrino mass. L denotes any of the three lepton doublets 
and H  is the SM scalar doublet.

s tru c tu re  of th e  full m ass m a tr ix  [70,252]. In  th e  sim plest versions of th is  m echanism  th e  m ass 

of th e  e x tra  s ta te s  should  be a b o u t te n  orders of m ag n itu d e  larger th a n  th e  electrow eak scale.

R ecently, th e re  have been  a num ber of a tte m p ts  to  exp lain  n eu trin o  oscillations in theories w ith  

large in te rn a l d im ensions and  a low fu n d am en ta l scale [253-257]. A convenient, p e rtu rb a tiv e ly - 

calculable fram ew ork is ty p e  I s trin g  th eo ry  w ith  D -branes. T h e  SM is th e n  localised on a stack  

of D -branes, tran sv erse  to  som e large e x tra  d im ensions, w here g rav ity  p ropagates. D -b rane 

m odels offer a  novel scenario  to  account for n eu trin o  m asses [258-263]; rig h t-handed  neu trinos 

are  assum ed to  p ro p ag a te  in th e  bu lk  w hile le ft-handed  neu trinos, being  a p a r t of th e  lep ton  

d oub le t, live on th e  SM  b ranes. As a resu lt, th e  D irac n eu trin o  m ass is n a tu ra lly  suppressed  by 

th e  bu lk  volum e. A d ju stin g  th is  volum e, so th a t  th e  s trin g  scale lies in th e  TeV range, leads to  

tin y  n eu trin o  m asses com patib le  w ith  cu rren t experim en ta l d a ta .

Indeed , th e  re la tion  betw een th e  s tr in g  scale, M s , and  th e  four-d im ensional P lanck  m ass, M p ,

is:

8
M p = - r VbM2 , (48)

w here g is th e  SM gauge coupling  and  Vb is th e  volum e of th e  bu lk  in s trin g  un its . T h e  sim plest 

way to  in tro d u ce  a rig h t-handed  n eu trin o  is to  identify  it w ith  an  open  s trin g  ex c ita tio n  on some 

(stack  of) b rane(s) ex tended  in th e  bulk. M oreover th e  SM Higgs and  lep ton  doub le ts  m ust 

com e from  open  strings s tre tch ed  betw een th e  SM an d  bu lk  branes and  th u s , living a t th e ir  

in tersection , th e y  couple to  th e  bu lk  n eu trin o  s ta te . M ore precisely, its k inetic  te rm  is:

Skin = Vb d4X ^  [vRmpVRm. +  ^Rmß^Rm +  ^ R m ^ R m  +  C'C'}  > (49)
m

w here th e  sum  is ex tended  over all K aluza-K lein  (K K ) excita tions, deno ted  collectively by m . 

For sim plicity  we assum ed a to ro ida l com pactification  for n  e x tra  dim ensions of com m on rad ius 

R, w ith  Vb =  (2 n R )n in s trin g  un its . T h e  tw o s ta te s  vR and  co rrespond  to  th e  left and  

righ t four-d im ensional (4d) com ponen ts of th e  h igher-d im ensional spinor. T h e  zero-m ode v r0 

will be identified  w ith  th e  r ig h t-h an d ed -n eu trin o  s ta te , w hile vR0 m ay be  p ro jec ted  o u t from  th e  

sp ec tru m  by an  orbifold p ro jec tion  and  is no t relevant for ou r purposes.
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T h e  in te rac tio n  of th e  bu lk  n eu trin o  w ith  th e  localised Higgs and  lep ton  doub le ts  reads:

S in t  =  X J  d4x H ( x ) L ( x ) v R ( x , y  =  0 ) , (50)

w here it has been  assum ed th a t  th e  SM b ran e  stack  is localised a t th e  origin of th e  bu lk  and  

th e  coupling, X, is in general of o rder g 2 (X is equal to  g 2 in th e  sim plest 3 -b rane rea lisa tion  of 

th e  SM ). B y expand ing  v r  in K K  m odes, one gets th e  m ass term s:

Sm ass =  'y  y ^L ^R rn  i (^1)
m

w here v is th e  Higgs ex p ec ta tio n  value, ( H ) =  v. N ote th a t  th e  a p p a re n t m ixing of vL w ith  

all K K  excita tions can  be neglected since its s tre n g th  (51) is m uch sm aller th a n  th e  K K  m ass 

g v /R n/2 < <  1 /R , o r equivalently  gv < <  R n /2 -1 , w hich is valid for any n  >  2 . As a resu lt, th e  

rig h t-handed  n eu trin o  is essentially  th e  zero m ode v r 0 an d  ta k in g  in to  account th e  norm alisa tion  

of its k inetic  te rm  (49 ), one o b ta in s  a D irac n eu trin o  m ass, m vvLvRm, w ith:

Xv V&X M s

"  ~  M p ' ( ]

w hich is of th e  o rder of 10-3  to  10-2  eV for M s ~  1 — 10 TeV.

T h e  e x tra  d im ensional neu trino -m ass suppression  m echanism  described  above can  be d e s ta 

bilized by th e  presence of a  large M a jo ran a  neu trino -m ass te rm . Indeed , in th e  absence of any 

p ro tec tin g  sym m etry, th e  lep ton -num ber-v io la ting  dim ension-5 effective o p e ra to r in figure 23 

will be p resen t. T h is  w ould lead, in th e  case of T eV -string-scale m odels, to  an  unaccep tab le  

M a jo ran a  m ass te rm  of th e  o rder of a  few GeV. E ven  if we m anage to  e lim inate  th is  o p e ra to r in 

some p a rtic u la r  m odel, h igher-o rder o p era to rs  w ould also give u n accep tab ly  large con tribu tions, 

since in low-scale g rav ity  m odels th e  ra tio  betw een th e  Higgs vacuum  ex p ec ta tio n  value and  th e  

s trin g  scale is of o rder 0 (1 /10  — 1/ 100).

A n elegant way to  avoid th is  prob lem  was suggested in reference [264]. I t  consists of assum ing 

th a t  th e  bu lk  sector, w here th e  SM singlet s ta tes  live, is e igh t-d im ensional. T h ere  is, how 

ever, a  general theo rem  th a t  s ta tes  th a t  in eight d im ensions th e re  can  be no m assive M a jo ran a  

sp inor [265-268]. M oreover, fu r th e r  unw anted  large L -v io lating  co n trib u tio n s  to  n eu trin o  m asses 

could be p reven ted  by im posing  lep ton -num ber conservation  leaving only  th e  D irac m ass (52 ). 

Indeed , lep ton  num ber o ften  arises as an  anom alous abelian  gauge sym m etry  associated  to  th e  

U(1)b of th e  bu lk  (stack  of) b ran e(s), possib ly  in a linear com bination  w ith  o th e r U (1 )’s [269,270]. 

T he  anom aly  is canceled by sh ifting  an  axion field from  th e  closed s tr in g  (R am ond-R am ond) 

sector [271,272]. As a resu lt, th e  gauge boson becom es m assive, w hile lep ton  num ber rem ains 

unbroken  as an  effective global sym m etry  in p e r tu rb a tio n  th eo ry  [273]. T h e  gauge coupling, gb, 

of th e  bu lk  U (1)b gauge boson is ex trem ely  sm all since it is suppressed  by th e  volum e of th e  

bu lk  Vb:

1 -  1 v  - 9 2m p
2 2 b o i\/r2 ’ ( )g 2 g 2 8 M s2
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w here in th e  second equality  we used equation  (48 ). I t follows th a t  gb ~  10—16 — 10—14 for 

M s ~  1 — 10 TeV. Such a th eo ry  w ould lead to  light D irac n eu trin o  m asses, in co n tra s t w ith  

general four-d im ensional gauge-theoretic  ex p ec ta tio n s  w hich lead to  M a jo ran a  n eu trinos  [251].

If th e  U (1 )b gauge boson is light, it w ould be copiously p roduced  in ste lla r processes, leading 

to  supernova cooling th ro u g h  energy loss in th e  bu lk  of e x tra  dim ensions. T here  are s trong  

co n s tra in ts  com ing from  supernova observations. N ote  th a t  th e  co rrespond ing  process is m uch 

stro n g er th a n  th e  p ro d u c tio n  of g rav itons because of th e  non-derivative coupling  of th e  gauge- 

boson in te rac tio n  [259]. In  fact, for th e  case of n  large tran sv erse  dim ensions of com m on rad iu s 

R, satisfy ing  m A , R —1 < < T  w ith  mA th e  gauge boson m ass and  T  th e  supernova te m p e ra tu re , 

th e  p ro d u c tio n  ra te , Pa  , is p ro p o rtio n a l to:

w ith  m ass less th a n  T . T h is  ra te  can  be com pared  w ith  th e  co rrespond ing  g rav iton  p roduction :

show ing th a t  for n  =  2 (sub)m illim eter e x tra  d im ensions, it is u n accep tab ly  large, unless th e  

bu lk  gauge boson acquires a m ass mA > 10 M eV. For n  >  3, th e  supernova bound  becom es 

m uch w eaker an d  mA m ay be  m uch sm aller [274]. Such a light gauge boson can  m ed ia te  sho rt 

d is tance  forces w ith in  th e  range of ta b le -to p  experim en ts  th a t  te s t N ew to n ’s law a t very sho rt 

d istances [275-278].

T hese theories also lead to  novel ways to  genera te  n eu trin o  oscillations. T h e  in te rac tio n  te rm  

in equation  (50) involves in general all le ft-handed  n eu trinos  and  ad d itio n a l Higgs double ts:

3 3

^  X iL iH iV R  ^  ^ 2  Xi v i ViL v r  , (56)
i=1 i=1

w here i is a genera tion  index  and  for each genera tion  i, H i is one of th e  possible available 

Higgs d oub le ts  H d or H u , prov id ing  also m asses to  dow n or to  up  quarks, w ith  vi =  (H i ) 

th e  co rrespond ing  vev. T h e  above couplings give m ass to  one linear com bination  of th e  weak 

eigenstates w hile th e  o th e r tw o rem ain  m assless. T he  m ass is given by eq u a tio n  (52) w ith  

Xv replaced by T h e  rig h t-handed  neu trino , being  a bu lk  s ta te , has a tow er of K K

excita tions. T he  m ixing of these  s ta tes  w ith  th e  o rd in a ry  n eu trinos  m ay have an  im p ac t upon  

n eu trin o  oscillations.

3 .1 .3 .1  T h e  e f f e c t  o f  e x t r a  d i m e n s i o n s

T h e  m ost im p o rta n t fea tu res of th e  d a ta  on n eu trin o  oscillations th a t  are relevant for th e  

p resen t d iscussion are:

1. T h e  existence of sp ec tra l d is to rtio n s  ind icative of n eu trin o  oscillations;

(54)

w here th e  fac to r [R (T  — mA)]n coun ts th e  num ber of K K  excita tions of th e  U (1)b gauge boson

(55)
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2. T h e  so la r m ix in g  an g le  is larg e  b u t  s ig n ifican tly  n o n -m ax im a l;

3. T h e  a tm o sp h e ric  b e s t- f it  m ix in g  an g le  is m ax im al;

4. B o th  so la r a n d  a tm o sp h e ric  o sc illa tio n  d a ta  s tro n g ly  as well as th e  recen t M in iB o o n e  d a ta  [40] 

d isfav o u r th e  p resen ce  o f s te rile  n e u tr in o  s ta te s  in  th e  c h a n n e l to  w h ich  th e  re lev an t n e u tr in o  

is o sc illa tin g .

T h e re  a re  severa l d iscu ss io n s  in  th e  l i te r a tu re  [258-263] re g a rd in g  n e u tr in o  m asses a n d  oscilla 

t io n s  in  th e  c o n te x t o f e x tr a  d im en sio n s . M o st of th e se  d iscu ss io n s  a re  re s tr ic te d  to  th e  case  o f a n  

effectively  o n e -d im en s io n a l b u lk . T h is  s im p le  o n e -d im en s io n a l b u lk  p ic tu re  is n o t rea lis tic  [279], 

as it  is a t  o d d s  w ith  th e  c u rre n t g lobal s ta tu s  o f n e u tr in o -o sc illa tio n  d a ta  g iven  in  refe ren ce  [67] 

a n d  d e sc rib ed  above. In d ee d , such  a  p ic tu re  v io la te s  a t  lea s t o ne  o f th e  fo u r p o in ts  m en tio n e d  

above. In  a d d it io n  th e re  is a lso  a  se rio u s th e o re tic a l  p ro b lem , since  o n e -d im en s io n a l p ro p a g a tio n  

o f m assless  b u lk  s ta te s  gives rise  to  lin ea rly  g ro w in g  f lu c tu a tio n s  w hich , in  g en era l, y ield  larg e  

c o rre c tio n s  to  all co u p lin g s  of th e  effective field th eo ry , d e s ta b iliz in g  th e  h ie ra rc h y  [280].

In  th e  case  o f a  tw o -d im en sio n a l b u lk  th e  s i tu a tio n  is s ig n ifican tly  im p ro v ed  [270]. In d ee d , th e re  

is en o u g h  s tr u c tu r e  to  d e sc rib e  b o th  so la r a n d  a tm o sp h e ric  o sc illa tio n s  by  in tro d u c in g  a  single 

b u lk -n e u tr in o  p a ir , u s in g  e sse n tia lly  th e  tw o  low est freq u en c ies  of th e  n e u tr in o -m a ss  m a tr ix :  th e  

m ass of th e  zero  m o d e  (e q u a tio n  (5 2 )), a ris in g  v ia  th e  e lec tro w eak  H iggs p h e n o m e n o n , w hich  

is su p p re sse d  by  th e  vo lu m e o f th e  b u lk , a n d  th e  m ass of th e  f irs t K K  e x c ita tio n . T h e  fo rm er 

is u sed  to  re p ro d u c e  th e  s o la r -n e u tr in o  d a ta .  T h e  la te r  is u sed  to  e x p la in  a tm o s p h e r ic -n e u tr in o  

o sc illa tio n s , w h ich  have a  h ig h e r  o sc illa tio n  frequency , w ith  a n  a m p litu d e  w h ich  is e n h a n c e d  d u e  

to  lo g a rith m ic  c o rre c tio n s  o f th e  tw o -d im en sio n a l b u lk  [280]. O n e  c a n  see, how ever, t h a t  a t  leas t 

c o n d itio n  (4) ab o v e  is v io la te d , as th e re  is a  sig n ifican t s te rile  c o m p o n e n t a t  lea s t in  one  o f th e  

c h an n e ls  o f n e u tr in o  conversion , c o rre sp o n d in g  to  th e  K K  e x c ita tio n s  o f th e  b u lk  r ig h t-h a n d e d  

n e u tr in o , a n d  th is  is h ig h ly  d isfav o u red  by  th e  g lo b a l fits  o f n e u tr in o  o sc illa tio n s  [67].

O n e  w ay  o u t is to  in tro d u c e  th re e  b u lk  n e u tr in o s  a n d  e x p la in  th e  o b se rv ed  n e u tr in o  osc illa tio n s  

in  th e  t r a d i t io n a l  w ay [281]. In  th is  case , vr  in  e q u a tio n  (56) w ould  c a r ry  a  g e n e ra tio n  in d ex  i 

a n d  all le f t-h a n d e d  n e u tr in o s  w ould  ac q u ire  D ira c - ty p e  m asses w ith  th e  zero  m o d es  o f th e  b u lk  

s ta te s . M oreover, th e  effect o f K K  m ix in g  c an  b e  su p p re sse d  by  a p p ro p r ia te ly  d e c re a s in g  th e  size 

o f th e  e x tr a  d im en s io n s  a n d  th u s  in c re as in g  th e  va lu e  o f th e  s tr in g  scale. T h u s , in  th is  lim it one 

w ould  o b ta in  th e  g en eric  case  of th re e  D irac  n e u tr in o s , a n d  th e  lep to n -m ix in g  m a tr ix  d e p e n d s  

on  p rec ise ly  th re e  ang les  a n d  o ne  C P  p h a se , as th e  q u a rk -m ix in g  m a tr ix . C o rresp o n d in g ly , th e  

o sc illa tio n  p a t te r n  is “g en e ric” w ith o u t  sp ec ia l p red ic tio n s . H av in g  D irac  in s te a d  o f M a jo ra n a  

n e u tr in o s  c an  b e  e x p e rim e n ta lly  te s te d  by  sea rch in g  for th e  ex is ten ce  of p ro cesses like 0 v ß ß .

O n  th e  o th e r  h a n d , “e x tra -d im e n s io n a l” s ig n a tu re s  m ay  b e  p re se n t in  o sc illa tio n s  a t  a  su b 

lead in g  level, as n o n -s ta n d a rd  in te ra c tio n s  (see [251] fo r a  sh o r t  d iscu ss io n ). T h e  N e u tr in o  

F a c to ry  w ill p ro v id e  a n  in te re s tin g  la b o ra to ry  to  p ro b e  fo r th e  p o ss ib le  p resen ce  o f such  effects.
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3 . 1 . 4  S t r i n g  T h e o r y

T h e re  h a s  b e e n  re la tiv e ly  li t t le  w ork  on  th e  im p lic a tio n s  o f s u p e rs tr in g  th eo rie s  for n e u tr in o  

m asses. H ow ever, i t  is k n o w n  th a t  som e o f th e  in g re d ien ts  em ployed  in  G ra n d  U nified  T h eo rie s  

a n d  o th e r  fo u r-d im e n s io n a l m o d els  m ay  b e  d ifficu lt to  im p lem e n t in  k n o w n  ty p e s  of c o n s tru c 

t io n s . F o r ex am p le , th e  ch ira l su p e rm u ltip le ts  t h a t  su rv iv e  in  th e  effective fo u r-d im e n s io n a l field 

th e o ry  a re  g en e ra lly  b i-fu n d a m e n ta l  in  tw o  of th e  g a u g e -g ro u p  fac to rs  ( in c lu d in g  th e  case  of 

fu n d a m e n ta l  u n d e r  one  fa c to r  a n d  ch a rg ed  u n d e r  a  U (1)) for low est-level h e te ro tic  c o n s tru c 

t io n s ; o r e ith e r  b i-fu n d a m e n ta l, a d jo in t, a n tisy m m e tr ic , o r  sy m m e tric  fo r in te rse c tin g  b ra n e  

c o n s tru c tio n s . T h is  m akes it  d ifficu lt to  b re a k  th e  G U T  sy m m etry , a n d  even  m o re  so to  find  th e  

h ig h -d im e n s io n a l H iggs re p re s e n ta tio n s  (su ch  as th e  1 2 6  o f S 0 ( 1 0 ) )  u su a lly  em ployed  in  G U T  

m odels  fo r n e u tr in o  a n d  o th e r  fe rm io n  m asses. T h u s , it m ay  b e  d ifficu lt to  em b ed  d ire c tly  m an y  

o f th e  m o d els , e sp ec ia lly  G U T  m o d els  invo lv ing  h ig h -d im e n s io n a l re p re s e n ta tio n s  r a th e r  th a n  

h ig h e r-d im en s io n a l o p e ra to rs , in  a  s tr in g  fram ew o rk . P e rh a p s  m o re  likely  is t h a t  th e  u n d e r ly 

ing  s tr in g  th e o ry  b rea k s  d ire c tly  to  a n  effective fo u r-d im e n s io n a l th e o ry  in c lu d in g  th e  S ta n d a rd  

M odel a n d  p e rh a p s  o th e r  g ro u p  fa c to rs  [282]. Som e of th e  a sp e c ts  o f g ra n d  u n ific a tio n , esp ec ia lly  

in  th e  g au g e  sec to r, m ay  b e  m a in ta in e d  in  such  c o n s tru c tio n s . H ow ever, th e  G U T  re la tio n s  for 

Y ukaw a co u p lin g s  a re  o f te n  n o t re ta in e d  [283-285] b e c au se  th e  m a t te r  m u ltip le ts  o f th e  effective 

th e o ry  m ay  have a  c o m p lic a ted  o rig in  in  te rm s  o f th e  u n d e rly in g  s tr in g  s ta te s . A n o th e r  d iffe r 

ence  is t h a t  Y ukaw a co u p lin g s  in  s tr in g -d e riv e d  m o d els  m ay  b e  a b se n t d u e  to  sy m m e trie s  in  th e  

u n d e rly in g  s tr in g  c o n s tru c tio n , even  th o u g h  th e y  a re  n o t fo rb id d e n  by  an y  o bv ious sy m m e trie s  

o f th e  fo u r-d im e n s io n a l th eo ry , c o n tra ry  to  th e  a s su m p tio n s  in  m a n y  n o n -s tr in g  m o d els . F ina lly , 

h ig h e r-d im en s io n a l o p e ra to rs , su p p re sse d  by  inverse  pow ers o f th e  P la n c k  scale, a re  com m on .

M u ch  a c tiv ity  on  n e u tr in o  m asses in  s tr in g  th e o ry  o c c u rre d  fo llow ing th e  f irs t s u p e rs tr in g  

rev o lu tio n . In  p a r t ic u la r , a  n u m b e r  o f a u th o rs  co n s id e red  th e  im p lic a tio n s  o f a n  E 6 su b g ro u p  

of th e  h e te ro tic  Eg x  Eg c o n s tru c tio n  [283 ,2 8 6 -2 8 8 ]. A ssu m in g  th a t  th e  m a t te r  c o n te n t of 

th e  effective th e o ry  involves th re e  2 7 s , o ne  c a n  avoid  n e u tr in o  m asses a lto g e th e r  by  f in e -tu n e d  

a s su m p tio n s  c o n c ern in g  th e  Y ukaw a co u p lin g s  [283]. H ow ever, i t  is d ifficu lt to  im p lem e n t a 

can o n ica l ty p e  I see-saw . E a c h  2 7  c o n ta in s  tw o  S ta n d a rd  M odel s in g le ts , w h ich  a re  c a n d id a te s  

for r ig h t-h a n d e d  n e u tr in o s , a n d  fo r a  field w h ich  cou ld  g e n e ra te  a  la rg e  M a jo ra n a  m ass fo r th e  

r ig h t-h a n d e d  n e u tr in o s  if it  a cq u ires  a  larg e  v a c u u m  e x p e c ta tio n  va lu e  a n d  h as  a n  a p p ro p r ia te  

tr i l in e a r  co u p lin g  to  th e  n e u tr in o s . H ow ever, th e re  a re  no  such  allow ed tr i l in e a r  co u p lin g s 

invo lv ing  th re e  2 7 s  ( th is  is a  re flec tio n  o f th e  fac t t h a t  th e  2 7  does n o t c o n ta in  a  1 2 6  o f th e  

S 0 ( 1 0 )  su b g ro u p ) . E 6 s tr in g -in sp ire d  m o d els  w ere c o n s tru c te d  to  g e t a ro u n d  th is  p ro b le m  by 

invok ing  a d d it io n a l fields n o t in  th e  2 7  [285,289] o r  h ig h e r-d im en s io n a l o p e ra to rs  [288], ty p ic a lly  

lead in g  to  e x te n d e d  versio n s o f th e  see-saw  m o d e l in v o lv ing  fields w ith  m asses o r  vevs a t  th e  

T eV  scale.

S im ilarly , m o re  recen t h e te ro tic  a n d  in te rse c tin g  b ra n e  c o n s tru c tio n s , e .g ., invo lv ing  o rb ifo ld s 

a n d  tw is te d  sec to rs , m ay  well have th e  n ecessa ry  fields fo r a  ty p e  I see-saw , b u t  i t  is ag a in  

re q u ired  th a t  th e  n ecessa ry  D irac  Y ukaw a co u p lin g s  a n d  M a jo ra n a  m asses fo r th e  r ig h t-h a n d e d  

n e u tr in o s  b e  p re se n t s im u ltan eo u sly . D irac  co u p lin g s  need  n o t em erg e  a t  th e  re n o rm a lisa b le
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level, b u t  c a n  b e  of th e  form :

( S i . . .  S'd- 3) N L H u  / M p - 3 , (57)

w h ere  th e  S ' a re  S ta n d a rd  M odel s in g le ts  w h ich  a c q u ire  la rg e  e x p e c ta tio n  va lues (d =  3 co r 

re sp o n d s  to  a  re n o rm a lisa b le  o p e ra to r) . S im ilarly , M a jo ra n a  m asses c a n  b e  g e n e ra te d  by  th e  

o p e ra to rs :

W h e th e r  such  co u p lin g s  a re  p re se n t a t  th e  a p p ro p r ia te  o rd e rs  d e p e n d s  on  th e  u n d e rly in g  s tr in g  

sy m m e trie s  a n d  se lec tio n  ru les , w h ich  a re  o f te n  v e ry  re s tr ic tiv e . I t  is a lso  n ecessa ry  fo r th e  

re lev an t S  a n d  S ' fields to  ac q u ire  th e  larg e  e x p e c ta tio n  va lues th a t  a re  n eed ed , p re su m a b ly  

w ith o u t b re a k in g  s u p e rs y m m e try  a t  a  larg e  scale. P o ss ib le  m ech an ism s involve a p p ro x im a te ly  

f la t d ire c tio n s  of th e  p o te n tia l , e.g ., a s so c ia te d  w ith  a n  a d d it io n a l U (1 )' g au g e  s y m m e try  [290, 

291], s tr in g  th re s h o ld  c o rre c tio n s  [292-294], o r h id d e n  sec to r c o n d e n sa te s  [295].

T h e re  have b e e n  su rp r is in g ly  few  in v es tig a tio n s  o f n e u tr in o  m asses in  ex p lic it sem i-rea lis tic  

s tr in g  c o n s tru c tio n s . I t  is d ifficu lt to  o b ta in  can o n ica l M a jo ra n a  m asses in  in te rse c tin g  b ra n e  

c o n s tru c tio n s  [296] b e c au se  th e re  a re  n o  in te ra c tio n s  invo lv ing  th e  sam e  in te rse c tio n  tw ice. T w o 

d e ta ile d  s tu d ie s  [269,270] o f n o n -su p e rsy m m e tr ic  m o d els  w ith  a  low s tr in g  scale  c o n c lu d ed  th a t  

le p to n  n u m b e r  w as co n serv ed , th o u g h  a  sm all D irac  m ass  m ig h t em erg e  from  a  la rg e  in te rn a l  

d im e n s io n . L a rg e  e n o u g h  in te rn a l  d im en s io n s  for th e  su p e rsy m m e tric  case  m ay  b e  d ifficu lt to  

ach ieve, a t  lea s t for s im p le  to ro id a l  o rb ifo lds.

T h e re  a re  a lso  d ifficu lties for h e te ro tic  m odels. A n  e a rly  s tu d y  o f Z 3 o rb ifo ld s  y ie ld ed  no 

c a n o n ic a l D irac  n e u tr in o  Y ukaw a co u p lin g s  [286] a t  low o rd e r . D e ta ile d  a n a ly ses  o f free-fe rm ion ic  

m o d els  a n d  th e ir  f la t d ire c tio n s  w ere  c a rr ie d  o u t in  [295,297] a n d  [298 ,299]. B o th  s tu d ie s  

co n c lu d ed  t h a t  sm all M a jo ra n a  m asses co u ld  b e  g e n e ra te d  if o ne  m a d e  som e a s su m p tio n s  a b o u t  

d y n a m ic s  in  th e  h id d e n  sec to r. In  [295,297] th e  m asses w ere a s so c ia te d  w ith  a n  e x te n d e d  see-saw  

in v o lv ing  a  low m ass  scale. T h e  see-saw  fo u n d  in  [298,299] w as o f th e  c an o n ica l ty p e  I ty p e , b u t  

in  d e ta il  i t  w as r a th e r  d iffe ren t to  G U T -ty p e  m o d els . A  see-saw  w as a lso  c la im ed  in  a  h e te ro tic  

Z 3 o rb ifo ld  m o d el w ith  E 6 b re a k in g  to  S U (3) x  S U (3) x  S U (3) [300]. A  recen t s tu d y  o f Z 6 

o rb ifo ld  c o n s tru c tio n s  fo u n d  M a jo ra n a - ty p e  o p e ra to rs  [301], b u t  ( to  th e  o rd e r  s tu d ie d )  th e  S i 

fields d id  n o t have th e  re q u ired  e x p e c ta tio n  va lues w h en  R -p a r i ty  is co nserved .

In  [302] a  larg e  class o f v a c u a  of th e  bo so n ic  Z 3 o rb ifo ld  w ere an a ly se d  w ith  em p h a s is  o n  th e  

n e u tr in o  se c to r  to  d e te rm in e  w h e th e r  th e  m in im a l ty p e  I see-saw  is co m m o n , o r  if n o t to  find  

p o ss ib le  g u id an c e  to  m o d el b u ild in g , a n d  p o ss ib ly  to  g e t c lues c o n c ern in g  te x tu re s  a n d  m ix in g  

if ex am p les  w ere  fo u n d . S everal ex am p les  from  each  o f 20 p a t te rn s  o f v a c u a  w ere  s tu d ie d , a n d  

th e  n o n -ze ro  s u p e rp o te n tia l  te rm s  th ro u g h  d eg ree  9 d e te rm in e d . T h e re  w ere  a  h u g e  n u m b e r  of 

D -f la t d ire c tio n s , w ith  th e  n u m b e r  red u c e d  g re a tly  by  th e  F -fla tn ess  c o n d itio n . O n ly  tw o  of 

th e  p a t te rn s  h a d  M a jo ra n a  m ass  o p e ra to rs , w hile  n o n e  h a d  s im u lta n e o u s  D irac  o p e ra to rs  o f low 

en o u g h  d eg ree  to  allow  n e u tr in o  m asses la rg e r  th a n  10-5  eV . (O n e  a p p a re n tly  successfu l m odel 

w as ru in e d  by  o ff-d iagonal M a jo ra n a  m ass te rm s .)  I t  is n o t c lea r w h e th e r  th is  fa ilu re  to  o b ta in  

a  m in im a l see-saw  is a  fe a tu re  of th e  p a r t ic u la r  c lass o f c o n s tru c tio n , o r  w h e th e r  it is su g g estin g

(S 1 ••• S n - 2) N N /M p -3 (58)
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th a t  s tr in g  c o n s tra in ts  a n d  se lec tio n  ru les  m ig h t m ak e  s tr in g  v a c u a  w ith  m in im a l see-saw s ra re . 

S y s te m a tic  a n a ly ses  of th e  n e u tr in o  se c to r  of o th e r  c lasses o f c o n s tru c tio n s  w ould  b e  v e ry  usefu l.

T h e re  a re  o th e r  p o ss ib ilitie s  fo r o b ta in in g  sm all n e u tr in o  m asses in  s tr in g  c o n s tru c tio n s , such  

as e x te n d e d  see-saw s [295,297] a n d  sm all D irac  m asses from  h ig h e r  d im e n s io n  o p e ra to rs  [291]. 

Sm all D irac  n e u tr in o  m asses in  m o d els  w ith  a n iso tro p ic  c o m p a c tif ic a tio n s  m o tiv a te d  by  ty p e  I 

s tr in g s  [303] have b e e n  d iscu ssed  rec e n tly  in  [304]. T h e  p o ss ib ility  of e m b e d d in g  ty p e  I I  see 

saw  id eas ( invo lv ing  H iggs tr ip le ts )  in  h e te ro tic  s tr in g  c o n s tru c tio n s  w as co n s id e red  in  [305]. 

I t  is p o ss ib le  to  o b ta in  a  H iggs t r ip le t  o f S U (2 )  w ith  n o n -ze ro  h y p e rc h a rg e  in  a  h ig h e r  level 

c o n s tru c tio n  (in  w h ich  S U (2) x  S U (2) is b ro k en  to  a  d iag o n a l su b g ro u p ) . In  th is  case, b ecau se  

o f th e  u n d e rly in g  S U (2 )  x  S U (2 )  s y m m e try  th e  M a jo ra n a  m ass m a tr ix  for th e  ligh t n e u tr in o s  

sh o u ld  involve on ly  o ff-d iagonal e lem en ts  (o ften  w ith  o ne  o f th e  th re e  o ff-d iagonal e lem en ts  sm all 

o r v an ish in g ). T h is  leads to  p h en o m en o lo g ica l co n seq u en ces  v e ry  d iffe ren t fro m  th o se  of t r ip le t  

m o d els  t h a t  have b e e n  m o tiv a te d  by  g ra n d  u n ific a tio n  o r b o t to m -u p  c o n s id e ra tio n s , in c lu d in g  an  

in v erted  h ierarch y , tw o  larg e  m ix ings, a  va lu e  of Ue3 in d u ce d  fro m  th e  c h a rg e d - le p to n  m ix ings 

t h a t  is close to  th e  c u r re n t  e x p e rim e n ta l  low er lim it, a n d  a n  o b se rv ab le  n e u tr in o le ss  d o u b le 

b e ta  d ecay  ra te . T h is  s tr in g  v e rs io n  o f th e  t r ip le t  m o d e l is a  to p -d o w n  m o tiv a tio n  fo r th e  

L e — L m — L t -co n se rv in g  m o d els  t h a t  have p rev io u s ly  b e e n  co n s id e red  from  a  b o t to m -u p  p o in t of 

view  [306], b u t  h as  th e  a d v a n ta g e  o f a llow ing  sm all m ix in g s from  th e  c h a rg e d - le p to n  sec to r. A 

recen t s tu d y  in d ic a te s  th a t  it  m ay  a lso  b e  p o ss ib le  to  g e n e ra te  a  ty p e  I I  see-saw  in  in te rse c tin g  

D 6 -b ra n e  m o d els  invo lv ing  S U (5) g ra n d  u n ifica tio n , a lth o u g h  th e  ex am p les  c o n s tru c te d  a re  n o t 

ve ry  rea lis tic  [307].

T h e se  c o m m e n ts  in d ic a te  th a t  s tr in g  c o n s tru c tio n s  m ay  b e  ve ry  d iffe ren t from  tra d i t io n a l  g ra n d  

u n ific a tio n  o r  b o t to m -u p  c o n s tru c tio n s , m a in ly  b e c au se  o f th e  a d d it io n a l s tr in g  c o n s tra in ts  a n d  

sy m m e trie s  e n c o u n te re d . V ersions o f th e  m in im a l see-saw  ( th o u g h  p e rh a p s  w ith  n o n -can o n ica l 

fam ily  s tru c tu re )  a re  u n d o u b te d ly  p re se n t a m o n g s t th e  larg e  la n d sc a p e  o f s tr in g  v acu a , th o u g h  

p e rh a p s  th e y  a re  ra re . O n e  p o in t o f v iew  is to  s im p ly  focus on  th e  search  fo r such  s tr in g  v acu a. 

H ow ever, a n o th e r  is to  keep a n  o p e n  m in d  a b o u t  o th e r  p o ss ib ilitie s  t h a t  m ay  a p p e a r  less e leg an t 

from  th e  b o t to m -u p  p o in t o f v iew  b u t  w h ich  m ay  o c c u r  m o re  f re q u e n tly  in  th e  la n d sc a p e .

3 . 1 . 5  T e V  s c a l e  m e c h a n i s m s  f o r  s m a l l  n e u t r i n o  m a s s e s

N e u tr in o  m ass  m ay  a rise  in  a  c lass o f n o n -S U S Y  m o d els  v ia  L  =  2 s c a la r- le p to n -le p to n  Y ukaw a 

in te ra c tio n s . T h e  L a g ra n g ia n  can  b e  w r i t te n  g en e rica lly  as follows:

—L yuk =  f ij H + + l i lj +  g ij H + li Vj +  h ij H 0vi v j +  h e rm itia n  c o n ju g a te  . (59)

H ere  H H ±  a n d  H 0 a re  d o u b ly -c h a rg e d , s in g ly -ch arg ed  a n d  n e u tra l  sca la rs  re sp e c tiv e ly  w h ich  

o r ig in a te  fro m  a n  S U (2 )L,R iso sp in  s in g le ts  ( /  =  0) o r t r ip le ts  ( /  = 1 ) .  E a c h  sc a la r  is assigned  

L  =  2. T h e  ch a rg ed  le p to n s  ( l± ) a n d  n e u tr in o s  (v ) m ay  b e  of e ith e r  ch ira lity . F o u r ex am p les  of 

m o d els  w h ich  u tilise  v a rio u s  te rm s  in  L yuk to  g e n e ra te  n e u tr in o  m ass a re  lis ted  below :

•  T h e  le ft- r ig h t s y m m e tr ic  m odel: T eV  scale  b re a k in g  of S U (2 )R v ia  th e  r ig h t-h a n d e d  sca la r

t r ip le t  v a c u u m  e x p e c ta tio n  va lu e  w h ich  gives rise  to  a  T eV  scale  see-saw  m ech an ism  [308];
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•  H ig g s T r ip le t  M odel: Tree-level n e u tr in o  m ass fo r th e  o b se rv ed  n e u tr in o s  p ro p o r tio n a l to  

S U (2 )L tr ip le t  sc a la r  vev (n o  r ig h t-h a n d e d  n e u tr in o )  [309] ;

•  Z ee m odel: R a d ia tiv e  n e u tr in o  m ass a t  1 -loop v ia  S U (2 )L s in g le t sc a la r  H ±  [310]; a n d

•  B a b u  m odel: R a d ia tiv e  n e u tr in o  m ass a t  2 -loop  v ia  S U (2 )L s in g le t sca la rs  H a n d  H ± [311].

A ll th e  above  m o d els  c an  p ro v id e  T eV -scale  m ech an ism s o f n e u tr in o  m ass  g e n e ra tio n  c o n s is ten t 

w ith  c u rre n t n e u tr in o -o sc illa tio n  e x p e rim e n ts . N ew  p a rtic le  d iscovery  (e.g . Z / ,W / , H ± ± ) a t  

th e  L a rg e  H a d ro n  C o llid e r (L H C ) is a lso  a  p o ss ib ility  if M Z/, M W/ <  3 — 4 T eV , M H±± <  1 

TeV . P re c is io n  m e a su re m e n ts  o f th e  n e u tr in o -m a ss  m a tr ix  a t  a  N e u tr in o  F a c to ry  w ould  p ro v id e  

v a lu a b le  in fo rm a tio n  o n  th e  Y ukaw a co u p lin g s  ƒ, g, h. S uch  co u p lin g s  a lso  in d u ce  lep to n -flav o u r 

v io la tin g  (L F V ) decays (e.g . ß  ^  e e e ,ß  ^  eY) [62 ,312], w h ich  m ig h t a lso  fo rm  p a r t  of 

th e  resea rch  p ro g ra m m e  a t  a  N e u tr in o  F ac to ry . Im p o r ta n tly , an y  s igna l fo r ß  ^  eY fro m  th e  

M E G  e x p e rim e n t c an  b e  in te rp re te d  in  th e  above  m o d els . T h e  firs t p a ir  o f m o d els  above  can  

a c c o m m o d a te  an y  v a lu e  o f sin  013 a n d  an y  of th e  c u r re n tly  allow ed m ass h ie ra rch ies , n o rm a l 

(N H ), in v erted  (IH ) a n d  d e g e n e ra te  (D G ). T h e  second  p a ir  o f m o d els  ab o v e  a re  m o re  p red ic tiv e  

fo r s in  0 13 a n d  a c c o m m o d a te  specific n e u tr in o  m ass h ie ra rch ies . A  d is tin c tiv e  fe a tu re  of a ll th e  

m o d els  is th e  sy n e rg y  b e tw een  p rec is io n  m e a su re m e n ts  o f o sc illa tio n  p a ra m e te rs  (a t  a  N e u tr in o  

F a c to ry ) , L F V  decays o f ß  a n d  t , a n d  d ire c t search es fo r th e  L  =  2 sca la rs , a ll o f w h ich  involve 

th e  co u p lin g s  ƒ, g, h.

L e f t - R ig h t  S y m m e t r i c  M o d e l

T h e  le f t-r ig h t (L R ) sy m m e tric  m o d el [313] is a n  e x te n s io n  o f th e  S ta n d a rd  M odel b a sed  o n  th e  

g au g e  g ro u p  S U (2 )R ® S U (2 )L ® U (1 )B - L . T h e  L R -sy m m e tric  m o d el h as  m an y  v ir tu e s , e.g.:

•  T h e  re s to ra t io n  o f p a r i ty  as a n  o rig in a l s y m m e try  o f th e  L a g ra n g ia n  w h ich  is b ro k en  sp o n 

ta n e o u s ly  by  a  H iggs vev; an d

•  T h e  rep la ce m e n t o f th e  a rb i t r a r y  SM  h y p e rc h a rg e  Y  b y  th e  th e o re tic a lly  m o re  a tt r a c t iv e  

B  — L.

A lth o u g h  th e  H iggs se c to r  is a rb itra ry , a  th e o re tic a lly  a n d  p h en o m en o lo g ica lly  a p p e a lin g  w ay to  

b re a k  th e  S U (2 )R g au g e  s y m m e try  is by  in v ok ing  H iggs iso sp in -tr ip le t r e p re se n ta tio n s . S uch  a 

choice co n v en ien tly  allow s th e  im p le m e n ta tio n  o f a  low en erg y  see-saw  m ech an ism  fo r n e u tr in o  

m asses. A  r ig h t-h a n d e d  n e u tr in o  is re q u ired  by  th e  S U (2 )R g au g e  g ro u p  a n d  lep to n s  a re  assigned  

to  m u ltip le ts  w ith  q u a n tu m  n u m b e rs  (TL ,T R , B  — L ):

LiL =  ^  V  )  : (1 /2  : 0 : —1) > L i r  =  ^  ^  )  : (0  : 1 /2  : —1) • (60 )
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H ere  i =  1 ,2 ,3  d e n o te s  g e n e ra tio n  n u m b e r. T h e  H iggs se c to r  co n sis ts  o f a  b id o u b le t H iggs field, 

* ,  a n d  tw o  t r ip le t  H iggs fields, A l  a n d  A r :

*  =  ( ) : ( 1 /2  : 1 /2  : 0) ,

; l / v ^ £ +  \

50 -  5L+ /V 2  y

=  /  ( ; 1 ;

\ l f x -  Sr +/V2  )  '  '

T h e  vevs for these fields are  as follows:

/  « i o A i . - . / o o ^ i . - . / o o  , ,
<$ > =  „  <A ^> =  „ J 1 (A  r ) =  „ = • (62)

0 K2 /  V %’ \  Vl  0 J  \ / 2  ’ \  VR 0

T h e  g au g e  g ro u p s  S U (2 )R a n d  U (1 )B -L  a re  sp o n ta n e o u s ly  b ro k en  a t  th e  scale  v R . P h e n o m e n o 

logical c o n s id e ra tio n s  re q u ire  v r  »  k  =  \ / +  T h e  vev vL does n o t p lay  a  ro le

in th e  b reak ing  of th e  gauge sym m etries and  is constra ined  to  be sm all ( v l  <  8 GeV) in o rder 

to  com ply w ith  th e  m easurem en t of p =  M §  cos2 dW/M W  ~  1. T h e  L ag rang ian  responsib le  for 

genera ting  n eu trin o  m ass is as follows:

— L  =  L l (v d *  +  V d * ) L r  +  iyM(L l C t ^ A l L l  +  L r C t ^ A r L r )  +  h e rm itia n  c o n ju g a te  ,(63)

w h ere  yM is a  3 x  3 M a jo ra n a - ty p e  Y ukaw a co u p lin g  m a tr ix . E x p a n d in g  th e  te rm s  p ro p o r tio n a l 

to  um re su lts  in  a  L a g ra n g ia n  o f th e  fo rm  of e q u a tio n  (59) w ith  yM = f  = 9 = h. T h e  6 x 6 

m ass m a tr ix  for th e  n e u tr in o s  c a n  b e  w r i t te n  in  th e  b lock  form :

fL R  _ (  M l  m D

m D  M r  

E a c h  e n try  is g iven  by

m D = (vdk  1 +  Vdh2) ; M r  = V 2hvR; M l  = V2hvL- (65)

T h e  n e u tr in o  m ass m a tr ix  is d iag o n a lised  by  a  6 x  6 u n i ta ry  m a tr ix  V  as V t M vV  =  M * “ 0 =  

d ia g ( m 1, m 2, m 3, M 1, M 2, M 3), w h ere  m i a n d  M i  a re  th e  m asses fo r n e u tr in o  m ass e ig e n s ta te s . 

T h e  sm all n e u tr in o  m asses m i a re  g e n e ra te d  b y  th e  T y p e  I I  see-saw  m ech an ism . O b ta in in g  eV  

scale  n e u tr in o  m asses w ith  h  =  0 ( 0 .1  — 1) req u ires  M l  (a n d  c o n seq u e n tly  vL) to  b e  a t  th e  

eV  scale. In  L R -m o d e l pheno m en o lo g y , w ith  vR ~  TeV , it  is c u s to m a ry  to  a rra n g e  th e  H iggs 

p o te n t ia l  such  t h a t  vL =  0 [314]. In  th is  case  th e  m asses o f th e  ligh t n e u tr in o s  a rise  fro m  th e  T y p e

I see-saw  m ech an ism  a n d  a re  a p p ro x im a te ly  m i ~  m D  / M r .  In  o rd e r  to  rea lise  th e  low -energy  

( ~  0 ( 1  — 10) T eV ) scale  for th e  r ig h t-h a n d e d  M a jo ra n a  n e u tr in o s , th e  D irac  m ass te rm , m D , 

sh o u ld  b e  O  (M eV ), w h ich  fo r k 2 ~  0 c o rre sp o n d s  to  yD ~  10- 6  (i.e. c o m p a ra b le  in  m a g n itu d e  

to  th e  e le c tro n  Y ukaw a c o u p lin g ). T h e  L R  m o d e l w ith  vR o f o rd e r  a  T eV  p re d ic ts  lep to n -flav o u r 

v io la tin g  (L F V ) decay s o f th e  m u o n  a n d  ta u  m e d ia te d  by  H ± ±  w ith  a  r a te  ~  |h h |2/M H ± ±  [315], 

a n d  a  rich  p h en o m en o lo g y  in  d ire c t searches a t  th e  L H C .
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H i g g s  T r ip l e t  M o d e l

In  th e  Higgs T rip le t M odel (H TM ) [70], [316] 12 a single I  =  1, Y  =  2 com plex S U (2)L tr ip le t 

A l  (see equation  (62)) is added  to  th e  SM w ith  th e  Yukawa coupling:

( L l C t 2A l L l ) +  h e rm itian  con jugate  . (66)

E x p an d in g  equa tion  (66) resu lts  in eq u a tio n  (59) w ith  yM = f  = g = h. N o righ t-handed  

n eu trin o  is in troduced , and  th e  light neu trinos  receive a M a jo ran a  m ass p ro p o rtio n a l to  th e  

le ft-handed  tr ip le t vev (v l)  leading to  th e  following n e u trin o  m ass m atrix :

M „ ™  = V 2vLhij . (67)

T h e  presence of a  tr ilin e a r coupling  ß $ Tî t 2a L $  (w here $  is th e  SM Higgs do u b le t w ith  vev 

v) in th e  Higgs p o te n tia l ensures a non-zero vL ~  ß v 2/ M 2, w here M  is th e  m ass of th e  tr ip le t 

scalars. T aking  M  to  be a t th e  TeV scale resu lts in vL ~  ß . F rom  equation  (67) it is ap p a re n t 

th a t  th e  H T M  does no t provide pred ic tions for th e  elem ents of b u t in stead  accom m odates 

th e  observed values (as does th e  L R  m odel). However, com bining  accu ra te  m easurem en ts of th e  

n eu trin o  oscillation p a ram ete rs  w ith  any  signals in L F V  processes involving th e  m uon or th e  

ta u  [317] a n d /o r  d irec t observation  of H ± ±  [318] w ould enab le  th is  m echanism  of n eu trin o  m ass 

genera tion  to  be te sted . F rom  equation  (67) h j  is d irec tly  re la ted  to  th e  n eu trin o  m asses and  

m ixing angles as follows:

hij =  - J r — V p ^d i a g i n i i ,  m 2, m 3)V^MNS . (68)

O bservation  of L F V  decays of th e  m uon for exam ple a t M EG  a n d /o r  of th e  ta u  (a t a  S uper B 

F acto ry ) to g e th e r w ith  discovery of H ( a t  LH C) w ould p e rm it m easurem en ts of h j . A N eu 

tr in o  F ac to ry  w ould g rea tly  reduce th e  experim en ta l e rro r in th e  rig h t-h an d  side of eq u a tio n (68) 

an d  allow th e  above id en tity  in th e  H T M  to  be checked precisely.

O n e  l o o p  r a d ia t i v e  m e c h a n i s m  v i a  a  s in g ly - c h a r g e d ,  s i n g l e t  s c a la r  ( Z e e  m o d e l )

A singly-charged, singlet scalar is added  to  th e  Tw o Higgs D oub le t M odel (2H DM ) ex tension  

of th e  SM. N eu trin o  m ass is g enera ted  rad ia tive ly  v ia  a 1-loop d iag ram  figure 24a in w hich th e  

m ixing betw een th e  charged singlet and  do u b le t scalars (p ro p o rtio n a l to  a tr ilin e a r coupling  ß) 

is crucial [310]. T h e  relevant L ag rang ian  is:

=  ga, ( LS C i L )  ^ H  + +  £  ykLhHilR  +  h e rm itian  con jugate  , (69)
i= 1,2

w here is th e  Y ukawa coupling  of th e  doub le t H k to  th e  lep tons. If only  one of th e  Higgs 

doub le ts  couples to  lep tons (referred  to  as th e  “m inim al Zee m odel” ) th e  resu lting  n eu trin o  

m ass m a trix  is sym m etric  w ith  van ish ing  d iagonal elem ents:

(70)

0 m eT ̂

M Z ee = 0

U e r 0

12 The model of [309] contains a triplet majoron and was excluded by LEP data. A viable extension of the HTM 
which contains a singlet majoron (referred to as the ”123” model) was introduced in ref. [252].
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w here [312]

m.
y  =  S«!™?, -  m <2.> '‘F T ^ W  1

2
m S 

-ln -  Sl
m s  — m S2 m 2

S2

(71)

a n d  m ^  a re  th e  ch a rg ed  le p to n  m asses, M Si a re  th e  ch a rg ed  sc a la r  m asses a n d  F  =  co t ß  ( ta n  ß )  

for T y p e  I (II) co u p lin g s  of th e  d o u b le ts  to  th e  lep to n s . T h e  above  m ass m a tr ix  p re d ic ts  th e  so la r 

an g le  to  b e  a lm o st m ax im a l, w h ich  is now  ru le d  o u t a t  th e  6ct level (see sec tio n  2 .2 .1 ) . H ow ever, 

a llow ing  b o th  H iggs d o u b le ts  to  co u p le  to  th e  lep to n s  ( th e  “g en e ra l Zee m o d e l” ) leads to  n o n 

zero  d iag o n a l e lem en ts  in  M ^ 66 [319]. T h e  n o n -m a x im a l so la r an g le  can  th e n  b e  a c co m m o d a te d , 

sin  013 =  0 is e x p e c te d , a n d  a n  in v erted  h ie ra rc h ica l n e u tr in o  m ass  p a t te r n  is p re d ic te d .

H 2{1

U -

X
ï

[i ; i

H +

v l Il  Ir  

a) .

:•*! » x »1
v l v l  lLlR lRlL 

b).

v l

Figure 24: Diagram for neutrino mass generation in a) Zee model, and b) Babu model

T w o  lo o p  r a d ia t i v e  m e c h a n i s m  v i a  s i n g l y  a n d  d o u b l y - c h a r g e d ,  s i n g l e t  s c a la r s  

( B a b u  m o d e l )

S U ( 2 ) l  s in g le t ch a rg ed  sca la rs  H a n d  H ±  a re  a d d e d  to  th e  SM  L a g ra n g ia n  [311] w ith  th e  

fo llow ing  Y ukaw a coup lings:

L  /ab (C rC Z 6r )  H ++ +  g«, ( l Tl C L , ^  6j H +  +  h e rm itia n  c o n ju g a te  . (72)

N o r ig h t-h a n d e d  n e u tr in o  is in tro d u c e d . A  M a jo ra n a  m ass fo r th e  ligh t n e u tr in o s  a rises  a t  th e  

tw o  lo o p  level (figure  2 4 b ) in  w h ich  th e  le p to n  n u m b e r  v io la tin g  t r i l in e a r  co u p lin g  ß H ± H ± H ±± 

p lay s  a  c ru c ia l ro le. T h e  ex p lic it fo rm  fo r M V is as follows:

M
Babu

=  Z x

6dTT 6 6 d eT ^

eu eu

Wtt — 26^WeT +  6 2̂Wee , —W^t — 6WeT +  6^W(

+  66^We

V

,(73)

w h ere  6 =  geT/g^T, 6; =  g e ^ / g ^ , Wa, =  fa b m a m , (m a, m ,  a re  ch a rg ed  le p to n  m asses) a n d  Z is 

g iven  by:

Z =
8 m I J

( I 67T2)2m 2H±
(74)

H ere  /  is a  d im en sio n le ss  q u a n ti ty  o f O (1 ) o r ig in a tin g  fro m  th e  loop  in te g ra tio n . T h e  ex p ress io n  

fo r M V involves 9 a r b i t r a ry  co u p lin g s . S ince th e  m o d el p re d ic ts  one  m assless  n e u tr in o  (a t  th e

V
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tw o -loop  level), q u a s i-d e g e n e ra te  n e u tr in o s  a re  n o t p e rm itte d  a n d  o n ly  n o rm a l-h ie ra rc h y  (N H ) 

a n d  in v e rte d -h ie ra rc h y  (IH ) m ass p a t te rn s  c a n  b e  a c c o m m o d a te d . T h e  g co u p lin g s  (co n ta in e d  

in  6 a n d  6 ) a re  d ire c tly  re la te d  to  th e  e lem en ts  of M V, a n d  th u s  w ould  b e  o b ta in e d  p rec ise ly  

a t  a  N e u tr in o  F ac to ry . In  th e  scen a rio  o f N H , e w e' w t a n 0 i2/ \ / 2 a n d  s in  $13 is close to  zero. 

S ince 6, 6; <  1 o ne  m ay  neg lec t th o se  te rm s  in  M V w h ich  a re  p ro p o r tio n a l to  th e  e le c tro n  m ass 

(i.e. Wee, Weu, weT). T h is  s im p lif ica tio n  lead s to  th e  fo llow ing p red ic tio n : / uu : / UT : / TT æ  1 : 

m u / m T : (m u / m T) 2. In  th e  case  o f IH , la rg e  va lues a re  re q u ire d  for 6, 6 ( >  5), a n d  th u s  n eg lec tin g  

wee, weu, weT in  M V m ay  n o t b e  e n tire ly  ju s tif ie d . H ow ever, if such  te rm s  a re  n eg lec ted  th e n  th e  

above  p re d ic tio n  for th e  ra t io  o f / uu : / UT : / TT a lso  ho ld s a p p ro x im a te ly  fo r th e  case  o f IH . A 

low er b o u n d  on  s 13 >  0.05 c an  a lso  b e  d e riv ed . I f  th e  2 -loop  d ia g ra m  is solely re sp o n s ib le  fo r th e  

g e n e ra tio n  o f th e  n e u tr in o  m ass m a tr ix  th e  B a b u  m o d e l req u ires  g, / uu ~  10- 2 . S uch  re la tiv e ly  

larg e  co u p lin g s  m ay  lead  to  o b se rv ab le  ra te s  for L F V  decays of m u o n s a n d  ta u s .

3 . 2  U n i f i c a t i o n  a n d  F l a v o u r

A  su rv ey  o f th e  th e o re tic a l  m o d els  t h a t  have b e e n  d ev e lo p ed  to  e x p la in  th e  physics  of flavour is 

p re se n ted  in  th is  sec tio n . M e asu ra b le s  th a t  c a n  b e  u sed  to  d is t in g u ish  b e tw een  th e  v a rio u s  m odels  

is a lso  p re se n ted . T h e se  m e a su ra b le s  in c lu d e  th e  m ix in g  ang les th em se lv es  a n d  c o m b in a tio n s  o f 

m ix in g  ang les, th e  l a t te r  a re  re fe rred  to  as ‘su m  ru le s ’. T h is  sec tio n  a lso  c o n ta in s  a  d iscu ss io n  

of lep to n -flav o u r v io la tio n .

3 . 2 . 1  M o d e l  s u r v e y

To u n d e rs ta n d  th e  o rig in  o f th e  p o s tu la te d  fo rm s of th e  Y ukaw a m a tr ic e s , o ne  m u st a p p e a l to  

som e so rt o f F am ily  sy m m e try , G Family. In  th e  fram ew o rk  o f th e  see-saw  m ech an ism , new  physics 

b ey o n d  th e  S ta n d a rd  M odel is re q u ired  to  cau se  le p to n -n u m b e r  c o n se rv a tio n  to  b e  v io la te d  a n d  

to  g e n e ra te  r ig h t-h a n d e d  n e u tr in o  m asses a t  a ro u n d  th e  G U T  scale. T h is  is e x c itin g  since  it 

im p lies t h a t  th e  o rig in  o f n e u tr in o  m asses is re la te d  to  a  G U T  s y m m e try  g ro u p  G g u t  , w h ich  

unifies th e  fe rm io n s w ith in  a  fam ily . P u t t in g  th e se  id eas to g e th e r  leads to  th e  d e v e lo p m en t of a 

fram ew o rk  fo r p hysics  b e y o n d  th e  SM  w h ich  is b a sed  o n  N  =  1 su p e r-s y m m e try  w ith  c o m m u tin g  

G U T  a n d  F am ily  s y m m e try  g ro u p s , G g u t  x  G f a m  . T h e re  a re  m a n y  p o ss ib le  c a n d id a te  G U T  

a n d  F am ily  sy m m e try  g ro u p s . U n fo r tu n a te ly  th e  m o d e l d e p e n d e n c e  does n o t en d  th e re ; th e  

d e ta ils  o f th e  s y m m e try -b re a k in g  v a c u u m  p lays a  c ru c ia l ro le  in  sp ecify in g  th e  m o d e l a n d  in 

d e te rm in in g  th e  m asses a n d  m ix in g  ang les. T h e se  m o d els  m ay  b e  c lassified  a cco rd in g  to  th e  

p a r t ic u la r  G U T  a n d  F am ily  s y m m e try  t h a t  is a ssu m ed .

I t  m ay  b e  p o ss ib le  to  u se  p rec ise  m e a su re m e n ts  o f th e  o sc illa tio n  p a ra m e te rs  to  d is tin g u ish  

b e tw een  d iffe ren t m o d els . A  su rv ey  of over s ix ty  n e u tr in o -m a ss  m o d els  h as  b e e n  p e rfo rm e d . 

T h e  su rv ey  in c lu d ed :

•  M odels  w ith  a s su m p tio n s  a b o u t  th e  s tr u c tu r e  o f th e  m ix in g  m a tr ix  ( ’t e x tu r e ’ a ssu m p tio n s ) ;

•  M odels  b ased  on  le p to n  sy m m e trie s  such  as A 4 , S 3, o r  L e — L u — L T ; an d
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•  M odels based  on G U T  sym m etries such as S U (5), flipped S U (5), S 0 (1 0 ) , E 6, o r E g x Eg.

T hese m odels are  reviewed briefly below w ith  em phasis on how th e  d ifferent p red ic tions arise 

from  different sym m etry -b reak ing  p a tte rn s . A deta iled , ta b u la te d  sum m ary  of th e  pred ic tions 

for all th re e  angles w ith  references to  m odels th a t  have been  included in ou r survey can  be found 

in reference [320].

M o d e l s  w i t h  L e p t o n  S y m m e t r i e s  b a s e d  o n  ^  — t  S y m m e t r y

T h e  m axim al (or n ear m axim al) m ixing observed in a tm ospheric  n eu trinos  strong ly  suggests a 

ß  — t  sym m etry  in th e  neu trino -m ass m a trix . T h ere  are  tw o ways to  realise th e  ß  — t  sym m etry  

w hich give rise to  m axim al m ixing in th e  a tm o sp h eric -n eu trin o  sector, 023 =  f  [321]. T h e  first 

possib ility  is of th e  following form:

0 0 0  

0 1 1  

0 1 1

(75)

w hich gives rise to  th e  no rm al m ass hierarchy. In  th is  case, w hen th e  ß  — t  sy m m etry  is exact, 

th e  1-3 m ixing angle vanishes, sin 013 =  0. In  add ition , th e  m ass sp littin g  in th e  so lar n eu trin o  

sector vanishes, A m 22 =  0. N on-vanishing  A m 22 can  be g enera ted  in a ß  — t  sym m etric  way by 

add ing  sm all p a ram ete rs  of th e  o rder of O(6 ^  1),

v /A m 13
/  C6 d6 d6 \  

d6 1 +  6 — 1 

y d6 —1 1 +  6 J

(76)

w here th e  coefficients c and  d are of o rder 1. T h is  leads to ,

013 =  0, 023 =  ta n  2012 ^  t ; ----- r  ,13 23 4 12 (1 -  c) 

an d  th e  p a ram e te r 6 is fixed by th e  ra tio  of A m 23 and  A m 22 as:

(77)

6 =
1 +  c +  \ / ( c  — l ) 2 +  8 d2

IA m 22 

A  m 23
(78)

In  o rder to  genera te  non-zero 013, th e  ß  — t  sy m m etry  has to  be broken. How th e  sym m etry  

b reak ing  occurs d ic ta te s  th e  size of th e  013 angle. T h e  ß  — t  sym m etry  b reak ing  also causes 023 

to  differ from  j ,  i.e. th e  m ixing  is no longer m axim al. T h e  break ing  of th e  /x — r  sy m m etry  can 

generally  be pa ram etrised  as:

v /A m 13
/ c6 d6 b6 \

d6 1 +  06 - 1

V b6 - 1 1 +  6 )

(79)

2

2

4

2

2
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Table 4: Predictions for 013 and for the deviation (023 — n/4) in models with softly broken ß — t  symmetry for 
different symmetry breaking directions. This table is taken from reference [321].

sym m etry  b reak ing 013 Û K&23 4

none 0 0

ß — t  sector only ~  A m f 2/ A m f 3 < 8 °

e-sector only ~  V Aw-12/ A m 23 <  40rv

dynam ical ~  V A m \ 2/ A m f3 large

w here th e  p a ram e te r a  is of o rder unity. If  th e  b reak ing  is in troduced  in th e  e-sector, th a t  is, 

a  =  1, b =  d, one th e n  has:

4

\ / l  +  8 d2 V A  m l13

2(6 +  d)
(80)

an d  a non-van ish ing  013 angle:

(81)

A non-vanish ing  dev ia tion  of th e  a tm ospheric  m ixing angle from  j  can  exist w ith  m agn itude  

f - 0 2 3  ~  0 ( e 2). T h e  break ing  of th e  ß — r  sy m m etry  can  also be in troduced  in th e  ß — r  sector. 

T h is  is characterised  by a  = 1  and  b =  d. In  th is  case, th e  p a ram e te r 6 is re la ted  to  A m 22 and  

A m ^3 by:

6 =
c +  | ( 1  +  a) +  -\J (c — -^(1 — c ))2 +  8 d2

'A  m \2 
A m 23

(82)

T hus, th e  p red ic tions for sin 013 and  n /4  — 023 strong ly  d epend  on th e  sym m etry -b reak ing  

p a tte rn . T able 4 sum m arises th e  p red ic tions for 0\3 and  for |  — 023 for various sym m etry - 

b reak ing  scenarios.

T h e  inverted  m ass h ierarchy  can  be o b ta in ed  w hen th e  n eu trin o  m ass m a trix  is of th e  form:

0 1 1

1 0 0

V 1 0 0 )

(83)

T h is  m ass m a tr ix  has an  enhanced  L e — — L T sym m etry  [322,323] and  is a  special case of 

th e  following m ass m atrix :

Mv ~  \ J A m j 3

I  0 sin 0 cos 0 \

sin 0 

cos 0

0

0

0

0

(84)

6

4
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In  th e  exact L e — — L T sym m etric  lim it, th is  leads to  th e  following p red ic tions [322]:

A m f 2 =  0 , 013 =  0 , 6*12 =  —, sin 2023 =  sin 20 • (85)

Since 0 i2 /  f , th e  L e — — L T sym m etry  has to  be softly  broken. T h e  soft b reak ing  of th e  

L e — — L t  sym m etry  can  be in troduced  by add ing  sm all e — e, ß  — ß , ß  — t  and  t  — t  couplings:

/  z sin 0 cos 0 \  

sin 0 y d 

cos 0 d x

x, y, d ^  1 (86)

For non-zero  x, y and  d, one has:

sin2 2012 — 1 —
/  A m f 2 

V 4A m 23
(87)

T h e  break ing  of th e  ß  — t  sy m m etry  can  arise in th e  ß  — t  sector, i.e., cos 0 =  sin 0 =  

x  =  y, w hich leads to:

A m 212
A m 23

=  2(x +  y +  z +  d)

and

(88)

T he  b reak ing  of th e  ß —t  sym m etry  can  also be in troduced  in th e  e-sector by hav ing  cos 0 =  sin 0 

and  x  =  y. T h is leads to  013 — —d c o s2 0 23. In  th e  inverted  h ierarchy  case, th e  correlations 

am ong th e  neu trino -m ix ing  angles is no t as s trong  as in th e  norm al-h ierarchy  case.

S i n g l e - R H  n e u t r i n o  d o m in a n c e

Single-RH  n eu trin o  dom inance (SR N D ), proposed  in [324], can  be im plem ented  in m any  classes 

of m odel; it is therefo re  a m echanism  ra th e r  th a n  a m odel. SRN D  provides a n a tu ra l way to  

genera te  large m ixing angles. In  th e  sim plified case, w ith  only th e  second and  th ird  fam ilies, th e  

D irac neu trino -m ass m a trix  and  R H  M ajo ran a  neu trino -m ass m a tr ix  are  generally  of th e  form :

M d  =

/

V

■ ■ \

a  b 

c d /

M r  =

(

\

■ ■

x 0

0 y )

(89)

in th e  basis w here th e  R H  M ajo ran a  neu trino -m ass m a tr ix  is d iagonal. T h e  effective light 

neu trino -m ass m a tr ix  is th e n  given by:

/

m v =  —M d  ■ M r 2 ■ m D =

\
a?_ ï b?_ ac  ï bd 
x  ' y  x  ' y

c2

(90)
, ac ï bd c ï d  I
\  x  ' y  x  ' y  /

If one R H  n eu trin o  dom inates, th a t  is, if y ^  x, th e n  th e  su b -d e te rm in an t in th e  ß  — t  block 

is roughly  of th e  o rder ~  m 2 ■ m 3. T h e  norm al h ierarchy  is o b ta in ed  for m 2 ^  m 3. T h e  

a tm ospheric  m ixing angle is roughly  given by ta n  023 ~  (a /c ) . For a  ~  c, large m ixing angles

2
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can  a rise  n a tu ra lly . T h e  tw o -fam ily  case  c an  b e  g en era lised  to  th e  th re e -fa m ily  case  w h en  

se q u en tia l d o m in a n c e  w ith  th re e  R H  n e u tr in o s  is im p lem e n te d  [325].

M o d e l s  w i t h  G U T  S y m m e t r i e s

G ra n d  U n ified  T h eo rie s  b ased  o n  S 0 ( 1 0 )  a c c o m m o d a te  all 16 fe rm io n s ( in c lu d in g  th e  r ig h t 

h a n d e d  n e u tr in o s )  in  a  sing le  sp in o r  re p re s e n ta tio n . F u r th e rm o re , S 0 ( 1 0 )  p ro v id es  a  fram ew o rk  

in  w h ich  th e  see-saw  m ech an ism  arises  n a tu ra lly . M odels  b a sed  o n  S 0 ( 1 0 )  co m b in ed  w ith  

a  c o n tin u o u s , o r d isc re te , flavour s y m m e try  g ro u p  have b e e n  c o n s tru c te d  to  u n d e rs ta n d  th e  

f lavour p ro b lem , e sp ec ia lly  th e  sm all n e u tr in o  m asses a n d  th e  la rg e  lep to n ic  m ix in g  angles. 

T h e se  m o d els  c an  b e  c lassified  acco rd in g  to  th e  fam ily  sy m m e try  th a t  is im p lem e n te d  as well 

as th e  H iggs re p re s e n ta tio n s  in tro d u c e d  in  th e  m o d el. F o r rev iew s, see, fo r ex am p le , refe ren ce  

[326]. P h en o m en o lo g ica lly , th e  re su ltin g  m ass  m a tr ic e s  c an  b e  e ith e r  sy m m e tric , lo p -sid ed , o r 

a sy m m e tric .

D u e  to  th e  p ro d u c t  ru le , 1 6 ® 16 =  1 0 ® 120a ® 126s , th e  o n ly  H iggs p a rtic le s  th a t  c a n  co u p le  to  

th e  m a t te r  fields a t  t re e  level a re  in  th e  10, 120, a n d  126 re p re s e n ta tio n s  o f S O (IO ). T h e  Y ukaw a 

m a tr ic e s  in v o lv ing  th e  10 a n d  126 a re  sy m m e tric  u n d e r  in te rc h a n g e  o f fam ily  ind ices, w hile  th e  

m a tr ix  invo lv ing  th e  120 is a n ti-sy m m e tric . T h e  M a jo ra n a  m ass te rm  fo r th e  R H  n e u tr in o s  

c an  a rise  e ith e r  fro m  a  re n o rm a lisa b le  o p e ra to r  invo lv ing  th e  126, o r from  a  n o n -re n o rm a lisa b le  

o p e ra to r  t h a t  involves th e  16s. T h e  case  o f 126 h as  th e  a d v a n ta g e  th a t  R -p a r i ty  is p rese rv ed  

a u to m a tic a lly .

T w o  la rg e  m ix in g  ang les in  th e  lep to n ic  se c to r  m ay  a rise  in  tw o  ways:

1. S y m m e tr ic  m a s s  te x tu re s :  T h is  scen a rio  is rea lised  if S 0 ( 1 0 )  is b ro k en  th ro u g h  th e  le ft-r ig h t 

s y m m e try -b re a k in g  ro u te . In  th is  case , b o th  th e  larg e  so la r  m ix in g  an g le  a n d  th e  m ax im a l 

a tm o sp h e ric  m ix in g  an g le  com e fro m  th e  effective n e u tr in o -m a ss  m a tr ix . A  c h a ra c te r is t ic  o f 

th is  class of m o d els  is t h a t  th e  p re d ic te d  va lu e  for th e  |U eV31 e lem en t te n d s  to  b e  la rg e r  th a n  

th e  va lu e  p re d ic te d  by  m o d els  in  class (ii) below . T h is  G U T -sy m m e try -b re a k in g  p a t te r n  

gives rise  to  th e  fo llow ing re la tio n s  am o n g  v ario u s  m ass  m atrice s:

M u =  M v d  , M d =  M e , (91)

u p  to  som e ca lcu lab le , g ro u p -th e o re tic a l  fac to rs  w h ich  a re  u se fu l in  o b ta in in g  th e  Ja rlsk o g  

re la tio n s  am o n g  m asses for th e  ch a rg ed  le p to n s  a n d  d o w n -ty p e  q u a rk s  w h en  c o m b in ed  w ith  

fam ily  sy m m e trie s . T h e  v a lu e  of Ue3 is p re d ic te d  to  b e  large , close to  th e  se n s itiv ity  o f c u rre n t 

e x p e rim e n ts . T h e  p re d ic tio n  for th e  r a te  o f ß  ^  eY is a b o u t  tw o  o rd e rs  o f m a g n itu d e  below  

th e  c u rre n t e x p e rim e n ta l b o u n d .

In  a  p a r t ic u la r  m o d el c o n s tru c te d  by  C h e n  a n d  M a h a n th a p p a  [327], th e  H iggs sec to r c o n ta in s  

fields in  10, 45, 54, 126 re p re se n ta tio n s , w ith  th e  10 a n d  126 b re a k in g  th e  e lec tro -w eak  

s y m m e try  a n d  g e n e ra tin g  fe rm io n s m asses, a n d  th e  45, 54, 126 b re a k in g  th e  S 0 (1 0 )  G U T  

sy m m e try . T h e  m ass h ie ra rc h y  c a n  a rise  if th e re  is a n  S U (2 ) h  sy m m e try  a c tin g  n o n - tr iv ia lly  

o n  th e  f irs t tw o  g e n e ra tio n s  such  t h a t  th e  f irs t tw o  g e n e ra tio n s  t ra n s fo rm  as a  d o u b le t  a n d  

th e  th i r d  g e n e ra tio n  tra n s fo rm s  as a  s in g le t u n d e r  S U (2 )H , w h ich  b rea k s  d ow n  in  tw o  s tep s ,
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S U ( 2 ) U ( 1 ) ‘n o t h i ng ’, e' ^  e ^  1. T he  m ass h ierarchy  is g enera ted  by th e  F roggatt- 

N ielsen m echanism  [221]. T h e  resu lting  m ass m atrices a t th e  G U T  scale are  given by:

M,U,V l r

/

10

0

0
+ \

(104+ )

10+

(10+ \

( 10+ \ 

(10+

e I =

)

(  0 0 r 2e

0 r 4e e 

V r 2e' e 1 )

M u (92)

Md,e =

10-

; i0 5- ) e '  ( 1 , - 3 )  (1 2 6  ) e

V
0 0

0

0

10 1 /

0 e 0 

e' (1, —3)pe 0

0 0 1

M d  . (93)

T h e  rig h t-h an d ed  n e u trin o  m ass m a trix  is of th e  sam e form  as M tVLR ■

M VRR

\ \/ l 26'2° ^i

1262° j  Ö2

ï m 2° u 3

2

1262° \  63

-'o
( “ ■/  /

( 0 0  $1

0 $2 $3 I M r  .

V £l $3 1 /

(94)

N ote  th a t ,  since th e  126-dim ensional Higgs rep resen ta tio n  is used to  genera te  th e  heavy 

M ajo ran a  neu trino -m ass te rm s, R -p a rity  is preserved  a t all energies. T h e  effective n eu trin o  

m ass m a trix  is:

M vl l  =  M VLr M vrR M v  l r  =

t \0 0  

0 1 1 + 1' 

V t  1 + 1' 1 /

d2v j  
M r  ’

(95)

an d  causes th e  a tm ospheric  m ixing angle to  be m axim al and  th e  solar m ixing  angle to  be 

large. T h e  form  of th e  n eu trin o  m ass m a tr ix  in th is  m odel is invarian t u n d er th e  see-saw 

m echanism . T h e  value of C/e3 is re la ted  to  th e  ra tio  ~  w hich is p red ic ted  to

b e  close to  th e  sensitiv ity  of cu rren t experim en ts. T h e  p red ic tion  for th e  ra te  of ß  ^  eY is 

a b o u t tw o orders of m a g n itu d e  below th e  cu rren t experim en ta l bound .

2. Lopsided mass textures for charged fermions: In  th is  scenario, th e  large atm ospheric-m ix ing  

angle com es from  th e  u n ita ry  m a tr ix  th a t  d iagonalises th e  charged-lep ton  m ass m a trix . T h is 

scenario  is realised in m odels w ith  S U (5) as th e  in te rm ed ia te  sym m etry  w hich gives rise to  

th e  so-called “lopsided” m ass te x tu re s , due  to  th e  S U (5) rela tion:

Me =  M j . (96)

D ue to  th e  lopsided n a tu re  of M e and  M d, th e  large a tm ospheric  n eu trin o  m ixing is re la ted  to  

th e  large m ixing in th e  (23) sector of th e  R H  charged-lep ton  d iagonalisa tion  m a trix , in stead  

of Vcb. T h u s it exp lains w hy is sm all w hile UMV3 is large. T h e  large solar m ixing angle 

com es from  th e  d iagonalisa tion  m a tr ix  for th e  n eu trin o  m ass m a trix . B ecause th e  tw o large 

m ixing angles com e from  different sources, th e  co n stra in t on UeV3 is no t as s trong  as in class 

(1). In  fact, th e  p red ic tion  for UeV3 in th is  class of m odels te n d s  to  be q u ite  sm all. O n th e  

o th e r hand , th is  m echanism  also p red ic ts  an  enhanced  decay ra te  for th e  flavour-v io lating

0 e

e

e e2 3

0 e

0
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process ß  ^  e y  w hich is close to  cu rren t experim en ta l lim it. As R -p a rity  is b roken by th e  

vev of th e  16 d im ensional Higgs, a  sep ara te  ‘m a tte r  p a r ity ’ m ust be im posed to  d is tingu ish  

th e  partic les from  th e ir  SUSY  p artn e rs .

In  a p a rtic u la r  m odel co n stru c ted  by A lbrigh t and  B arr  [328], th e  Higgs sector of th e  m odel 

con tains Higgs partic les  in th e  10 ,16 ,45 , w ith  (16Hl ) b reak ing  S 0 (1 0 )  dow n to  S U (5) 

and  (16Ha ) b reak ing  th e  E W  sym m etry. T h e  lopsided te x tu re s  arise due  to  th e  o p era 

to r  A(16i16Hl )(16 j 16H2 ) w hich gives rise to  m ass te rm s for th e  charged lep tons an d  dow n 

q uarks w hich satisfy  th e  SU(5) re la tion  M d =  M j . W hen  o th e r o p era to rs  are  included, th e  

lopsided s tru c tu re  of M e resu lts, p rovided  th e  coupling  a  is of o rder 1 :

M

Md =

n

V 5' e ^  —e/3

a  +  e/3  

1

■ md,

/  n 

0

0

( 1 /3 ,1)e 

1

• mu

/

/

\ 0  —( 1 /3 ,1)e

(  n 5 5' e ^  ^

5 0 —e

V 5' e ^  a  +  e 1 J

Me = ■ md.

(97)

(98)

T h e  large m ixing in Ue,L leads to  th e  large a tm ospheric  m ixing angle. M eanw hile, because 

large m ixing in Ue,L co rresponds to  large m ixing in Ud,R, th e  C K M  m ixing angles rem ain  

sm all. A un ique p red ic tion  of th e  lopsided m odels is th e  re la tively  large b ranch ing  ra tio  for 

L F V  processes, e.g. ß  ^  eY. By considering  a R H  M ajo ran a  neu trino -m ass te rm  of th e  

following form , a large so lar m ixing angle can  arise for som e choice of th e  p a ram ete rs  in 

M Vr r  , leading  to  a large value for th e  solar m ixing angle:

( 2n2 —ben an / 0 —e 0 \

M VRR —ben e2 —e ■ A ß , M e f f  = —e 0 2e

\ an —e 1 V 0 2e 1 )
m ; 

A R
(99)

M o d e l s  w i t h  r e n o r m a l i s a t i o n - g r o u p  e n h a n c e m e n t s

I t is possib le to  o b ta in  large n eu trin o  m ixing angles th ro u g h  reno rm alisa tion -g roup  evolution. 

A ssum ing th a t  th e  C K M  m a trix  and  th e  lep tonic m ixing m a trix  are  iden tica l a t th e  G U T  scale, 

w hich is a  n a tu ra l consequence of qu ark -lep to n  unification , tw o large n eu trin o  m ixing angles can  

be genera ted  by reno rm alisa tion -g roup  evolu tion  [329]. T h e  only requ irem en t for th is  m echanism  

to  w ork is th a t  th e  m asses of th e  th re e  n eu trinos  are  nearly  degenerate  (m 3 >  m 2 >  m i)  and  

have th e  sam e C P  parity . T h e  one-loop reno rm alisa tion -g roup  equa tion  (R G E) of th e  effective 

le ft-handed  M ajo ran a  n eu trin o  m ass o p e ra to r is given by: 

d m v
=  —{k u  mv +  mv P  +  P T mv }

dt
w here t  =  ln ß  and  ß  is th e  energy scale. In  th e  M SSM , P  and  ku are  given by:

P
1 YeVe 1 h ;

32n2 cos2 ß

1

16n2

32n2 cos2 ß  

T r { Y Ï Y u) 

sin2 ß

d ia g (0 ,0 ,1 ) =  d ia g (0 ,0, P T) ;

1
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6 2 2
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respectively, w here g \  =  |# y  is th e  U{  1) gauge coupling  co n s tan t, Y u and  Y e a re  th e  3 x 3  

Yukaw a coupling  m atrices for th e  up  quarks and  charged lep tons respectively, an d  and  h T are 

th e  t-  and  T-Yukawa couplings. O ne can  th e n  follow th e  “d iagonalise -and -run” p rocedu re  and  

o b ta in  th e  R G E s a t scales betw een M ß  >  ß  >  M SUSY for th e  m ass eigenvalues and  th e  th ree  

m ixing angles, assum ing  C P  v io lating  phases vanish:

d m i _  ™ t t 2

dt 
d S23

dt  

d  Sl3 

dt  
d  S12 

dt

=  —4 P t  m jU r vi — m iK u, (i =  1 ,2 ,3 ) ;  (103)

=  —2P t c23( —s 12UTViV31 +  ci2UTV2V 32) ; (104)

=  —2P t  C23 c13(c12UTVi V 31 +  s 12UTV2 V  32 ) ; (105)

=  —2P tC 12 (c23s 13s 12UTVi V 31 — c23s 13c12 UTV2 V 32 +  Utvi UTV2 V 21) ; (106)

w here V j  =  (m i +  m j ) / ( m i — m j). B ecause th e  lep tonic-m ixing  m a tr ix  is iden tica l to  th e  CK M  

m atrix , we have, a t th e  G U T  scale, th e  following in itia l conditions, s02 — A, s 23 — O(A2) and  

s °3 — O(A3), w here A is th e  W olfenstein  p a ram ete r. W hen  th e  m asses m i an d  m j are  nearly  

degenera te , V ij approaches infinity. T h u s it d rives th e  m ixing angles to  becom e large. S ta rtin g  

w ith  th e  values of (m1, m2, m 0) =  (0 .2983,0.2997,0.3383) eV a t th e  G U T  scale, th e  so lu tions a t 

th e  w eak scale for th e  m asses are (m 1,m 2 ,m 3) =  (0 .2410,0.2411,0.2435) eV, w hich co rrespond  

to  A m f3 =  1.1 x 10- 3eV 2 and  A m ^  =  4.8 x 10- 5eV 2. T h e  m ixing  angles p red ic ted  a t th e  weak 

scale are  sin2 2023 =  0.99, sin2 2012 =  0.87 an d  sin 013 =  0.08. B ecause th e  m asses are larger 

th a n  0.1 eV, th e y  are  te s tab le  a t th e  p resen t searches for th e  neu trino less doub le b e ta  decay.

P r e d i c t i o n s  f o r  t h e  O s c i l l a t i o n  P a r a m e t e r s

In  th e  lite ra tu re , th e re  are th ir ty  m odels based  on S 0 (1 0 ) , six m odels th a t  u tilise  single- 

R H -n eu trin o  dom inance m echanism , five based on L e — — L T sym m etry , te n  based  on S 3 

sym m etry , th re e  on sym m etry, one on S O (3 ) sym m etry , and  th re e  based on tex tu re-zero  

assum ptions. T h e  p red ic tions of these  m odels for sin2 013 a re  sum m arised  in figures 25 and  26 . 

In  som e m odels, a  range of values (ra th e r  th a n  a single value) is given for 013. If  these  values 

range over N  b ins for sin2 013 in a  p a r tic u la r  m odel, a  w eight of 1 /N  is assigned for each bin. 

As a resu lt, non-in teger values for th e  num ber of m odels for som e values of sin2 013 can  arise.

F igu re  25 shows th e  h is tog ram  of th e  num ber of m odels for each sin2 013 inc lud ing  all sixty 

m odels and  one inc lud ing  only m odels th a t  p red ic t all th re e  m ixing angles. A n observation  one 

can  d raw  im m ediately  is th a t  th e  p red ic tions of S 0 (1 0 )  m odels are larger th a n  10 - 4 , and  th e  

m ed ian  value is roughly  ~  10- 2 . F u rth erm o re , sin2 013 <  10- 4  can  only arise in m odels based 

on lep tonic sym m etries. However, these  m odels are no t as p red ic tive  as th e  G U T  m odels, due  

to  th e  u n ce rta in ty  in th e  charged-lep ton  m ixing m atrix . In  th is  case, to  m easure 013 will requ ire 

a  n eu trin o  su p erb eam  or th e  N eu trin o  Factory. In  ta b le  5 th e  reach of fu tu re  experim en ts  is 

sum m arised .

In  figure 26 , h istogram s of th e  num ber of m odels for each sin2 013 value are show n for b o th  

n orm al and  inverted  neu trino -m ass h ierarchies. F rom  these  tw o d iagram s, one finds th a t  th e re  

a re  m ore m odels th a t  p red ic t th e  norm al h ierarchy  th a n  th e  inverted  hierarchy. T h is  could
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Table 5: A sum m ary  of th e  cu rren t experim ental lim it on 013 and  th e  reach of fu tu re  experim ents.

sin2 29 \i sin 6 \s

cu rren t lim it 10 “ 1 0.16

reac to r 

conventional beam  

su p erb eam  

n eu trin o  fac to ry

10 “ 2 

10 “ 2 

3 x 10“ 3 

(5 -  50) x 10“ 5

0.05 

0.05 

2.7 x 10“ 2 

(3.5 -  11) x 10“ 3

P red ic tio n s o f  A ll 61 M o d els M o d e ls th a t P red ic t A ll 3 A ng les
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Figure 25: Histogram of the number of models for each sin2 913. The diagram on the left includes all sixty models, 
while the diagram on the right includes only those that give predictions for all three leptonic mixing angles.

m erely be a resu lt of th e  th e o ris ts ’ p rejud ice for th e  m odel. W h a t is m ore im p o rta n t is th e  

co rre la tion  betw een th e  ty p e  of th e  h ierarchy  and  th e  p red ic ted  values for 013. In  th e  norm al- 

h ierarchy  case, th e  p red ic ted  values te n d  to  be larger, w hile in th e  inverted  case, th e  d is tr ib u tio n  

is q u ite  uniform . T he  norm al h ierarchy  arises in S 0 (1 0 )  m odels w ith  ty p e-I see-saw, m odels w ith  

sing le-R H -neutrino  dom inance, and  m odels based  on S O (3) and  A 4 lep ton  sym m etries, w hile 

th e  inverted  h ierarchy  arises in m odels based  on L e — — L T, S 3, and  S 4 lep ton  sym m etries.

In  conclusion, p red ic tions for 013 range from  zero to  th e  cu rren t experim en ta l lim it. For 

m odels based  on G U T  sym m etries, th e  norm al m ass h ierarchy  can  be g enera ted  natu ra lly . T h e  

inverted  h ierarchy  m ay also be o b ta in ed  in these  m odels w ith  a ty p e -II see-saw, even th o u g h  

som e fine-tun ing  is needed. P red ic tio n s  for 013 in these  m odels te n d  to  be large, w ith  a m edian  

value sin2 013 ~  0.01. O n th e  o th e r hand , m odels based  on leptonic sym m etries can  give rise 

to  inverted  hierarchies and  th e  p red ic tions for 013 can  be  q u ite  sm all. Therefore, m odels based 

on lep ton  sym m etries will be favoured if 0 13 tu rn s  o u t to  be tin y  and  th e  inverted  h ierarchy 

is observed. However, if 013 tu rn s  o u t to  be large, th e  tw o d ifferent classes w ould no t be 

d is tingu ishab le . A precise m easurem ent for th e  dev ia tion  of 023 from  n /4  can  also be crucial for 

d istingu ish ing  d ifferent m odels. T h is  is especially  tru e  for m odels based  on lep ton  sym m etries
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Figure 26: Histogram of the number of models for each sin2 013. The diagram on the left includes models 
that predict normal mass hierarchy, while the diagram on the right includes models that predict inverted mass 
hierarchy.

in w hich th e  dev ia tion  strong ly  depends on how th e  sy m m etry  b reak ing  is in troduced  in to  th e  

m odels. P recision  m easurem ents are th u s  ind ispensab le  in o rder to  d is tingu ish  d ifferent classes 

of m odels.

3 . 2 . 2  S u m  R u l e s

In  th e  previous section, th e  p red ic tions of various m odels of n eu trin o  m asses have been reviewed. 

M any p a rticu la rly  a ttra c tiv e  classes of m odels lead to  in te res tin g  pred ic tions for th e  neu trino - 

m ass m a trix  m v, such as for in stance  tri-b im ax im al o r b im ax im al m ixing. M easurem ents of 

n eu trin o  oscillation d e te rm in e  m a tr ix  elem ents of th e  neu trino -m ix ing  m atrix , Upmns, w hich 

m ay be w ritte n  as th e  p ro d u c t of VVL, th a t  d iagonalises th e  neu trino -m ass m a tr ix  and  V^L, 

w hich d iagonalises th e  charged-lep ton  m ass m a trix , i.e. UPMNS =  VeL vVL. O ften, th e  essential 

p red ic tions of flavour m odels are  h idden  due to  th e  presence of th e  charged lep ton  corrections. In 

m any  cases it can  be show n th a t  a  com bination  of th e  m easurab le  p a ram ete rs  $12, $13 , and  ö can 

be  com bined to  yield a p red ic tion  for th e  1-2 m ixing of th e  neu trino -m ass m a tr ix  [330,331], i.e. 

to  a r c s i n ( ^ )  for tri-b im ax im al and  j  for b im ax im al m ixing, for exam ple. In  an  SO(3) fam ily- 

sy m m etry  m odel based  on th e  see-saw m echanism  w ith  sequentia l dom inance th a t  p red ic ts  tri- 

b im axim al m ixing  v ia  vacuum  alignm ent, such a ‘sum  ru le ’ has been o b ta in ed  in reference [330]. 

In  reference [331], it has been  show n th a t  n eu trin o  sum  rules are  no t lim ited  to  one p a rticu la r  

m odel, b u t app ly  to  large classes of m odels u n d er very general assum ptions, to  be specified below. 

Exam ples for sum  rules w ith  th eo ry  p red ic tions of tri-b im ax im al and  b im axim al n eu trin o  m ixing, 

respectively, are  [330-332]:

$12 — $13 cos(Æ) ~  a r c s i n ^ ;  (107)

012 -  013 cos(£) ~  f .  (108)
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N eu trin o  sum  rules [330,331] are  th u s  a m eans of exp loring  th e  s tru c tu re  of th e  n e u trin o  m ass 

m a trix  in th e  presence of charged -lep ton  corrections and  of te s tin g  w hole classes of m odels. 

T he  sum  rules, such as those  of equa tions (107) and  (108), can  only be te sted  to  high-enough 

precision in th e  m ost accu ra te  experim en ta l facilities such as th e  N eu trin o  Factory.

C h a r g e d - l e p t o n  c o r r e c t i o n s  a n d  s u m  r u le s

To illu s tra te  th e  use of sum  rules in te s tin g  theories of th e  neu trino -m ass m a tr ix  in th e  presence 

of charged-lep ton  corrections, consider tw o exam ples, b im axim al [333] and  tri-b im ax im al [334] 

n eu trin o  m ixing, w here th e  p red ic ted  neu trino -m ix ing  angles are:

$12 =  n /4 ,  $V2 =  n /4 ,  $V3 =  0 for b im axim al n eu trin o  m ixing; and

d \ 2 =  a r c s i n ( ^ ) ,  0^2 =  7r / 4 , d \ 3 =  0  for tr i-b im ax im al n eu trin o  m ixing.

A sim ilar, b u t physically  d ifferent form , was p roposed  earlier [335]. T h e  lep tonic-m ixing m a trix  

is th e  p ro d u c t of VVL and  V1L, and  therefo re  co rrections to  th e  p red ic tions for th e  neu trino - 

m ixing angles given in equations (109) arising  from  th e  charged-lep ton  m ixing m a trix  m ust be 

eva luated  to  o b ta in  estim ates  of th e  m ixing angles th a t  a re  accessible experim entally .

T h e  charged-lep ton  corrections can  be evaluated  if it is assum ed th a t  th e  charged-lep ton  

m ixing m a tr ix  has a CK M -like s tru c tu re , i.e. th e  charged-lep ton  m ixing angles $e  are  sm all 

an d  d o m in a ted  by a 1-2 m ixing $f2. T h is is th e  case in m any  generic classes of flavour m odel in 

th e  con tex t of G U T s in w hich quarks and  lep tons are  assigned to  rep resen ta tio n s  of th e  unified 

gauge sym m etries [330,336,337]. For $V3 =  0, w hich is th e  case in th e  exam ples m entioned 

above, such charged-lep ton  corrections lead to  th e  following PM N S m ixing angles [331]:

$23 æ  $23 ) (110a)

$ 1 3 æ  sin($V3) $12 , (110 b)

$ 1 2 æ  $ V2 +  cos($V3) $12 cos(ö) . (110 c)

T h e  q u a n tity  ö w hich ap p ea rs  on th e  rig h t-h an d  side of eq u a tio n  (110c) is th e  D irac C P  phase 

observable in n eu trin o  oscillations. For b im ax im al and  tri-b im ax im al m ixing, th is  im plies th a t  

$23 ~  vr/4 and  leads to  th e  p red ic tion  0 \ 3 w ^ $ Î 2 - S u b s titu tin g  th e  expressions for 0 \ 3 and  023 

in to  equation  (110c) resu lts  in th e  following sum  rules [330-332]:

{
t  for b im ax im al n eu trin o  m ixing,

. / ï x f  , . , .  . , , . . . ( m )

a r c s i n ( ^ )  to r tri-b im ax im al n eu trin o  m ixing.

T herefore, in th e  case of b im axim al o r tri-b im ax im al n eu trin o  m ixing, precise m easurem ents of 

th e  lep tonic m ixing p a ram ete rs  $ 13, $ 12, and  ö allow th e  p red ic tion  for $V2 in eq u a tio n  (111 ) to  

be te sted  w ith o u t assum ing  any  p a rtic u la r  value for $f2.

M ore generally, if it is assum ed th a t  $ 13 æ  0 , $13 æ  0 and  $13 æ  0, and  assum ing  $23 æ  n /4 , 

th e n  [331]:

$ 1 2 — $ 1 3 cos(ö) æ  $ V2 ($ V2 from  “m v-th eo ry  black box” ) ; and  (112 a)

^ 13 ~  r̂om  “G U T  black box” ). (112 b)
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A m easurem en t of th e  com bination  of PM N S p aram eters:

$12 =  $ 1 2 — $ 13 cos(ö) (113)

can  be used to  co n stra in  th e  n eu trin o  m ixing $ V2 by m eans of th e  sum  ru le in eq u a tio n  (112a). In 

m any  unified flavour m odels, th e  C ab ib b o  angle, $c  is re la ted  to  $f2; equa tion  ( 112 b ) , therefore, 

can  be  used to  re la te  $ 13 to  $C . H ence, a  precise m easurem ent of $ 13 m ay be used to  te s t such 

G U T  pred ic tions.

S u m  R u l e s  a n d  S e n s i t i v i t i e s  o f  F u t u r e  E x p e r i m e n t s

For $ 12 to  be used to  d iscrim ina te  betw een th e  various m odels, precise, in d ep en d en t m easure 

m ents of $ 12 an d  on $ 13 cos(ö) are  requ ired , (for m ore deta ils  see [338]). $ 12 can  be m easured  

using  solar neu trinos  o r using th e  neu trinos  g enera ted  in nuclear reactors; a  com parison  of these 

op tions ind icates th a t  th e  b est precision on is o b ta in ed  using th e  la tte r  [97]. A n experim en t op 

tim ised  for th e  m easurem ent of $12, th e  ‘Survival P ro b ab ility  M IN im um ’ (SPM IN ) experim en t, 

has been  p roposed  [97]. In  th is  experim en t a single d e tec to r is p laced a t a  baseline of ~  60 km  so 

th a t  th e  first oscillation  m in im um  is righ t in th e  m iddle of th e  n eu trin o  energy sp ec tru m . T h e  

dependence of th e  2 a  e rro r on $ 12 on th e  exposure in u n its  of G W  k t y is show n in figure 27. T h e  

following system atic  u n certa in ties  w ere considered: no rm alisa tion , 5%; beam  tilt, 2%; energy 

scale, 0.5%, reac to r power, 2%; an d  bu rn -u p , 2%. A t large exposures these  sy stem atic  u n ce rta in 

ties are as large as th e  s ta tis tic a l uncerta in ty . T h e  figure also shows th e  perform ance th a t  would 

be  o b ta in ed  if th e  w ater in th e  S uper-K am iokande d e tec to r were doped  w ith  gadolin ium  to  m ake 

th e  d e tec to r sensitive to  n eu trin o s  from  th e  nuclear reac to rs  in J a p a n  [96]. A n o th er a lte rna tive , 

LEN A , a 40 k t liquid sc in tilla to r d e tec to r th a t  has been  proposed  for th e  F rejus la b o ra to ry  in 

France, w ould be sensitive to  n eu trinos  p roduced  in th e  F rench nuclear reac to rs  [339]. These 

experim en ts  w ould yield 2 a  e rro rs  on $ 12 of 2.6° and  1.35° respectively. T h e  S P M IN  experim en t 

has a g rea te r sensitiv ity  th a n  e ith er of these  proposals since th e  baseline has been  chosen to  be 

op tim al.

L ong-baseline experim en ts, w hich are sensitive to  ö and  $13 b u t have little  sensitiv ity  to  

$12 , m ust be  used to  d e te rm in e  $f2. T h e  precision w ith  w hich $f2 can  be de te rm ined , has been 

e s tim a ted  u n d e r th e  assu m p tio n  th a t  $12 has been  m easured  in a reac to r experim en t. T h ree  cases 

have been considered  co rrespond ing  to  2 a  e rro rs  on $ 12 of =  0.75°, 1.35°, and  2.6° respectively. 

For com parison , no te  th a t  th e  cu rren t e rro r on $ 12 is 5.6° [67]. To e s tim a te  th e  precision on th e  

q u a n tity  $f2 th e  general p rocedu re  described  in [340] has been  followed. T h e  analysis therefo re 

includes th e  u ncerta in ties  on $13 and  ö, inc lud ing  correlations, as well as th e  u n certa in ties  on $12 , 

A m ^1, $23, A m 31 and  th e  m a tte r  density. T h e  inclusion of th e  co rre la tion  betw een $ 13 an d  ö is 

crucial since th e  relevant oscillation p ro b ab ility  con ta ins te rm s w hich go as $ 13 sin ö and  $ 13 cos ö. 

However, th e  L / E  dependence of these  tw o te rm s is d ifferent and  therefo re  experim en ts  covering 

d ifferent L / E  ranges m ay have very d ifferent sensitiv ities to  $f2. For these  reasons th e  accuracy  

on th e  com bination  $ 13 cos ö m ay be  very d ifferent from  th e  precision w ith  w hich e ith e r $ 13 or 

cos ö can  be  d e te rm ined  individually.

N um erical estim ates  of th e  precision w ith  w hich $f2 can  be  d e te rm ined  were m ade using 

th e  assum ptions for th e  various oscillation  p a ram ete rs  defined in section 5 . T h e  calcu la tions are
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Figure 27: The 2 a  error on Ö12 as a function of the exposure for a so called SPMIN experiment.

perform ed w ith  G LoBES [45,46]. T h e  cases considered  are  (see section 5 .2 ): T 2H K  -  an  upg rade  

of th e  Jap an ese  su p erb eam  program m e; SPL to  F rejus -  a  E u ro p ean , C E R N  based  su perbeam  

facility; W B B  -  a US experim en t em ploying a w ide b an d  n eu trin o  beam ; a conservative N eu trin o  

F ac to ry  (N FC ) and  an  op tim istic  N eu trin o  F ac to ry  N FO  (as defined in section 5 .4); and  a

Y =  350 ß -b eam  (BB350) as described  in [341] (see section 5 .3 ).

F igu re  28 shows th e  3 a  allowed in terval in as a function  of th e  tru e  value of ö for sin2 2013 =  

10- 1 . T h e  p lo t shows th re e  d ifferent experim en ts  from  left to  right: SPL, T 2H K , and  W B B . 

All th re e  have good sensitiv ity  to  0f2. T h e  presence of th e  m ass-h ierarchy-degenerate  solu tions 

(dashed  lines) lim its th e  usefulness of SPL  and  T 2H K  severely. T hese experim en ts  are  no t able 

to  d istingu ish  betw een b im axim al and  tri-b im ax im al m ixing (horizon tal lines). T h is  prob lem  is 

absen t for W B B  for w hich th e  accuracy  on 0f2 is also som ew hat b e tte r .

F igu re  29 shows th e  resu lts  for: BB350, N FC , and  N FO . E ach  of these  experim en ts  is u n 

affected by th e  m ass-h ierarchy  degeneracy  p rob lem  m entioned  above for th e  large value of 0 13 

considered . N FO  offers th e  best sensitiv ity . T h e  conservative N eu trin o  F ac to ry  op tion  com pares 

well to  BB350, w hereas th e  perfo rm ance on ö and  013 ind iv idually  is m uch worse th a n  for BB350 

(see also section 5 .4 ). T h e  reason for th is  is th a t  an  experim en t for w hich events are cen tred  

a round  th e  first oscillation  m axim um , such as a ß -b eam  or a superbeam , is sensitive m ain ly  to  

th e  013 sin ö te rm . T h e  N eu trin o  Factory, however, p roduces th e  bu lk  of th e  events above th e  

first oscillation  m axim um  and  th u s  is m uch m ore sensitive to  th e  0 13 cos ö te rm .

So far, resu lts  for large 013 only have been  shown. However, th e  re la tive perfo rm ance of th e  

various op tions does no t change very m uch w ith  013. In  co n tra st, each of th e  op tions considered 

except th e  N eu trin o  F ac to ry  suffers from  th e  m ass-h ierarchy  degeneracy  prob lem  if 013 is too
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Figure 28: The 3 a  allowed interval for the combination of physical parameters $f2 =  $12 — $13 cos(S) (defined in 
equation (113)) as a function of the true value of S for sin2 2$13 =  10-1 . The left hand panel is for SPL, whereas 
the middle one is for T2HK and the right hand one for WBB. The dashed lines are for the sgnAmj^ degenerate 
solution. The colours indicate different errors on $12: blue -  2.8°, red -  1.35° and green -  0.75°. For the true 
value of $12, sin2 $12 =  0.3 ($12 =  33.12°) has been used. The horizontal lines show the case of bimaximal and 
tri-bimaximal neutrino mixing.
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Figure 29: The 3 a  allowed interval for the combination of physical parameters $f2 =  $12 — $13 cos(S) (defined in 
equation (113)) as a function of the true value of S for sin2 2$13 =  10-1 . The left hand panel is for BB350, whereas 
the middle one is for NFC and the right hand one for NFO. The dashed lines are for the sgnAm31 degenerate 
solution. The colours indicate different errors on $12: blue -  2.8°, red -  1.35° and green -  0.75°. For the true 
value of $12, sin2 $12 =  0.3 ($12 =  33.12°) has been used. The horizontal lines show the case of bimaximal and 
tri-bimaximal neutrino mixing.
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coloured lines are for different experiments as given in the legend. The sgnAmj^ degenerate solution has been 

omitted. The error on 012 is 0.75°.

sm all. For in te rm ed ia te  values of sin2 2d13 ~  10- 2  th e  accuracy  of th e  m easurem ent of d12 is th e  

d o m in a tin g  fac to r and  th e  perform ance of th e  various experim en ts  is sim ilar if th e  m ass-h ierarchy 

prob lem  is ignored. T h e  tru e  value of d12 used in th e  p lo ts is d12 =  33.12° (sin2 d12 =  0.3). For 

larger (sm aller) values of tru e  d12, th e  bands and  islands in figures 28 and  29 are  sh ifted  up  

(dow n) accordingly. T h e  perfo rm ance of all experim en ts  a t large sin2 2d 13 =  10- 1  is sum m arised  

in figure 30 . A n in te res ting  observation  from  th is  figure is th a t  th e  W B B  perform s second only 

to  N FO . T h e  N F  is p a rticu la rly  well su ited  to  th e  d e te rm in a tio n  of th e  com bination  d13 cos ö, 

m aking  th is  th e  m achine of choice for te s tin g  th e  sum  rule, even for large d13.

3 . 2 . 3  C a b i b b o  H a z e  i n  L e p t o n  M i x i n g

As a s tep  tow ard  an  ex p lan a tio n  of th e  physics of flavour, a  phenom enological approach  was 

advoca ted  recen tly  in w hich p a ram etrisa tio n s  of th e  lep ton -m ix ing  m a trix  w ere developed as 

an  expansion  in A =  sin dc ~  0.22 in analogy w ith  W olfenstein’s p a ram e trisa tio n  of q u ark  

m ixing [342-344]. In  ad d itio n  to  its p rac tica l advan tages for phenom enology, th e  W olfenstein 

p a ram e trisa tio n  h in ts  a t a  gu id ing  princip le  for flavour th eo ry  by prov id ing  a fram ew ork for 

exam in ing  q u ark  m ixing in th e  A ^  0 lim it. Q uark -lep ton  un ification  im plies th a t  if C abibbo- 

sized p e rtu rb a tio n s  are p resen t in th e  q u ark  sector, such p e rtu rb a tio n s  will also be m anifest in 

th e  lep ton  sector. D ue to  th e  presence of large angles, however, th e  lep ton-m ix ing  m a tr ix  is 

unknow n in th e  A ^  0 lim it (unlike th e  q u a rk  m ixings, w hich vanish). H ence, if th e  lim it of zero
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C abibbo -ang le  is m eaningful for theory, th e re  is a  ‘C ab ib b o  haze’ in lep ton  m ixing, in w hich th e  

in itia l o r ‘b a re ’ values of th e  m ixings are screened by C abibbo-sized  effects.

C ab ib b o  effects therefo re  rep resen t dev ia tions from  b are  m ixings. T h ey  can  be dev iations from  

zero m ixing (as in th e  q u ark  sector); in th is  approach  such effects are  likely to  rep resen t th e  

d om in an t source of d13. For d23 and  d12 (and  possib ly  d13), C abibbo-sized  p e rtu rb a tio n s  represen t 

dev ia tions from  (p resum ab ly  large) non-zero in itia l values. P a ram e trisa tio n s  are  categorised 

according  to  th e  bare  m ixings and  th e  s tru c tu re  of th e  allowed p e rtu rb a tio n s . P e r tu rb a tio n s  

w hich are  linear in A yield sh ifts of < dc ~  13°, w hile O(A2) shifts are ~  3°. C P -v io la ting  phases 

can  en te r th e  O(A) shifts b u t m ay only occur a t sub -lead ing  order, in w hich case th e  effective 

phase is suppressed  and  th e  size of d13 does no t d ic ta te  th e  size of C P -v io la ting  observables.

O ne aim  of th is  approach  is to  o b ta in  an  efficient p a ram e trisa tio n  of th e  lep ton-m ix ing  m a trix  

in analogy to  th e  W olfenstein p a ram e trisa tio n  for th e  quark -m ix ing  m a trix . However, cu rren t 

d a ta  is clearly  consisten t w ith  m any  possible W olfenstein-like p a ram etrisa tio n s . O ne reason is 

th a t  th e re  is a  w ide range of possible bare  m ixing p a ram ete rs  an d  C ab ib b o  shifts, th o u g h  some 

p a rticu la r  values m ay be singled o u t by w ell-m otivated flavour theories. A n o th er reason is th e  

cu rren t precision of th e  d a ta . R ecast in te rm s of th e  C ab ib b o  angle, th e  e rro r b a r on d12 is of 

O(A2), w hile th e  u n certa in ties  in d23 and  d13 a re  of O(A). A lthough  it is no t possible to  single 

o u t a p a r tic u la r  p a ram etrisa tio n , th e  approach  provides an  organ ising  princip le  for categorising  

th e  m any  top-dow n flavour m odels based  on a A expansion . T h e  approach  also provides a useful 

fram ew ork in w hich to  in te rp re t th e  resu lts  of fu tu re  experim ents, such as th e  p rogram m e to  

m easure d13. F u tu re  facilities are  expec ted  to  reach th e  O(A2) range, w hich will yield im p o rta n t 

insight in to  th e  n a tu re  of lep ton  m ixing in th e  A ^  0 lim it.

T h e  classification schem e proceeds as follows. R ecall th a t  th e  W olfenstein p a ram e trisa tio n  is 

based on th e  idea th a t  th e  h ierarch ica l q u a rk  m ixing angles can  be u n d ers to o d  as a A expansion, 

w ith:

U c k m  =  1 +  O (A ). (114)

In  th e  lep ton  sector, a  sim ilar p a ram e trisa tio n  requires a A expansion  of th e  form  :

U p m n s  =  W  +  O (  A). (115)

T he s ta r tin g  m a tr ix  W , w hich is d ic ta te d  by th e  (unknow n) underly ing  flavour theory , is th e n  

p e rtu rb e d  m ultip licatively  by a u n ita ry  m a tr ix  V(A), w hich in tu rn  is assum ed to  have a A 

expansion:

V (A) =  1 +  O ( A). (116)

For th e  quarks, th e  s ta r tin g  m a trix  is th e  id en tity  m a tr ix  and  th e  p e r tu rb a tio n  m a trix  takes th e  

W olfenstein form . For th e  lep tons, th e  s tru c tu re  of th e  allowed p e rtu rb a tio n s  d epend  on th e  

deta ils  of W . D ue to  C ab ib b o  haze, W  can take  d ifferent form s w hich are  characterised  by th e  

num ber of large angles. For sim plicity  a tte n tio n  will be res tric ted  here to  th e  best-m o tiva ted
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scenario, in w hich th e  bare  solar and  a tm ospheric  m ixings, n 12 and  n23, are  non -zero and  th e  

bare  d13 vanishes (see [343] for a  m ore general analysis). In  th is  case W  is of th e  form:

/ 1  0 0 \  /  cos n 12 sin n12 0 \

W  =  R 1(n23 ) R 3(n12) = 0 cos n23 sin n23 

V0 -  sin n23 cos ^23/

cos n 12 sin n12 

— sin n 12 cos n12 0

V 0 0 1 /

P ,  (117)

w here P  is a  d iagonal phase  m a trix  of th e  form:

P

/ eiai 0 0 \

0 e ia 2  0

V 0 0 eia3J

(118)

w hich encodes th e  tw o physical M a jo ran a  C P -v io la ting  phases a 12 =  a 1 — a 2 and  a 23 =  a 2 — a 3.

U nlike th e  q u a rk  sector, generically  th e  p e rtu rb a tio n s  do  no t com m ute w ith  th e  s ta r tin g  

m atrix :

[W , V(A)] =  0 . (119)

Hence, th e re  are  several possible im plem en ta tions of C ab ibbo  shifts:

•  R igh t  Cabibbo shifts.  T he  p e rtu rb a tio n s  can  be in troduced  as a m u ltip lica tion  of V(A) on 

th e  right:

U p m n s  =  W V  (A).; (120)

•  L e f t  Cabibbo shifts. T h e  p e rtu rb a tio n s  can  be im plem ented  as a m u ltip lica tion  of V(A) on 

th e  left:

U p m n s  =  V(A) W ; (121)

•  M id d le  Cabibbo shifts.  T h e  p e rtu rb a tio n s  can  be sandw iched betw een th e  ro ta tio n  m atrices 

of W :

UPMNS =  R 1 V(A) R 3P , (122)

or

UPMNS =  R 1 V(A) R 3P . (123)

To see th a t  th is  encom passes all possibilities, recall th a t  th e  assu m p tio n  of C ab ibbo  haze is th a t  

th e  lep ton-m ix ing  m a tr ix  has a A expansion:

u p m ns(a) =  E  An W n,  (124)
n =0
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in w hich W 0  =  W . T h is  can  be expressed as a righ t C ab ibbo  shift:

œ

Upmns(A) =  W  ^  An (W - 1  Wn) =  W V(A), (125)
n=0

w ith  V =  X ^ = 0 An (W - 1Wn ). I t can  also be expressed as a m iddle C ab ib b o  shift (d ropp ing  P  

for sim plicity):

u p m n s (a) =  r 1r 3v  ( a ) ;

=  R  ( R 3V M R - 1 ) R 3 =  R 1V '(A )R3- (126)

T h e  genera lisa tion  to  left sh ifts is stra igh tfo rw ard . N ote  th a t  since V , by assum ption , is given 

by:

œ
n

V(A) =  1 +  1 ]  An Vn, (127)
i=1

V; can  also be  w ritte n  in an  analogous form:

œ

y M  =  R 3V R - 1  =  1 +  An ( R 3V nR - 1 ). (128)
i=1

H ence, th e  decom position  in to  right, left, or m iddle sh ifts is m eaningful for a  specific choice of 

V. To leading  o rder in A, V is assum ed to  be:

V

(  1 a 1A c1A \ 

—a^A 1 b1A 

V -c îA  — &ÎA 1 j

+  ©(A2), (129)

w hich encom passes th e  W olfenstein form  (a 1 =  1, b1 =  c1 =  0, and  h igher o rder te rm s b2 =  A 

an d  C3 =  A ( p  — ^  — irj), in self-evident n o ta tio n ), and  allows for m ore general p e rtu rb a tio n s . 

Finally, as th e  sh ifts in th e  m ixing angles are clearly  dom inated  by p e rtu rb a tio n s  linear in A, it 

is useful to  categorise m odels fu r th e r  as single, double , or tr ip le  shifts according  to  th e  num ber 

of such ©(A) p e rtu rb a tio n s  in V .

G iven these  ingred ien ts, a  sy stem atic  classification of possible m odels was presen ted  in [342, 

343], to  w hich th e  reader is referred  for fu r th e r  details . H ere a tte n tio n  will be focused on one 

subse t of exam ples. I t  is s tra ig h tfo rw ard  to  o b ta in  th e  following general resu lts for th e  0 (A ) 

sh ifts in th e  m ixing angles (including  phases):

•  R ig h t  shifts:

$12 =  n12 +  A |a11 c o s (a 12 +  0 a i) (130)

$23 =  n23 +  A (cos n12 |&1 | cos(a23 +  <&>i ) — sin n12 |c1 | c o s (a 12 — a23 +  0ci )) (131)

$13 =  A|b1eia23 s in ^12 +  C1ei(ai2-a23) cos n d ;  (132)
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•  L e f t  shifts:

$12 =  n 12 +  A (cos n23|a11 cos <pa1 — sin n23 |C11 cos 0 ci ) (133)

$23 =  n23 +  A|b11 cos 0 6i (134)

$13 =  A| sin n23a1 +  cos n23C1|; (135)

•  M idd le  shifts:

$12 =  n 12 +  A |a11 cos 0ai (136)

$23 =  n23 +  A|6 11 cos 06i (137)

$13 =  A|C11. (138)

E ach  scenario  displays d is tin c t co rre la tions betw een th e  C ab ib b o  shifts of th e  m ixing  angles. 

N ote  th a t  ce rta in  sh ifts are sized by factors d ep en d en t on th e  bare -m ix ing  p aram eters . In 

add ition , th e  sh ifts in th e  m ixing angles d epend  on th e  M a jo ran a  phases a 12, a 23 only in th e  

righ t C ab ib b o  shift scenario. T h e  reason is th a t  generically:

[P , V(A) ] =  0, (139)

and  hence th e  righ t sh ifts can  be rew ritten  as follows:

U p m n s  =  W P V

=  W  ( P V P - 1  ) P  =  W V m P  . (140)

Vm  can  be o b ta in ed  from  V th ro u g h  th e  rep lacem ents a i ^  a i eia i2 , bi ^  6ieia23, and  ci ^
Ciei(«i2-«23)

How m ight ce rta in  exam ples em erge from  th e  v iew poin t of flavour th eo ry ?  O ne class of 

exam ples occur w ith in  g ran d  unified m odels in w hich th e  ferm ion D irac-m ass m atrices obey 

S U (5) and  S 0 (1 0 ) . G U T  re la tions based  on th e  sim plest Higgs s tru c tu re s  and  th e  dow n-quark  

m ass m a trix  is fu r th e r  assum ed to  be sym m etric, such th a t  M d =  ~  M e an d  M u ~  M v . 

In  such m odels, th e  q u a rk  and  lep ton  m ixing m atrices are re la ted  [345-348]:

UPMNS =  UCKM F ,  (141)

w here F  is a  m a tr ix  w hich encodes th e  effects of th e  n eu trin o  see-saw; in these  m odels, F  

m ust con ta in  tw o large angles. In  th e  language of th is  classification schem e, th is  scenario  is an  

exam ple of a  left C ab ibbo  single-shift m odel, in w hich F  plays th e  role of W  and  V takes th e  

form  of Uq k m . O th e r possible exam ples include m odels based  on qu ark -lep to n  com plem entarity , 

in w hich case W  is a  b im axim al-m ix ing  m a trix  and  V has a 1 =  0, b1 =  0, and  c1 m ay or m ay 

no t vanish  depend ing  on th e  deta ils  of th e  m odel. D ifferent p red ic tions for $ 13 a re  im plied in 

these cases depend ing  on w h e th er th e  m odel is a righ t, left, or m iddle C ab ib b o  shift m odel. 

T ri-b im axim al m ixing scenarios are  m odels in w hich W  takes on th e  s ta n d a rd  tri-b im ax im al 

form , and  V has a 1 =  b1 =  0 and  c1 m ay or m ay no t be zero, w ith  a range of p red ic tions for $ 13 

d ep end ing  on th e  shift scenario.
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T urn ing  now to  th e  issue of C P  vio lation , th e  p a ram etrisa tio n s  also d isp lay  different p red ic tions 

for th e  lep tonic D irac and  M ajo ran a  phases, d ep end ing  on th e  deta ils  of how and  w h e th er phases 

en te r W  and  V . H ere, only  D irac -type  C P  v io lation  is considered  (as C P -v io la ting  observables 

sourced by M ajo ran a  phases are  helicity  suppressed  and  th u s  difficult to  observe). For m odels 

in w hich W  has tw o large angles (th e  reader is once again  referred  to  [343] for a  m ore general 

d iscussion), th e  invarian t m easure of D irac C P  violation:

J c p  =  Im (U a iU ß jU ß U a j) -  sin 2$12 sin 2$23 sin 2$13 sin 5, (142)

vanishes in th e  A ^  0 lim it, and  a non -zero  value can  be g enera ted  in tw o ways:

•  C om plex  V (A): V(A) can  be th e  source of C P -v io la ting  phases, w hich can  be O (1) (as in th e  

q u a rk  sector). M odels can  be categorised  in te rm s of w h e th er C P  v io lation  en ters  a t leading 

or h igher o rder in A, and  w h eth er th e  effective lep tonic phase  is p red ic ted  to  be O (1) or 

fu r th e r  suppressed;

•  B are  M a jorana  phases:  M a jo ran a  phases can  also provide a source for D irac C P  v io lation  

once th e  C abibbo -sized  p e rtu rb a tio n s  are  sw itched on. For left and  m iddle C ab ib b o  shifts, 

th is  does no t occur. However, for righ t C ab ib b o  sh ifts it does, as such sh ifts encode P  

th ro u g h  th e  m odification  V ^  Vm.

C onsider equa tion  (141) as an  illu s tra tive  exam ple. If V is of th e  W olfenstein form  (com plex 

0 (A3) te rm s), J CP is:

1 3
J c p  =  ^ A X  r?cosr?23sin2r?23sin2r?i2. (143)

N ote  th a t  in th is  m odel, th e  sh ifts in th e  angles are  given to  0 (A 2) by:

$12 =  n 12 — A cos n23 , (144)

$23 =  T)23 -  X2( A  +  i  sin2r?23) and  (145)

$13 =  —A sin n23 . (146)

T he  effective lep tonic phase  is 5 0 (A 2), in c o n tra s t to  th e  O (1) CK M  phase. T h is  suppression  

occurs because th e  phases in V arise in su b d o m in an t co n trib u tio n s  to  th e  m ixing  angles. M odels 

w ith  th is  fea tu re  d em o n stra te  th a t  w hile th e  m ag n itu d e  of $ 13 is clearly  co rre la ted  w ith  th e  

p rospects  for th e  observab ility  of lep ton -sec to r C P  vio lation , it is no t th e  w hole sto ry  because 

th e  C P -v io la ting  phase  itself m ay be suppressed .

In  sum m ary, we are  beg inn ing  to  read  th e  new  lep ton  d a ta , b u t th e re  is m uch w ork to  do 

before a sa tisfac to ry  and  credib le th e o ry  of flavour is proposed . In  th e  m eantim e, it is illu s tra 

tive to  exam ine th e  lep ton  sector th ro u g h  th e  lens of qu ark -lep to n  unification , and  investigate  

p a ram etrisa tio n s  of th e  lep ton-m ix ing  m a trix  w hich include C abibbo-sized  effects. T h e  approach  

em phasises th e  need for precision m easurem ents, as p resen t d a ta  are insufficient for singling ou t 

a p a rticu la r  p a ram etrisa tio n . Should th e  lim it of zero C ab ib b o  m ixing  prove to  be m eaningful 

for theory, w ith  im proved d a ta  we m ay be able to  see flavour p a tte rn s  th ro u g h  th e  C ab ibbo  

haze.
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3 .3  L e p t o n - f l a v o u r  v i o l a t i o n

Searching for lep ton-flavour v io lation  in charged-lep ton  decays is an  im p o rta n t way to  look 

for new  physics beyond th e  S ta n d a rd  M odel [349]. Since th e  early  days of m uon experim ents, 

processes such as ß  ^  eY have been searched for, and  th e  absence of such processes has lead 

us to  consider th e  sep ara te  conservation  of e lectron  and  m uon num bers. T h e  discovery of two 

flavours of n eu trin o  in 1962 a t BN L ind ica ted  th a t  lep ton-flavour conservation  is indeed realised 

in n a tu re  to  a good degree of accuracy.

T h e  s itu a tio n  has changed since th e  discovery of th e  n eu trin o  oscillations. T h e  sep ara te  con 

servation  of each lep ton  num ber ind iv idually  is likely v io lated . However, lepton-flavour v io lation  

can  be  observed in charged-lep ton  processes depends on how n eu trin o  m ass is genera ted . In  th e  

sim ple D irac-neu trino , or th e  see-saw, fram ew ork, lep ton-flavour v io la ting  processes in m uon 

decays are suppressed  by m ore th a n  tw enty  o rders of m ag n itu d e  below th e  p resen t experim en ta l 

u p p e r  bounds. O n th e  o th e r hand , lep ton-flavour v io lation  becom es large, if som e new partic les 

o r in teractions exists a t th e  TeV scale. Therefore, searching  for lep ton-flavour v io lation  in m uon 

an d  ta u  decay processes provides im p o rta n t in fo rm ation  on th e  origin  of th e  n eu trin o  m ass.

L e p t o n - f l a v o u r  v i o l a t i o n  in  t h r e e - m u o n  p r o c e s s e s

A m ong th e  various lep ton-flavour v io la ting  processes, th ree-m uon  processes, ß  ^  eY, ß  ^  3e, 

and  ß  — e conversion in m uonic a tom s, are  p a rticu la rly  im p o rta n t. T h e  cu rren t experim en ta l 

u p p e r b ound  for ß  ^  eY [350] is a t th e  10- 11 level an d  a b o u t one o rder of m ag n itu d e  sm aller for 

th e  o th e r tw o processes [351,352]. A lthough  th e  ß  — e-conversion process has th e  sm allest u p p er 

bound , th e  process w hich im poses th e  strongest co n s tra in ts  on th e  th eo re tica l p a ram ete rs  de 

pends on th e  m odel u n d er considera tion . M uonium -an ti-m uon ium  conversion is a n o th e r process 

w hich violates th e  conservation  of electron  and  m uon num bers b u t conserves th e  to ta l lep ton  

num ber. T h is  process is sensitive to  new  physics w hich changes th e  m uon and  electron  num bers 

by tw o un its . U p p er b ounds on th e  b ranch ing  ra tios  of tau -lep ton-flavour v io la ting  processes 

have been  im proved recen tly  a t K E K  and  th e  SLA C -B -factory experim en ts, and  have reached 

th e  level of 10- 7  and  below depend ing  on th e  decay m ode in question  [353-361]. G enerally  

speaking , th ree -m uon  processes p u t s trin g en t co n s tra in ts  on m odels th a t  yield lep ton-flavour vi 

o la tion  and  th e  s tu d y  of correlations am ong th e  varous processes is useful to  iden tify  th e  correct 

m odel.

In  near fu tu re , th e  M EG  experim en t is expected  to  im prove th e  search-lim it on th e  ß  ^  eY 

process by m ore th a n  tw o orders of m agn itude. If  lep ton-flavour v io lation  is discovered, th e  nex t 

steps will be  to  discover th e  n a tu re  of lep ton-flavour v io lation  and  to  d istingu ish  betw een th e  

d ifferent m odels. T he  following techn iques can  be used to  do  th is:

•  T h e  ra tio  of th e  b ranch ing  ra tio s  of ß  ^  3e (ß  — e conversion) and  ß  ^  eY depends on 

w h a t k inds of o p e ra to r are responsib le  for lep ton-flavour v io lation . In  p articu la r, if all th ree  

processes are g enera ted  by th e  sam e pho ton ic-d ipo le-type o p era to r, th e  following rela tions
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are  hold:

B (ß +  ^  e + e + e —) 

a ( ß - T i ^  e - T i)

(147)

(148)

T h is  is a  good app rox im ation , for exam ple, for m ost supersym m etric  m odels. O n th e  o th e r 

h an d , if lepton-flavour v io lation  is g enera ted  by tree-level processes, ß  ^  3e a n d /o r  ß  — e 

conversion, th e  b ranch ing  fractions could be m uch larger th a n  th a t  of ß  ^  eY ;

•  A ngular d is tr ib u tio n s  in po larised  m uon decays provide in fo rm ation  on th e  chiral and  C P  

s tru c tu re s  of lepton -flavour v io la ting  o p era to rs  [362]. For th e  ß  ^  eY search w ith  a polarised  

ß + , th e  ß +  ^  e+ y  and  ß +  ^  eRy  o p era to rs  are  d is tingu ished  by th e  an g u lar d is tr ib u tio n  

of th e  p ositron -m om en tum  d irec tion  w ith  respect to  th e  in itia l m uon-po larisa tion  d irec tion . 

T h e  chiral s tru c tu re  carry s in fo rm ation  on th e  origin of th e  lepton-flavour v io lating  in te rac 

tion . In  supersym m etric  m odels, for exam ple, th e  ch ira lity  depends on w h e th er th e  flavour 

m ixing exists in th e  right- o r le ft-handed  slep ton  sector, and  th is  d is tin c tio n  could provide 

very im p o rta n t clues to  th e  in te rac tio n  a t th e  G U T  scale; and

•  In  th e  ß  — e conversion search, b ran ch in g -ra tio  m easurem ents of different a tom s provides 

one m eans of d iscrim in a tin g  betw een th e  different o p era to rs  [363]. T h e  a tom ic-num ber de 

pendence of th e  ß  — e-conversion ra te  differs for different types of quark-level o p era to rs . For 

exam ple, we can  d istingu ish  scalar, vector, and  pho ton-d ipo le  ty p e  o p era to rs  by com par 

ing b ranch ing  fractions m easured  using d ifferent nuclei, for exam ple a low -atom ic-num ber 

nucleus such as a lum in ium  and  a heavy nucleus such as lead.

T hese techn iques w ould provide in fo rm ation  on d ifferent aspects of lep ton-flavour v io la ting  in 

te rac tio n s, and  are th e  basic steps to  requ ired  to  clarify  th e  n a tu re  of new  in teractions.

S u p e r s y m m e t r y  a n d  m u o n  l e p t o n - f la v o u r  v i o l a t i n g  p r o c e s s e s

A m ong th e  new  physics m odels explored by searches for lepton -flavour vio lation , supersym m e 

t ry  is th e  m ost im p o rta n t. Since su p ersy m m etry  requires th e  in tro d u c tio n  of a  supersym m etric  

p a r tn e r  for each partic le  in th e  S tan d a rd  M odel, slep tons should exist. M ass te rm s for th e  

slep ton  d epend  on su p ersy m m etry -b reak in g  te rm s, w hich do no t have an  a-p rio ri re la tion  w ith  

lep ton  m ass te rm s. In  fact, th e  flavour m ixing in th e  slep ton-m ass m a tr ix  is strong ly  constra ined  

by th e  lep ton  flavour-v io lating  processes. T h is  is a  p a r t of th e  flavour prob lem  in supersym m et- 

ric m odels, som e m echanism  is needed to  suppress flavour-changing n eu tra l-cu rren t processes 

in th e  q u ark  and  th e  lep ton  sectors. A so lu tion  to  th is  prob lem  is one of necessary  conditions 

for a  realistic  supersym m etric  m odel, and  a varie ty  of su p ersy m m etry -b reak in g  m echanism s are 

p roposed . In  princip le, we will be able to  identify  th e  correct scenario  by looking a t th e  su p er 

p artic le  m ass sp ec tru m  in energy fron tier experim en ts  a t th e  LH C  and  th e  In te rn a tio n a l L inear

Searches for lepton-flavour v io lating  processes have a role to  play in th e  d e te rm in a tio n  of 

th e  off-diagonal elem ents of th e  slep ton-m ass m a trix . T h e  d e te rm in a tio n  of these  elem ents is

Collider.

79



10-10
A  =  0 ,M 2= 1 5 0  G e V  , i  > 0

o
A

10-

10-

10-

ta n ß  = 3  ( S 0 ( 1 0 ) )

10- ta n ß  = 1 0  ( S 0 ( 1 0 ) )  

ta n ß  = 3  (S U (5 ) )  

ta n ß  = 10  (S U (5 ) )

10-
-22

0 2 0 0 4 0 0 6 0 0

R ig h t- h a n d e d  s e le c tro n  m a s s  (G e V )

Figure 31: ß ^  ey branching ratios for SU(5) and S0(10) SUSY GUT. From [349].

p a rticu la rly  im p o rta n t because these  elem ents ca rry  in fo rm ation  a t very high energy scales such 

as th e  G U T  scale and  th e  see-saw n eu trin o  scales [364,365]. E ven  if we take  a scenario  w here 

off-diagonal s lep ton  te rm s are absen t a t th e  P lanck  scale, reno rm alisa tion  effects due  to  large 

Y ukawa coupling  co n s tan ts  can  induce sizable off-diagonal te rm s. In  SU SY -G U T m odels, th e  

large to p  Yukawa coupling  co n s tan t a  source of lepton-flavour v io lation  because quarks and  

lep tons are  connected  to  each o th e r above th e  G U T  scale [366,367]. A typ ical exam ple is shown 

in figure 31 for SU(5) and  S0(10) SUSY  G U T s. T h e  b ranch ing  ra tio  is expec ted  to  be close to  

th e  cu rren t experim en ta l u p p e r lim it for th e  S 0 (1 0 ) case.

In  th e  supersym m etric  see-saw m odel, a  p o ten tia lly  large Yukaw a coupling  is p rovided  by 

th e  n eu trin o  Yukawa coupling  constan ts . T he  off-diagonal te rm  in th e  le ft-handed  slep ton-m ass 

m a trix  is give by:

w here M p  and  M r  are  th e  P lanck  m ass and  th e  rig h t-h an d ed  n eu trin o  m ass respectively, m 0 is 

th e  universal scalar m ass, A 0 is th e  un iversal trip le -scalar-coup ling  co n stan t for supersym m etry - 

b reak ing  te rm s, and  yv is th e  n eu trin o  Yukaw a coupling  co n stan t. Since th e  see-saw rela tion  

suggests th a t  th e  Yukaw a coupling  is p ro p o rtio n a l to  th e  square-roo t of M R, th e  lepton-flavour 

v io la ting  b ranch ing  ra tio  is p ro p o rtio n a l to  M rr. A lthough  th e  flavour s tru c tu re  of yv is no t 

d irec tly  re la ted  to  th e  flavour m ixing in th e  PM N S m a trix , it is n a tu ra l to  expec t sizable off

d iagonal elem ents from  th e  large n eu trin o  m ixing. In  fact, th e  ß  ^  eY b ranch ing  ra tio  can  reach 

th e  experim en ta l bound  for M R =  0(1013) — 0(1014) GeV [368-370].

T h ere  is an  in te res tin g  special case w hich can  be realised for a larger value of th e  ra tio  of

( m f j i j  ~  — ^ 2 ( V v Y k i i y v ) k jm.Q(3  +  | A 0 |2 ) l n ( ^ ) , (149)
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Figure 32: ß — e conversion branching ratio in aluminium nucleus and ß ^  eY branching ratio as a function 
heavy CP even Higgs boson mass in the supersymmetric see-saw model [374].

th e  tw o Higgs vacuum  ex p ec ta tio n  values ( ta n  ß ) [371-373]. In  th is  case, supersym m etric  loop 

corrections to  th e  H iggs-lepton vertex  can  genera te  a large lep ton-flavour v io la ting  coupling. 

As a resu lt, heavy H iggs-boson exchange d iag ram s can  be d om inan t, and  th e  ß  — e conversion 

process is enhanced  rela tive to  th e  ß  ^  eY process [374]. A n exam ple is show n in figure 32 . 

For a sm aller heavy-H iggs-boson m ass, th e  tw o b ranch ing  ra tio s can  be  m ore sim ilar. For th e  

sam e p a ram e te r space, we can  confirm  th a t  th e  dom in an t o p e ra to r is of th e  scalar ty p e  from  th e  

a tom ic-num ber dependence of th e  ß  — e conversion ra te .

O t h e r  t h e o r e t i c a l  m o d e l s

T h ere  are m any  new -physics m odels th a t  p red ic t sizable ra te s  for m uon lepton-flavour v io lating  

processes [349]. In  m any cases, th e  lepton-flavour v io lation  is re la ted  to  th e  physics of neu trino - 

m ass genera tion , nam ely  th e  in te rac tio n  responsib le for th e  n eu trin o  m ixings also induces lep ton- 

flavour v io lation . T h is  is th e  case for th e  supersym m etric  see-saw m odel d iscussed above. O th er 

exam ples are  th e  Zee m odel [375], D irac-type bu lk  n eu trinos  in th e  w arped  e x tra  d im ension 

[376], th e  trip let-H iggs m odel [317,377], and  th e  non -supersym m etric  le ft-righ t sym m etric  m odel 

[315,378,379]. S upersym m etric , w ith  R -p arity  v io lation , can  be considered  to  be in th is  category, 

since n eu trin o  m asses can  be g enera ted  from  R -p a rity  v io la ting  couplings [380]. Since each 

m odel in troduces lep ton-flavour v io lation  in a different way, th e  phenom enological fea tu res can  

b e  q u ite  d ifferent and  m easurem en ts will provide im p o rta n t clues to  iden tify  th e  co rrec t m odel 

of neu trino -m ass genera tion .

T h e  trip le t-H iggs m odel provides a sim ple way to  genera te  n eu trin o  m asses from  a sm all tr ip le t 

vacuum -expec ta tion  value. In  th is  m odel, th e  tr ip le t Higgs an d  lep ton  coupling  genera ting  

n eu trin o  m ass also induces a doubly-charged  Higgs boson and  lep ton  coupling. T h e  neu trino - 

m ixing m a trix  has a d irec t re la tion  to  th e  doubly-charged-H iggs-boson coupling. Since th e  

doubly-charged  Higgs boson gives a tree-level co n trib u tio n  to  th e  ß  ^  3e process, th is  can
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d o m in a te  over th e  o th e r tw o processes. O n th e  o th e r hand , th e  ß  ^  eY and  th e  ß  — e conversion 

b ranch ing  ra tio s becom e sim ilar.

T h e  left-righ t sym m etric  m odel also has th e  trip le t-H iggs field. In  th is  case, however, n eu trin o  

m asses can  be g enera ted  by th e  see-saw m echanism . T h e  rig h t-h an d ed  neu trino -m ass te rm  

arises in association  w ith  S U (2 ) L x S U (2 ) R x U (1 )B -L  sym m etry  b reak ing  to  th e  S tan d a rd  

M odel gauge groups. If  th is  scale is close to  th e  TeV scale, observable lep ton-flavour v io lating  

effects are genera ted  th ro u g h  th e  doubly-charged  Higgs boson and  lep ton  couplings. U nlike th e  

trip let-H iggs m odel, th e  re la tionsh ip  betw een n eu trin o  m ixing and  lep ton-flavour v io lation  is no t 

stra igh tfo rw ard . A generic fea tu re  is th a t  th e  ß  ^  3e b ranch ing  ra tio  is la rger by tw o orders of 

m ag n itu d e  com pared  to  th e  ß  ^  eY and  th e  ß  — e conversion b ranch ing  ratios.

In  th is  way, m uon lepton-flavour v io la ting  processes provide one way to  explore physics be 

yond th e  S ta n d a rd  M odel. T h is  is p a rticu la rly  im p o rta n t because n eu trin o  oscillations are clear 

evidence of new  physics, and  th e  origin of n eu trin o  m asses is still unknow n. T here  are  various 

scenarios for neu trino -m ass genera tion , each w ith  different fea tu res th a t  m ay give rise to  observ 

ab le signals for lep ton-flavour v io lation  in charged-lep ton  processes. T h e  experim en ta l p u rsu it 

of ß  ^  eY, ß  ^  3e, and  ß  — e conversion is im p o rta n t if th e  origin  of flavour m ixing in th e  

lep ton  sector is to  be  determ ined .

3 . 4  C o s m o l o g y

3 . 4 . 1  N e u t r i n o s  a n d  L a r g e  S c a l e  S t r u c t u r e

T h e  observation  of cosm ological p e r tu rb a tio n s  -  such as Cosm ic M icrowave B ackground  (CM B) 

an iso trop ies, o r th e  large-scale density  p e r tu rb a tio n s  reco n stru c ted , e.g., from  th e  galaxy d is 

tr ib u tio n  in th e  U niverse -  are  know n to  provide good m easurem ents of m any cosm ological 

p aram eters . For instance, th e  sp ec tru m  of cosm ological p e r tu rb a tio n s  is very sensitive to  th e  

ab u n d an ce  of u ltra -re la tiv is tic  partic les in th e  early  U niverse. T h is  can  be used to  m ake a 

good es tim a te  of th e  num ber of n eu trinos  w hich were in th e rm a l equ ilib rium  a t th a t  tim e, 

p a ram etrised  by an  effective num ber, N eff. T h e  s ta n d a rd  scenario  w ith  th re e  n eu trin o  flavours 

an d  no o th e r re la tiv istic  relics in th e  U niverse (a p a rt from  pho tons) co rresponds to  N eff =  3, 

while scenarios w ith  one light sterile  n e u trin o  originally  in th e rm a l equ ilib rium  corresponds to  

N eff =  4; re laxing  th e  th e rm a l equ ilib rium  assum ption , th e  last scenario  w ould give 3 <  N eff <  4. 

C u rren t cosm ological bo u n d s give N eff =  3.8+f'6 a t 2ct  [381-387], w hich is com patib le  w ith  th e  

s ta n d a rd  scenario, b u t also w ith  th e  presence of e x tra  re la tiv istic  relics. F u tu re  experim en ts 

are expec ted  to  reach a 1ct  sensitiv ity  of 0.3 in app rox im ate ly  five years from  now, and  should 

be  able to  confirm  th e  s ta n d a rd  N ff  =  3 cosm ological scenario  w ith  b e t te r  accuracy  th a n  Big 

B ang  nucleosynthesis bounds. In  th e  rest of th is  section, it will be assum ed, for sim plicity, th a t  

Neff =  3.

N eu trin o  m asses are  m ore difficult to  m easure th a n  N eff because th e y  are  to o  sm all to  con 

t r ib u te  m ore th a n  ~  1% of th e  cu rren t energy density  of th e  U niverse. F o rtunate ly , th e  fo rm ation
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of s tru c tu re s  (galaxies and  c lusters) d u rin g  th e  m a tte r-d o m in a ted  epoch  is q u ite  sensitive even 

to  sm all n eu trin o  m asses.

3 .4 .1 .1  I m p a c t  o f  n e u t r i n o s  o n  s t r u c t u r e  f o r m a t io n :  t h e o r e t i c a l  p r e d i c t i o n s

T h e  process of galaxy fo rm ation  depends very m uch on th e  velocity d ispersion  of th e  com po 

n en ts  c o n trib u tin g  to  th e  m a tte r  of th e  U niverse (for a  review, see [388]). If  all non-re la tiv istic  

com ponen ts  (such as baryons and  Cold D ark  M atte r, CD M ) have a very  sm all velocity d is 

p ersion  th e  process of g rav ita tio n a l collapse reaches its m axim al efficiency. T h e  m a tte r  (or 

energy) density  c o n tra s t s ta r ts  from  very sm all values in th e  early  U niverse, w ith  Fourier m odes 

ök =  [öpk/p] of o rder 10- 5 . O n w avelengths co rrespond ing  to d a y  to  th e  L arge Scale S tru c tu re  

(LSS) of th e  U niverse, th e  density  c o n tra s t s ta r ts  to  be am plified d u rin g  th e  rad ia tio n  dom inated  

epoch, b u t a t a  slow (logarithm ic) ra te . Efficient s tru c tu re  fo rm ation  begins a fte r th e  tim e of 

ra d ia tio n -m a tte r  equality , w hen th e  p h o ton  p ressu re  canno t resist th e  g rav ita tio n a l in-fall. A t 

th is  po in t, th e  ra te  of linear s tru c tu re  fo rm ation  is given by ök «  a, w here a  is th e  scale factor. 

T h is sim ple law is th e  resu lt of a  balance betw een g rav ita tio n a l collapse and  th e  expansion  of 

th e  U niverse (w hich te n d s  to  increase all d istances, and  therefo re  to  d am p  g rav ita tio n a l forces 

and  to  slow dow n s tru c tu re  fo rm ation ). A crucial observation  is th a t  ök «  a  is a  so lu tion  of th e  

E in ste in  eq u a tio n  only u n d er th e  cond ition  th a t  th e  sam e species co n trib u tes  to  b o th  g rav ita 

tiona l collapse and  to  th e  expansion  (th ro u g h  th e  F riedm ann  law). T h is  process b rings ök from  

o rder 10 - 5  to  o rder one, i.e. to  th e  non-linear regim e, s ta r tin g  w ith  th e  sm allest w avelengths. 

T he  non-linear evo lu tion  is very difficult to  sim ulate  num erically, b u t m any  cu rren t and  fu tu re  

observations are based  on large enough w avelengths o r redsh ifts  for p rob ing  th e  linear (or m ildly 

non-linear) regim e, for w hich th eo re tica l p red ic tions are well u n d e r control.

If n eu trinos  have a sm all m ass (it will be assum ed first, for sim plicity, th a t  only one species 

is m assive), th e re  will be a co n s tan t frac tion  of non -re la tiv istic  m a tte r  in th e  form  of neu trinos 

betw een th e  tim e a t w hich th e  n e u trin o  becam e non -re la tiv istic  and  today. N on-relativ istic  

neu trinos  have a m uch larger velocity d ispersion  th a n  CD M  partic les, only  tw o or th re e  orders 

of m ag n itu d e  sm aller th a n  th e  speed of light:

v  =  —  ~  —  ~  150(1 +  z)  ( k m s “ 1 , (150)
m m  \  m  J

w here z =  (a0/ a  — 1) is th e  redsh ift. T h e  n eu trinos  can n o t c lu ste r on scales sm aller th a n  th e  

to ta l  d is tance  over w hich th e y  trave l on average betw een th e  early  U niverse and  to d a y  (th is 

d istance , called th e  free-stream ing  leng th , is insensitive to  th e  precise choice of ‘tim e zero ’). 

Indeed , on such scales, th e  n eu trin o s  experience free diffusion in stead  of being  tra p p e d  inside 

g rav ita tio n a l p o ten tia l wells. Therefore , we could expec t naively th a t  on scales sm aller th a n  

th e  free-stream ing  scale, th e  density  co n tra s t ök of th e  to ta l non-re la tiv istic  m a tte r  should be 

reduced by a frac tion  f v, w here f v is th e  re la tive co n trib u tio n  of neu trinos  to  th e  to ta l non- 

re la tiv istic  m a tte r  density. F o rtunate ly , th e  effect is s tronger th a n  th is  since neu trinos  no t only 

do  no t p a rtic ip a te  in th e  g rav ita tio n a l collapse on sm all scales b u t n eu trinos  also slow dow n th e  

g row th  of th e  density  co n tra s t of o th e r m a tte r  com ponents, CD M , and  baryons.
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T h e  balance betw een g rav ity  and  expansion  described  above is broken in presence of neu trinos. 

O n scales sm aller th a n  th e  free-stream ing  leng th , neu trinos  do n o t p a rtic ip a te  in th e  g rav ita tio n a l 

collapse, b u t co n trib u te  to  th e  expansion  because th e ir  hom ogeneous background  density  ap p ears  

in th e  F riedm ann  equation . So, m assive n eu trinos  give rise to  m ore expansion  for th e  sam e 

am o u n t of m a tte r  su b jec t to  g rav ita tio n a l c lustering  th a n  w ould be th e  case if n eu trinos  were 

m assless. As a consequence, th e  g row th  ra te  of th e  density  c o n tra s t ök is reduced on those  scales 

to  ök «  a 1-(3/5)fv. If th e  n e u trin o  m ass is very sm all, th is  red u c tio n  is tiny, b u t it accum ulates 

over an  ex tended  period  of tim e, so th a t  to d a y  ök can  be significantly  sm aller th a n  in th e  m assless 

case; typ ica lly  th e  rela tive red u ctio n  is given by a fac to r —4 f v.

In  to ta l, th e  s ig n a tu re  of m assive neu trinos  on th e  to ta l m a tte r  pow er sp ec tru m  a t redsh ift z, 

d eno ted  P ( k ,z )  =  (|ök (z ) |2), is th e  sum  of tw o effects:

1 . As a function  of k, th e  m a tte r  pow er sp ec tru m  P (k ,  z) is step-like suppressed  for w avelengths 

sm aller th a n  th e  free-stream ing  leng th  (see figure 33 ). M ore precisely, for any observable red 

sh ift, w h a t m a tte rs  is th e  free-stream ing  leng th  a t th e  tim e of th e  non-re la tiv istic  tran s itio n , 

since P (k ,  z) goes th ro u g h  a m axim um  w hen:

/  ï V  \  1/ 2
Anr ~  350 Q “ 1/ 2 f j  h ~ l M pc , (151)

w here Qm  ~  0.3 is th e  m a tte r-d e n sity  frac tion  today. T h e  rela tive am p litu d e  of th e  sm all- 

scale suppression  to d a y  is well ap p rox im ated  by —8 f v. N ote  th a t  no o th e r cosm ological 

p a ram ete rs  have such a step-like effect on P ( k ,z ) ;  and

2 . As a function  of z o r a, th e  m a tte r  pow er sp ec tru m  undergoes a different evolu tion  on 

large scales (w ith  P ( k ,z )  «  a 2) and  sm all scales (w ith  P ( k ,z )  «  a 2-(6/5)fv). T h is  is an 

abso lu tely  un ique effect of d a rk -m a tte r  partic les w ith  a large velocity  d ispersion , no o th e r 

know n ingred ien t can  ju s tify  such a scale-dependen t g row th  factor.

N ote th a t  b o th  effects d ep en d  p rim arily  on th e  to ta l n eu trin o  m ass M v =  ^ i m vi (sum m ed over 

th e  th re e  m ass eigenstates):

Qj, Mj,

u  = ü Z  T ï ë v -

Since m assive n eu trin o s  have such d is tin c t signatu res on LSS, th e  to ta l n eu trin o  m ass may, in 

princip le, be e x tra c ted  w ith  a precision w hich depends upon:

•  T h e  s ta tis tic a l and  system atic  u n certa in ties  of th e  experim en ta l d a ta ; large u ncerta in ties  will 

resu lt in a confusion betw een th e  effect of m assive neu trinos  and  th a t  of o th e r cosm ological 

param eters; and

•  T h e  prio rs th a t  are considered  accep tab le  for th e  underly ing  cosm ological m odel.
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Figure 33: Ratio of the matter power spectrum including three degenerate massive neutrinos with density fraction 
f v to that with three massless neutrinos. The parameters (wm, Qa ) =  (0.147, 0.70) are kept fixed, and from top 
to bottom the curves correspond to f v =  0.01, 0.02, 0.03,. .. , 0.10. The individual masses m v range from 0.046 eV 
to 0.46 eV, and the scale fcnr =  2n/Anr from 2.1 x 10-3h Mpc- 1 to 6.7 x 10-3h Mpc-1 as shown on the top of the 
figure.

3 .4 .1 .2  C u r r e n t  b o u n d s

C urren tly , th e  com bination  of u p -to -d a te  CM B and  LSS d a ta  is com patib le  w ith  th e  sim plest 

version of th e  A CD M  scenario, con ta in ing  th re e  species of m assless neu trinos. Still, cosm ological 

observations provide a s trin g en t u p p e r b ound  on th e  to ta l n eu trin o  m ass. T h is  b o u n d  is no t 

un ique since it depends on th e  exact d a ta  set considered  and  on th e  th eo re tica l priors. T he  d a ta  

sets used to  d e te rm in e  th e  b o u n d  include CM B an iso tropy  m easurem ents (from  W M A P  [389] and  

o th e r experim en ts  p rob ing  sm aller an g u lar scales). CM B aniso trop ies have a weak dependence 

on n eu trin o  m asses, b u t by accu ra te ly  m easuring  o th e r cosm ological p a ram ete rs  CM B d a ta  plays 

a crucial role in reducing  p a ram e te r degeneracies.

C u rren t large-scale s tru c tu re  d a ta  consists of several types of com plem en tary  observations. 

O ne of th e m  is th e  galaxy-galaxy tw o-poin t co rre la tion  function , b est m easured  by th e  2dF  [390] 

and  SDSS [391, 392] groups. T h is  observable can  be used over a range of scales and  d irec tly  

reflects th e  shape  of th e  linear pow er sp ec tru m  p red ic ted  by th e  theory , m odulo  an  unknow n no r 

m alisation  fac to r called th e  ligh t-to -m ass bias, th e  galaxy-galaxy co rre la tion  function  probes th e  

shape, b u t no t th e  am p litu d e  of th e  p rim ord ia l sp ec tru m . T herefore , an  accu ra te  d e te rm in a tio n  

of th e  shape  of th e  sp ec tru m  is sufficient for d e tec tin g  th e  ch arac te ris tic  step-like suppression  

caused by m assive neu trinos. However, th e  galaxy-galaxy co rre la tion  function  does no t p robe  

an  ex tended  range of scales; it is lim ited  on sm all scales by th e  fact th a t  it is difficult to  com pare 

th e  th eo ry  w ith  th e  d a ta  for s trong ly  non-linear scales k >  0 .2h - 1  M pc; and  it is lim ited  on 

large scales by selection effects (i.e., if galaxies are  to o  far from  us, th e y  are  also to o  fain t to  be
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accu rate ly  sam pled).

To com plem ent th is  ty p e  of observation , th e  ligh t-to -m ass b ias can  be  m easured  (for exam ple 

by using  h igher-o rder correlations beyond th e  tw o-poin t co rre la tion  function). D e te rm in a tio n  of 

th e  ligh t-to-m ass b ias is im p o rta n t for th e  d e te rm in a tio n  of th e  n eu trin o  m ass because it fixes th e  

am p litu d e  of th e  m a tte r  pow er sp ec tru m  on sm all scales, w hile on large scales CM B experim en ts 

p rovide an  accu ra te  no rm alisa tion . T h e  com parison  of th e  tw o m easurem ents provides some 

co n s tra in ts  on th e  step-like suppression  caused  by m assive neu trinos.

In s tead  of being  com pu ted  in th ree-d im ensional space, th e  galaxy-galaxy tw o-poin t co rre la tion  

function  can  be m easured  in an g u lar space. T h is m eth o d  offers g rea te r sensitiv ity  to  th e  acoustic  

oscillations im prin ted  on th e  baryon  density  before pho to n  decoupling. T h is  ty p e  of d a ta  is 

u sually  called B aryonic A coustic O scillation  (BA O) d a ta . T h e  la tes t BA O  d a ta , o b ta in ed  by 

th e  SDSS co llabo ra tion  [393], provides m ore precise co n s tra in ts  on cosm ological pa ram ete rs  

(includ ing  th e  n eu trin o  m ass) th a n  can  be o b ta in ed  using  th e  th ree -d im ensional galaxy-galaxy 

pow er sp ec tra  a t presen t.

M easurem ents of th e  m a tte r  pow er sp ec tru m  over a w ide range of scales on b o th  sides of th e  

ch arac te ris tic  scale Anr are  requ ired  for th e  d e te rm in a tio n  of n eu trin o  m ass. Since th e  lim ita tion  

on sm all scales is given by th e  tra n s itio n  to  th e  non -linear regim e, it w ould be very useful to  

m easure th e  m a tte r  pow er sp ec tru m  a t large redsh ift, i.e. far back in tim e, w hen th e  non-linear 

scales were confined to  sm aller w avelengths th a n  today. T h is can  be done using th e  L ym an- 

a  forest d a ta  com ing from  a deta iled  analysis of q u asa r spectra , o b ta in ed  for in stance  by th e  

SDSS co llabo ra tion  [394]. For each sp ec tru m , one can  identify  a w aveband co rrespond ing  to  

L y m a n -a  ab so rp tio n  along th e  line of sight; th e  w avelength a t w hich th e  L y m a n -a  abso rp tio n  

b an d  ap p ea rs  depends up o n  th e  redsh ift of th e  galaxy in question . T h e  L y m a n -a  forest d a ta  

is a  tra c e r  of m a tte r  fluc tua tions  a t redsh ifts  in th e  range 2 <  z <  3, th is  is to  be com pared  

w ith  cu rren t d a te  on th e  galaxy-galaxy co rre la tion  function  w hich spans redsh ifts  in th e  range

0 <  z <  0.2. Therefore , L y m a n -a  forest d a ta  can  p robe  very  sm all scales w hich are strong ly  

non-linear today, b u t were m ildly  non-linear a t th e  tim e of th e  tran s itio n . T h e  d a ta  can  be 

re la ted  to  th e  th eo re tica l linear pow er sp ec tru m . However, th e re  is still som e controversy  a b o u t 

various aspects  w hich m ight lead to  an  u n d erestim a tio n  of system atic  u ncerta in ties .

A g raph ical sum m ary  is p resen ted  in figure 34 , w here th e  cosm ological b ounds found in th e  

lite ra tu re  co rrespond  to  th e  ho rizontal bands. T h e  th re e  b ands co rrespond  to  different types of 

d a ta  and  th e  th ickness of each b an d  roughly  describes th e  spread  of values o b ta in ed  by different 

au th o rs  [388] (see reference [395] for an  u p d a te ). T h e  u p p e r b an d  co rresponds to  th e  co n stra in ts  

o b ta in ed  from  CM B d a ta  only. T hese b ounds are  very ro b u s t because th e  CM B probes th e  

density  c o n tra s t deep in to  th e  linear regim e. T h e  2<r lim its on M v derived  from  cu rren t CM B 

d a ta  range from  2 eV to  3 eV. T h e  m iddle b an d  includes th ree-d im ensional m easurem ents 

of th e  galaxy-galaxy co rre la tion  function  in ad d itio n  to  CM B d a ta . Here, th e  light-to-m ass 

b ias is left as a  free p a ram ete r, so th e  d a ta  only m easures th e  shape  of th e  m a tte r  pow er 

sp ec tru m . T h e  co rrespond ing  ro b u s t and  conservative b ounds on th e  n eu trin o  m ass are  in th e  

range 0.9 — 1.7 eV. Finally, th e  lower b and  includes d a ta  w ith  m ore controversial system atic  

uncerta in ties , o r for w hich th e  com parison  betw een th e o ry  and  observations is non -triv ia l and
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Figure 34: Various current upper bounds (2a level) from cosmological data on the total neutrino mass, compared 

to the values in agreement with neutrino oscillation data (at the 3 a  level): for normal hierarchy, the total neutrino 

mass as a function of the lightest eigenstate mass is to be found between the two red lines; for inverted hierarchy, 

between the two black lines.

su b jec t to  cau tion , th e  ligh t-to-m ass b ias d e te rm in a tio n  a n d /o r  L y m a n -a  forest d a ta  a n d /o r  

BA O  an g u lar sp ec tru m . In  th is  case, th e  u p p e r lim it on M v ranges typ ically  from  0.2 

to  0.9 eV. O ne can  see from  figure 34 th a t  cu rren t cosm ological d a ta  p robe  th e  region w here 

th e  3 n eu trin o  s ta te s  are  degenera te , w ith  a m ass M v/3 . If one tru s ts  th e  m ost aggressive 

com bination  of d a ta  sets (in p a rticu la r, from  L y m a n -a  forests), th is  region can  be considered  as 

en tire ly  excluded by cosm ological observations.

3 .4 .1 .3  F u t u r e  p r o s p e c t s

In  o rder to  im prove th e  b ounds on M v significantly, or to  d e tec t a  non-zero value, it is necessary 

to  observe large-scale s tru c tu re s  bo th :

•  O n larger scales th a n  today, in o rder to  increase th e  lever-arm  on th e  m a tte r  pow er sp ec tru m  

tow ards large w avelengths, and  also to  reduce th e  s ta tis tic a l (sam pling) e rro r on all scales; 

and

•  A t h igher redsh ift to  p robe  sm aller scales in th e  linear or m ildly  non-linear regim e and  

th e re b y  to  increase th e  lever a rm  tow ards sm all w avelengths. In  add ition , m easurem ents 

a t high redsh ift a re  sensitive to  th e  m odified g row th  ra te  of density  co n tra s ts  w hich are 

im p rin ted  by neu trinos  on sm all scales.

87



2 o  s e n s i t iv i t ie s 2 o  s e n s i t iv i t ie s  in c lu d in g

É"
w

5?

lightest mv (eV) lightest mv (eV)

Figure 35: Forecast 2a sensitivities to the total neutrino mass from future cosmological experiments, compared to 

the values in agreement with present neutrino oscillation data (assuming a future determination at the 5% level). 

Left: sensitivities expected for future CMB experiments (without lensing extraction), alone and combined with 
the completed SDSS galaxy redshift survey. Right: sensitivities expected for future CMB experiments including 
lensing information, alone and combined with future cosmic shear surveys. Here CMBpol refers to a hypothetical 
CMB experiment roughly corresponding to the Inflation Probe mission.

M ore precise CM B d a ta  w ould also be useful to  co n stra in  m ore strong ly  o th e r cosm ological 

p a ram ete rs  so fu r th e r  reducing  p a ram e te r degeneracies.

T h e  expec ted  sensitiv ity  of different cosm ological d a ta  to  M v is show n in figure 35. T h e  figure 

also shows th e  values of M v w hich are allowed in tw o of th e  possible th ree -n eu trin o  schemes 

(see reference [388] for deta ils). T h e  le ft-hand  panel shows th e  expec ted  sensitiv ity  of fu tu re  

CM B and  galaxy-redsh ift surveys. T h e  P lanck  sa te llite  will provide a m easurem ent w ith  a 20 - 

sensitiv ity  of th e  o rder of 1 eV; th e  sam e d a ta  com bined w ith  th e  com pleted  resu lts  of th e  SDSS 

galaxy  redsh ift survey should reach 0.4 eV  [396]. N A SA  is s tu d y in g  a num ber of p ro jec ts  w ith  

even b e tte r  sensitiv ity  and  reso lu tion , u n d e r th e  generic nam e of th e  ‘In fla tion  P ro b e ’ [397]. 

T aking  th e  sensitiv ity  of one of these  p ro jec ts , C M B pol, as a benchm ark , yields an  expected  

sensitiv ity  of 0.4 eV for C M B pol alone, and  a sensitiv ity  slightly  b e t te r  th a n  0.3 eV w hen th e  

C M B pol d a ta  is com bined w ith  SDSS.

M ore sp ec tacu lar im provem ents can  be expected  from  w eak lensing experim ents, th e  goal of 

w hich is to  deduce th e  su rro u n d in g  g rav ita tio n a l p o ten tia l an d  m a tte r  d is tr ib u tio n  from  th e  

d is to rtio n  of th e  im ages of galaxies or from  th e  an iso tropy  p a tte rn s  in th e  CM B rad ia tio n  itself. 

I t  w ould be im possible to  es tim a te  lensing effects by observ ing  a single galaxy or a  single CM B 

pixel. However, lensing d is to rtio n s  can  be accu ra te ly  deduced from  a s ta tis tic a l analysis of m any 

g roups of galaxies o r ex tended  regions in CM B m aps. CM B lensing m easurem ents offer a  un ique 

o p p o rtu n ity  to  p robe  density  co n tra s ts  a t very high redsh ift (up  to  z ~  3). However, galaxy weak 

lensing observations can  reach a h igher signal-to-noise ra tio  and  can  be used for tom ography. By
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classifying th e  source galaxies in redsh ift bins, one can  reco n stru c t th e  g rav ita tio n a l p o ten tia l 

d is tr ib u tio n  a t d ifferent redsh ifts , and  follow th e  grow th  of p e rtu rb a tio n s  as a function  of redsh ift. 

T h is has been  show n to  be p a rticu la rly  useful for p rob ing  th e  neu trino -m ass effect on sm all scales.

T h e  rig h t-h an d  pane of figure 35 shows th e  expected  sensitiv ity  of fu tu re  CM B experim en ts 

such as P lanck  and  C M B pol, inc lud ing  th e  lensing d a ta  ex tra c ted  from  th e  sam e experim en t. 

T he  2 0  sensitiv ity  to  M v is as good as 0.3 eV  and  0.07 eV respectively. T hese forecasts should 

be  in te rp re te d  w ith  care  because it has been  assum ed th a t  astrophysica l fo regrounds can  be 

rem oved accu rate ly  from  th e  CM B m ap. T h e  im provem ent in sensitiv ity  th a t  can  be ob ta ined  

by add ing  d a ta  from  galaxy w eak-lensing surveys is also shown. S300/S1000 refers to  experim en ts 

involving a sp a tia l te lescope scanning  galaxies in a sm all region of th e  sky (300 to  1000 squared  

degrees). G 2 n /G 4 n  refers to  p lausib le  g round-based  experim en ts  p rob ing  half of th e  sky or all 

of it. Such experim en ts  are  p lanned  for th e  near fu tu re  (see [167,388] and  references th e re in ). 

T h e  sensitiv ity  of P lanck  plus S300/S1000 is of th e  o rder of 0.2 eV, w hile C M B pol com bined 

w ith  a full-sky galaxy scan w ould reach a 2<r sensitiv ity  equal to  th e  m in im um  value of M v in 

th e  case of norm al h ie ra rchy  (of o rder 0.05 eV ). T h e  com bination  of m easurem ents of th e  CM B 

w ith  fu tu re  galaxy-cluster surveys (derived from  th e  sam e weak lensing observations as well as 

X -ray  and  S unyaev -Z el’dovich surveys) should yield a sim ilar sensitiv ity  [398,399].

3 . 4 . 2  L e p t o g e n e s i s

T h e  origin  of th e  m a tte r -a n tim a tte r  asy m m etry  is one of th e  m ost im p o rta n t questions in cos

mology. T h e  presen tly  observed baryon  asy m m etry  is [389]:

Y b  =  n B ~ UB ~  6 .1 x K T 10 . (153)
s

w here Yb  is th e  baryon  to  pho to n  ra tio  a t recom bination . In  1967 A. S akharov suggested th a t  th e  

baryon  density  can  be explained  in te rm s of m icrophysical laws [400]. T h ree  cond itions need to  

b e  fulfilled: th e re  m ust exist a  m echanism  by w hich baryon  num ber conservation  is v io lated; th e  

conservation  of C and  C P  m ust be v io lated; and  th e re  m ust be a period  in w hich th e  U niverse 

is o u t of th e rm a l equ ilib rium . Several m echanism  have been  proposed  to  exp lain  th e  baryon  

asym m etry , m any  of w hich are  d is-favoured by cosm ological or th eo re tica l considera tions.

Leptogenesis has em erged as a successful m echanism  for exp lain ing  th e  origin  of th e  baryon  

asy m m etry  of th e  U niverse [128]. A ssum ing th a t  B  — L is conserved b o th  a t th e  p e r tu rb a -  

tive and  th e  n o n -p e rtu rb a tiv e  level, th e n  if a  n e t B  — L (for exam ple a ne t lep ton  num ber) 

could be crea ted , th e n  th e  ‘sp h a le ro n ’ process w ould convert th e  n e t B  — L in to  a ne t baryon  

an d  lep ton  num ber of com parab le  m agn itude . L eptogenesis is p a rticu la rly  appea ling  because it 

takes place in th e  con tex t of see-saw m odels [127,222,223], w hich, n a tu ra lly  exp lain  th e  sm all 

ness of n eu trin o  m asses. As discussed above, th e  see-saw m echanism  requires th e  existence of 

heavy rig h t-handed  (RH ) M ajo ran a  neu trinos, singlet w ith  respect to  th e  S ta n d a rd  M odel gauge 

sy m m etry  group. In tro d u c in g  a D irac n eu trin o  m ass te rm  and  a M ajo ran a  m ass te rm  for th e  

r ig h t-h an d ed  neu trinos  v ia th e  L agrangian:

- C  =  V U  (m n ) i j  N Rj  +  -  (N Ri)c (M r ) ^  N Rj , (154)
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leads, for sufficiently large M r , to  th e  well know n see-saw form ula for th e  low -energy n eu trin o  

m ass m atrix , m v [127,222,223]:

m v ~  — m D M - 1  mD , (155)

=  U Dm U T , (156)

w here te rm s of o rder O (M —2) have bee neglected, D m is a  d iagonal m a tr ix  con ta in ing  th e  m asses 

m i,2,3 of th e  th re e  light m assive M ajo ran a  neu trinos, and  U is th e  u n ita ry  PM N S  m atrix .

T h e  C P -v io la ting  and  out-of-equilib rium  decays of R H  n eu trinos  p roduce a lep ton  asym m etry  

[128] th a t  can  be converted  in to  a baryon  asy m m etry  th ro u g h  anom alous electrow eak processes

[401,402]. T h e  requ isite  C P -v io la ting  decay asy m m etry  is caused by th e  in terference of th e  

tree-level co n trib u tio n  and  th e  one-loop corrections in th e  decay ra te  of th e  heavy M ajo ran a  

neu trinos, N i ^  $ -  1+ and  N i ^  $ + I - :

£i -  d T { N i ^ - e ,+ ) + T { N i^ + ^ - )
Im(mD molij \ / \ \  (157)

w here $  and  I  in d ica te  th e  Higgs field and  th e  charged lep tons, respectively. H ere v ~  174 GeV 

is th e  e lec trow eak-sym m etry-break ing  scale and  Xj =  M 2/ M 2. T h e  functions ƒ and  g s tem  from  

vertex  [128,403-405] and  from  self-energy [406-410] con tribu tions:

f ( x )  =  s j i  ( 1 -  (1 +  x )  In ( ^ ) )  ; and

» W  =  È &  ■

For x  1, i.e. for h ierarch ical heavy M ajo ran a  neu trinos, f ( x )  +  g (x )  ~  U nder these

assum ptions, th e  baryon  asy m m etry  is o b ta in ed  via:

Y B =  a ^ e  i ,  (159)
g*

w here a  ~  —1/ 2  is th e  frac tion  of th e  lep ton  asy m m etry  converted  in to  a baryon  asym m etry

[401,402], g* ~  100 is th e  nu m b er of m assless degrees of freedom  a t th e  tim e of th e  decay, and  

k  is a efficiency fac to r th a t  is o b ta in ed  by solving th e  B o ltzm ann  equations. Typically, one gets 

Yb  ~  6 x 10-10  w hen e 1 ~  (10- 6  — 10- 7 ) and  k ~  (10 - 3  — 10- 2 ). N ote th a t  th is  e s tim a te  of Yb  

is valid in th e  supersym m etric  theories to o  [406-410].

T h e  resu lts  rep o rted  so fa r are valid if th e  ind iv idual lep ton  flavours (w hich ind ica te  th e  lep ton- 

m ass e igensta tes a t th e  te m p e ra tu re  of leptogenesis) are  effectively ind istingu ishab le . R ecently, 

it has been po in ted  o u t th a t  if th is  a ssum ption  does no t hold, th e  evo lu tion  of th e  lep ton  

asy m m etry  in each flavour a ,  YL,a , needs to  be  considered  separa te ly  and  th e  resu lting  final 

baryon  asy m m etry  can  be d ifferent from  th e  one o b ta in ed  from  eq u atio n  (159) [411]. Following 

reference [411], consider th e  case of h ierarch ica l heavy n eu trinos  for w hich th e  genera tion  of th e  

lep ton  asy m m etry  is do m in ated  by th e  decay of th e  ligh test w ith  m ass M 1. T h e  lepton-flavour 

asy m m etry  is p ro p o rtio n a l to  th e  flavour C P -asym m etry , ea a , of th e  decay of N 1 in to  th e  lep tons 

of flavour a :

1 1
=  - — 2 T “ F------ —  y i I m ( ( m ß ) « i ( m Dm ß ) i i ( m ß ) a i  U{xj )  +g ( x j ) ) )  ■ ( 160) 

8nv (mDmD)11 j  v y
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B y solving th e  coupled B o ltzm ann  equations for th e  asym m etries co rrespond ing  to  th e  ind is 

t ingu ishab le  flavours, one o b ta in s  an  efficiency fac to r for each flavour a .  W hen  com pu ting  th e  

final baryon  asym m etry , th is  flavour efficiency fac to r w eights th e  decay asym m etries as ea a . If 

M 1 <  109 GeV, th e  ß  and  t  Y ukawa couplings are in equ ilib rium  and  th e  th re e  flavours need to  

be considered  separately . For 109 GeV ^  M 1 ^  1012 GeV, only th e  in teractions m ed ia ted  by th e  

t  Yukawa coupling  are in equ ilib rium  and  th e  prob lem  reduces to  an  effective tw o-flavour case. 

Finally, if M 1 >  1012 GeV, th e  Y ukawa in teractions are  all o u t of equ ilib rium  and  all flavours 

are ind istingu ishab le . In  th is  case, th e  resu lts of one flavour are recovered.

In  th e  M SSM , flavour effects are  relevant for even larger te m p e ra tu re  ranges [412]. H ere, th e  

one-flavour fo rm ulæ can  only  be applied  for te m p e ra tu re s  larger th a n  (1 +  ta n 2 ß ) x 1012 GeV, 

since th e  squared  charged-lep ton  Y ukawa couplings in th e  M SSM  are m ultip lied  by th is  factor. 

C onsequently, charged ß - and  t- le p to n  Y ukawa couplings are in th e rm a l equ ilib rium  for (1 +  

ta n 2 ß ) x 105 GeV ^  M 1 ^  (1 +  ta n 2 ß ) x 109 GeV an d  all flavours in th e  B o ltzm ann  equations 

are to  be tre a te d  separately . For (1 +  ta n 2 ß ) x 109 GeV <  M 1 <  (1 +  ta n 2 ß ) x 1012 GeV, 

only th e  t  Y ukawa coupling  is in equ ilib rium  and  only th e  t  flavour is tre a te d  sep ara te ly  in th e  

B o ltzm ann  equations, w hile th e  e and  ß  flavours are  ind istingu ishab le .

E stab lish in g  a connection  betw een th e  p a ram ete rs  a t low energy (n eu trin o  m asses, m ixing 

angles, and  C P -v io la ting  phases), m easu rab le  in princip le  in p resen t and  fu tu re  experim ents, 

and  a t h igh energy (relevant in leptogenesis) has been  intensively  investigated . T h e  num ber of 

p a ram ete rs  in th e  full L agrang ian  of m odels w hich im plem ent th e  see-saw m echanism  is larger 

th a n  th e  ones in th e  low -energy sector: in th e  case of th re e  light neu trinos  and  th re e  heavy ones, 

a t h igh  energy th e  th e o ry  con tains, in th e  n eu trin o  sector, 18 p a ram ete rs  of w hich 12  are real. 

A t low energy only 9 are accessible - 3 angles, 3 m asses and  3 phases. T h e  decoupling  of th e  

heavy rig h t-h an d ed  n eu trinos  im plies th e  loss of in fo rm ation  on 9 of th e  p a ram ete rs  requ ired  to  

specify th e  th eo ry  a t high energy. T h is  im plies th a t  reco n stru c tin g  th e  high-energy pa ram ete rs  

en tering  in th e  see-saw m odels from  th e  m easurem ent of th e  m asses, angles, and  C P -v io la ting  

phases of m v depends on th e  specific m odel considered.

U sing th e  w eak basis in w hich b o th  M r  and  th e  charged-lep ton  m ass m a tr ix  are real and  d i 

agonal, it is useful to  p a ram etrise  th e  D irac m ass by th e  b i-u n ita ry  or th e  o rthogonal pa ram etri-  

sations:

•  B i-U n i ta ry  param etr isa tion :  T h e  com plex 3 x 3 D irac m ass m a trix  can  be  w ritte n  in th e  

form  [413]:

mD =  UL m Dag U r  , (161)

w here U l  and  U r  a re  u n ita ry  3 x 3 m atrices and  mDag is a  real d iagonal m a trix . All th e  

C P -v io la ting  phases are  con tained  in UL and  UR; and

•  Orthogonal param etr isa tion :  B y using  th e  see-saw form ula, eq u a tio n  (155), we can  express 

m D as [156,414]:

mD =  i U Dm/ 2 R m R / 2 , (162)
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w here D m is th e  d iagonal real m a trix  w hich con ta ins th e  low -energy light n eu trin o  m asses, 

an d  R  is a  com plex o rthogonal m a trix . R  con ta ins 3 real p a ram ete rs  and  3 phases.

T he  use of these  p a ram e trisa tio n s  clarifies th e  dependence  of leptogenesis and  L F V  charged- 

lep ton  decays, on th e  different p a ram ete rs  en tering  in m D .

h erm itian  m a tr ix  mD mD :

For leptogenesis, in th e  case of one effective flavour, th e  decay asy m m etry  e 1 depends on th e

D-

■ UR (m D ag) 2 U r  , b i-u n ita ry ;

m D m D =  { 1/ 2 + 1/ 2 (163)
M R  R t D m R M r  , o rthogonal.

N otice th a t  th e  PM N S u n ita ry  m ixing m a trix  does no t en te r exp licitly  in to  th e  expression  for 

th e  lep ton  asym m etry . However, it has been  po in ted  o u t th a t  if th is  app rox im ation  does no t 

hold, single-flavour asym m etries need to  be considered. In  th is  case, th e  flavour C P  asym m etry  

m ay be w ritten :

3 M 1 I m (  m ß/ 2m P/ 2U^ U«pR ß iR p i)
=  ~T7, 2 Tp  12 ' ( 1 6 4 )

16nv2 m ß |R ß i |2

I t  is im p o rta n t to  notice th a t  in th is  case th e  lep ton  asy m m etry  depends also on th e  C P -v io la ting  

phases in U . In  th e  in te res ting  case of R  real, th e  asy m m etry  does no t cancel o u t an d  will be 

d e te rm ined  by th e  values of th e  low -energy D irac and  M ajo ran a  C P -v io la ting  phases, w hich are 

m easu rab le  in princip le  in fu tu re  experim ents.

In  th e  b i-u n ita ry  p a ram etrisa tio n , th e  n eu trin o  m ass m a trix  m v can  be w ritte n  as: 

mv =  - U* mDiag U r  M R 1 UT mDiag U* , (165)

show ing th a t  th e  phases in U receive co n trib u tio n s  from  C P -v io la tion  b o th  in th e  righ t-handed  

sector, responsib le  for leptogenesis, an d  in th e  le ft-handed  one, w hich en ters  in lep ton-flavour- 

v io la ting  processes. D ue to  th e  com plica ted  way in w hich th e  high-energy phases and  real 

p a ram ete rs  en te r in m v, equa tion  (165), if th e re  is C P -v io la tion  a t high energy, as requ ired  by 

th e  leptogenesis m echanism , we can  expec t in general to  have C P -v io la tion  a t low-energy, as a 

com plete  cancella tion  w ould requ ire  som e fine-tun ing  or special form s of m D an d  M r .

M ore specifically, from  equation  (165), it can  be seen th a t ,  in general, th e re  is no one-to- 

one link betw een low energy C P -v io la tion  in th e  lep ton  sector and  th e  baryon  asym m etry ; a 

m easurem en t of th e  low -energy C P -v io la ting  phases does n o t allow th e  leptogenesis phase  to  

be  reco n stru c ted . However, if th e  num ber of p a ram ete rs  in m e  is reduced, a  one-to-one co rre 

spondence betw een h igh-energy and  low -energy p a ram ete rs  m ight be estab lished . For exam ple, 

in ce rta in  classes of neu trino -m ass m odels w ith  sequentia l rig h t-h an d ed  n eu trin o  dom inance, a 

s tro n g  link betw een th e  lep ton ic-C P  v io lating  phase, 5, and  th e  C P -v io la tion  required  for lep to 

genesis can  be estab lished , and  flavour-dependen t effects have a significant effect [412]. In  o th e r 

classes of m odels such s tro n g  links were no t found. Links can  also be  achieved in m odels w hich
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allow for C P -v io la tion . For exam ple, th is  can  be achieved in m odels w hich allow for C P -v io la tion  

only in th e  rig h t-handed  sector, th a t  is in U r . I t  has been  show n recen tly  th a t ,  to  th e  ex ten t 

th a t  th e  d ifferent flavours can  be d istingu ished , leptogenesis depends only on th e  phases in th e  

PM N S  m ixing m atrix , if R  is real. E ach  m odel of n eu trin o  m ass genera tion  should be s tud ied  

sep ara te ly  in d e ta il to  estab lish  th e  feasib ility  of th e  leptogenesis m echanism  [415-422].

In  conclusion, th e  observation  of (ß ß )o v-decay, im plying  th e  v io lation  of th e  global lep ton  

num ber (one of th e  m ain  conditions for leptogenesis), and  of lep tonic C P -v io la tion  in n eu trin o  

oscillations a n d /o r  neu trino less d o u b le -b e ta  decay is crucial in u n d e rs tan d in g  th e  origin  of th e  

baryon  asym m etry . T h e  observation  of lep ton ic-C P  v io lation  itself w ould be a s tro n g  ind ication , 

th o u g h  no t a proof, th a t  leptogenesis is th e  ex p lan a tio n  for th e  observed baryon  asy m m etry  of 

th e  U niverse.

3 . 4 . 3  N e u t r i n o s  a n d  I n f l a t i o n

In  th e  previous sections, we have seen th a t  n eu trinos  m ay have played crucial roles in shap ing  

th e  U niverse of to d a y  (th e  large-scale s tru c tu re )  and  in th e  rem oval of th e  a n ti-m a tte r  from  

th e  early  U niverse (leptogenesis). T h e  n eu trin o  m ay also m ay also be th e  key to  th e  process of 

inflation  by w hich th e  U niverse w ent th ro u g h  a period  of exponen tia l grow th. T h e  ‘s tre tch in g ’ 

of th e  U niverse d u rin g  inflation  is held to  exp lain  th e  un ifo rm ity  of th e  to d a y ’s U niverse.

In  nearly  all discussions a b o u t th e  b ir th  of th e  U niverse, it is assum ed th a t  th e  U niverse 

was originally  m icroscopically sm all. T h ere  is a  good reason for th is; com m unica tion  betw een 

different p a r ts  of th e  U niverse has a ‘speed lim it’, th e  speed of light, c. N o regions of space 

‘know ’ a b o u t o th e r regions if th e y  are sep ara ted  by m ore th a n  th e  d is tance  c t  w here t  is th e  

age of th e  U niverse a t a  p a r tic u la r  m om ent. I t  is very difficult to  conceive of a  process th a t  can 

crea te  th e  U niverse th a t  is larger th a n  c t . I t  is m uch m ore n a tu ra l to  th in k  th a t  th e  U niverse 

was b o rn  sm all, b u t th a t  th e re  was a m echanism  to  s tre tch  it to  a m acroscopic size la te r, m uch 

larger th a n  th a t  allowed by th e  assum ed speed lim it c.

S u p p o rt for th is  view can  be found in th e  CM B. T h e  te m p e ra tu re  of cosmic m icrowave back 

g round  is th e  sam e, to  b e t te r  th a n  one p a r t in a h und red  th o u san d  or so, in every d irec tion . T h e  

microwave pho tons from  th e  different d irec tions com e from  opposite  ends of th e  U niverse th a t  

could never have been  in com m unication  w ith  each o ther. T h e  CM B d is tr ib u tio n  reflects th e  

te m p e ra tu re  d is tr ib u tio n  of th e  early  U niverse. Therefore, th e  un ifo rm ity  of th e  CM B im plies 

th a t  different regions of th e  early  U niverse, w hich are  no t necessarily causally  connected , are 

nonetheless a t th e  sam e te m p e ra tu re . T h is is th e  ‘horizon p rob lem ’: w h a t is th e  m echanism  

w hich gave rise to  such a uniform  te m p e ra tu re  d is trib u tio n .

A n o th er w ell-know n prob lem  is th e  ‘flatness p ro b lem ’. W hen  th e  U niverse was b o rn , no 

know n m icrophysics can  d e te rm in e  w h a t k ind of space, nam ely  th e  topology  and  th e  local 

cu rv a tu re , should be chosen. A t th e  tim e  of b ig-bang  nucleosynthesis (th e  b es t-te s ted  aspec t of 

th e  descrip tion  of th e  early  U niverse w hen it was a b o u t a  second to  a m inu te  old) th e  U niverse 

m ust have been ex trem ely  flat a t th e  level of 10-2 0 . T h is  requ irem en t becom es m uch s tronger
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if we con tem p la te  even earlier tim es. W h a t m echanism  squashed  th e  U niverse so flat?

Finally, th e  large-scale s tru c tu re  of th e  U niverse discussed above suggests th a t  th e  U niverse

ap p ea rs  to  be co rre la ted  in d ifferent p a rts  of th e  space -  i.e., th e  in itia l density  p e r tu rb a tio n  

ap p ea rs  acausal. In  add ition , th e  sp ec tru m  of th e  f lu c tu a tio n  is nearly  in dependen t of th e  

d is tan ce  scales, suggesting  th a t  it was genera ted  by some k ind  of self-replicating  m echanism . 

T h e  fluc tua tions  them selves are  G aussian  in n a tu re .

Cosm ological in fla tion  is cu rren tly  th e  only way to  answ er these  p rofound  questions and  ex 

p la in  th e  em pirical observations of th e  large-scale s tru c tu re  of th e  U niverse [423,424]. Inflation  

stre tches th e  U niverse exponen tia lly  from  th e  m icroscopic size a t its b ir th  to  a m acroscopic size 

w hich leads to  th e  vast U niverse as observed today. A t th e  sam e tim e, even a b u m py  space gets 

fla tten ed  once it is exponen tia lly  s tre tch ed  because w h a t we see to d a y  is only  a tin y  po rtio n  

of th e  en tire  space. Also, because th e  en tire  U niverse o rig inated  from  a sm all p a tch  w hich was 

in com m unication , th e  sky in all d irec tions m ust look th e  sam e. In  a su rp ris ing  way, q u an tu m  

fluc tua tions  in an  exponen tia lly  expand ing  U niverse soon becom e classical because th e  n a tu ra l 

wave leng th  exceeds th e  causally -connected  region of space, and  as th e  U niverse keeps ex p an d 

ing it genera tes itself m any tim es leading  to  a scale-invariant G aussian  sp ec tru m  of density  

fluc tua tions  [425].

For concreteness, consider a  sim ple m odel of in flation  based  on a scalar field (0) w ith  ju s t  a 

m ass te rm , nam ely  a q u ad ra tic  p o ten tia l [426]:

o rig inated  from  a sm all flu c tu a tio n  in th e  energy density  a t th e  level of 10  5, w hich som ehow

(166)

Such a scalar field can  drive inflation. T h e  equation  of m otion  of th e  scalar field is:

0  +  3 H 0  +  m 20  =  0, (167)

w hile th e  expansion  ra te  of th e  U niverse H  =  à / a ,  if d o m in ated  by th is  scalar field, is given by:

(168)

1/ 2
T his coupled equation  has a very sim ple so lu tion  if 0  >  M P1 =  . I t  can  be show n th a t  th e  

0  and  0 2 in th e  above equations can  be safely neglected (th e  ‘slow -roll’ cond ition ). In  th is  case 

equations (167) and  (168) can  be com bined in to  a single equation :

and  hence:

(169)

(170)

A t th e  sam e tim e, th e  U niverse expands as:

a ( t)  =  a(0)exp
m M Pl 2 

2 v /247t
(171)
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Figure 36: Global fits to the cosmological data versus predictions of simple inflation models [389].

For t  ^  0 (0 ) /(m M p i) th e  second te rm  in th e  paren theses can  be  ignored, and  th e  expansion  

of th e  U niverse is exponen tial. T h is  way, th e  in itia l m icroscopic size of th e  U niverse can  be 

m ade m acroscopically  large. T h e  cu rv a tu re  is squashed  exponen tia lly  as ( a ( 0 ) /a ( t ) ) 2 solving 

th e  flatness p roblem , and  also th e  horizon prob lem  by assum ing  th a t  th e  e-folding is large 

enough (>  60) so th a t  th e  in itia l horizon contains th e  en tire  visible U niverse of today.

To o b ta in  th e  co rrec t size of th e  density  fluc tua tions, we need m  ~  2 x 1013 GeV [427]. I t  is 

rem arkab le  th a t  th e  sim ple q u ad ra tic  p o te n tia l is consisten t w ith  available cosm ological d a ta , 

inc luding  th e  u p p e r lim it on th e  ten so r com ponen t (see figure 36 [389]). A n a tu ra l question  

from  th e  p artic le  physics po in t of view  is w h a t is th is  scalar field? T h e  m ost likely can d id a te  is 

a gauge singlet, to  m a in ta in  th e  form  of th e  p o te n tia l against rad ia tive  corrections. T h ere  are 

no such fields w ith in  th e  S tan d a rd  M odel or its m inim al supersym m etric  ex tension.

However, th e  m ass of th e  scalar requ ired  to  genera te  th e  q u ad ra tic  p o ten tia l is sim ilar to  th e  

m ass of rig h t-h an d ed  n eu trinos  requ ired  by th e  see-saw m echanism . T h e  R H  n eu trinos  are also 

n a tu ra lly  gauge singlets. I t  is therefo re  te m p tin g  to  consider th a t  neu trinos  have som eth ing  to  

do w ith  inflation. If  n a tu re  is supersym m etric , th e  rig h t-h an d ed  neu trinos  needed in th e  see-saw 

m echanism  have su p e rp a rtn e rs  (sneu trinos) w hich are scalar fields. T h e  sn eu trin o  p o te n tia l is 

q u ad ra tic , m aking th e  rig h t-handed  sneu trinos can d id a te s  for th e  infla ton  field [428]. M oreover, 

once th e  in fla tion  is over, th e  rig h t-handed  sn eu trin o  oscillates a ro u n d  th e  origin  and  decays, 

rehea ting  th e  U niverse to  an  o rd in a ry  th e rm a l b a th . T h is  process is th e  sam e as th a t  assum ed 

in th e  d iscussion of leptogenesis above, and  hence can  genera te  th e  baryon  asym m etry . B ecause 

th e  U niverse is d o m in a ted  by th e  rig h t-handed  n eu trin o  a t th is  po in t, leptogenesis is m ore 

efficient th a n  conventional th e rm a l leptogenesis. U sing th e  available n eu trin o  d a ta  and  assum ing
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hierarchical sp ec tru m  of rig h t-h an d ed  neu trinos, th e  resu lting  lep ton  asy m m etry  is given by:

T  “  L 5  x 10~ m W l h v  6■ <172>
w here ö is th e  C P  v io lating  phase  in th e  n e u trin o  m ixing [429]. In teresting ly , leptogenesis is 

possib le w ith  a re latively  low reh ea tin g  te m p e ra tu re  TRH ~  106 GeV, low enough to  avoid 

th e  cosm ological prob lem  of grav itinos even for th e  case of hadron ic  decay [430] w hich im poses 

s tro n g  co n s tra in ts  on th e rm a l leptogenesis w ith  h ierarchical rig h t-h an d ed  neu trinos  [431,432].

T h ere  is, however, an  im p o rta n t issue to  be addressed  for th e  sim ple q u ad ra tic  form  of th e  

p o te n tia l to  ex tend  beyond th e  P lanck-scale am plitude . In  fact, su p erg rav ity  te n d s  to  m odify  th is  

form  and  requires a som ew hat special K ah ler p o ten tia l to  m a in ta in  th e  q u ad ra tic  form  [433] (see 

also [434,435] for m ore recent d iscussions). T h e  m ost im p o rta n t te s t of th e  q u ad ra tic  p o ten tia l 

is its p red ic tion  of th e  ten so r com ponen t r  ~  0.15. T h is  re latively  large ten so r com ponen t will 

b e  p robed  in th e  near fu tu re  by B -m o d e  po la risa tio n  m easurem ents of th e  cosm ic microwave 

background  [436]. A n a lte rn a tiv e  scenario  of sn eu trin o  inflation, w here a sm all r  is p red ic ted  

an d  w hich is therefo re  easily d istingu ishab le  from  th e  above m odel, is hybrid  in fla tion  w ith  a 

sn eu trin o  inflaton  field [437]. T h ere  is therefo re  an  in trigu ing  coincidence betw een th e  p ro p erties  

of scalar fields requ ired  to  d rive inflation, for th e  see-saw m echanism , an d  for leptogenesis. I t  

po in ts  to  a rem arkab le  possib ility  th a t  th e  n eu trin o  is th e  m o th er of th e  U niverse.

4  E f f e c t s  o f  N e w  P h y s i c s  b e y o n d  t h e  S t a n d a r d  N e u t r i n o  M o d e l

A lm ost all experim en ta l resu lts  to  d a te  are consisten t w ith  th e  S ta n d a rd  N eu trin o  M odel (see 

section 2 ) . T hese resu lts  are m ost o ften  used to  d e te rm in e  th e  p a ram ete rs  of th e  SvM . To 

go beyond th e  SvM , th e re  are  tw o com plem entary  approaches. T h e  first is th e  ‘th eo re tica l 

ap p ro ac h ’ in w hich m odels are  co n s tru c ted  w hich solve one or m ore of th e  p roblem s of th e  

SvM , th is  was th e  approach  tak en  in section 3 . T hese m odels m ay p red ic t new  phenom ena 

or p red ic t sm all dev ia tions from  th e  resu lts  of th e  SvM . P resen t and  fu tu re  experim en ts  m ay 

su p p o rt, constra in , or co n trad ic t these  m odels. T h e  S ta n d a rd  M odel itse lf was estab lished  in th is  

way, th e  m inim al super-sym m etric  s ta n d a rd  m odel (M SSM ) and  o th e r ex tension  of th e  SM are 

expec ted  to  be te s ted  in fu tu re  experim en ts  especially a t th e  LH C [438]. T h e  second approach  

is th e  ‘phenom enological ap p ro ac h ’ in w hich possible effects of unknow n physics are described  in 

a  m odel-independen t way. E x p erim en ts  m ay give co n s tra in ts  on these  p aram eters , giving very 

im p o rta n t in fo rm ation  for th e  developm ent of a  com plete  theo re tica l descrip tion . A n exam ple of 

th is  approach  is th e  m odel-independen t p a ram e te risa tio n  of new  physics effects in th e  vacuum  

p o la risa tio n  of electrow eak gauge bosons [439,440]. T h e  s tro n g  experim en ta l co n s tra in ts  on th e  

relevant p a ram ete rs  have allowed technicolor m odels to  be rejected .

N eu trin o  experim en ts  w hich are being  carried  o u t o r are  in p rep a ra tio n  are optim ised  to  m ea 

su re  precisely th e  p a ram ete rs  of th e  SvM . T h e  second-genera tion  n eu trin o  facility, on th e  o th e r 

h an d , should be designed no t only  to  d e te rm in e  these  p a ram ete rs  b u t also to  have sensitiv ity  

to  signatu res of physics beyond th e  SvM . In  th e  following, th e  possib ility  of d e tec tin g  various 

new -physics effects in n eu trin o  oscillations will be discussed.
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4 .1  S t e r i l e  n e u t r i n o s

N eu trinos w hich have no S ta n d a rd  M odel couplings are  referred to  as ‘s te rile ’. T hey  arise in 

m any extensions of th e  SM w hich include singlet-ferm ion s ta tes  and  th e  co rrespond ing  m ass 

e igenstates. T h e  new ste rile -n eu trin o  s ta tes  can  m ix  w ith  o rd in a ry  neu trinos  and  genera te  

effects th a t  m ay be observed in te rre s tr ia l, cosm ological, and  astrophysica l experim ents.

4 . 1 . 1  T h e o r e t i c a l  i s s u e s

If  sterile  n eu trin o s  are p resen t, it is necessary to  exp lain  th e  origin of th e ir  m asses and  of 

th e  m ixing w ith  active neu trinos. Sm all m asses and  large m ixings can  arise, for exam ple, v ia 

h igher-d im ensional o p era to rs  in th e  su p e rp o ten tia l [291] w hich induce an  in term ed iate-sca le  

ex p ec ta tio n  value, , for a singlet field. T h e  m ag n itu d e  of is betw een th e  electrow eak scale 

an d  a large energy scale, M . T h e  m asses of th e  sterile  n eu trinos  are found to  be suppressed  

by pow ers of / M . S terile n eu trinos  w ith  m asses from  100 M eV  to  few G eV  are requ ired  

to  genera te  th e  observed lig h t-n eu trin o  m asses in theories w ith  dynam ic  electrow eak-sym m etry  

b reak ing  [441-444]. M odels w ith  ‘m irro r m a t te r ’ con ta in  m irro r n eu trinos  w hich w ould be light 

for reasons sim ilar to  th e  reasons for w hich th e ir  o rd in a ry  p a rtn e rs  are light [445-452]. T h e  

in teractions betw een active an d  sterile  n eu trinos  w ould be m ed ia ted  by o p era to rs  of th e  ty p e  

v 0 v ;0 '/ M p , w here th e  p rim e refers to  th e  m irro r w orld and  M p  is th e  P lanck  m ass. S inglet 

neu trinos  could be th e  supersym m etric  p a rtn e rs  of th e  m oduli field [453] o r th e  singlets con tained  

in rep resen ta tio n s  of E 6 [454-456]. In  these  cases it can  be argued  th a t  th e  singlet m ass w ould be 

of o rder TeV 2/ M p , th e  TeV m ass scale arising  from  su p ersy m m etry  breaking . S terile  neu trinos  

can  easily be  em bedded  in m odels based on e x tra  d im ensions, th e  sterile  neu trinos  can  be new  

singlet ferm ions p ro p ag a tin g  in th e  bu lk  of a h igher-d im ensional th eo ry  w ith  n a tu ra lly  sm all 

m asses [457]. In  add ition , such theories p red ic t a  tow er of K aluza-K lein  m odes w hich can 

genera te  in te res tin g  observational signatu res, n e u trin o  oscillations in p a r tic u la r  [458].

4 . 1 . 2  P h e n o m e n o l o g y  o f  l i g h t  s t e r i l e  n e u t r i n o s

H ere we consider sterile  n eu trin o s  w ith  m asses up  to  a few eV th a t  m ix w ith  o rd in a ry  neu trinos. 

T he  m ain  signals for such sterile  n eu trinos  arise in n eu trin o  oscillations. T h e  im plications of 

th e  LSN D  m easurem ents is p o stp o n ed  to  section 4 .1 .5 . A deta iled  d iscussion of th e  bounds 

sum m arised  below is given in [67,459].

Reactor- and accelerator-neutrino experim ents

In  these  experim en ts  ac tiv e -s te rile  n e u trin o  oscillations w ould take  place, im plying  a reduction  

of th e  observed flux a t th e  far d e tec to r. R eac to r-n eu trin o  experim en ts  are  sensitive to  th e  m ixing 

w ith  ve , Ues. T h e  C H O O Z and  B ugey experim en ts  p u t b ounds as s trong  as |Ue s |2 ^  0.01 for 

p a rticu la r  neu trino -m ass ranges. M ixing of sterile  neu trinos  w ith  vM m ay be te s ted  in accelera to r 

experim en ts  for w hich m uon n eu trinos  are th e  d o m in an t beam  co n trib u tio n  a t th e  source. D a ta
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from  th e  CD H S and  C C F R  d isap p ea ran ce  experim en ts  allow lim its on to  be derived. In 

add ition , appea ran ce  experim en ts  sensitive to  th e  tra n s itio n  vM ^  ve (K A R M E N ) and  vM ^  vT 

(N O M A D  and  C H O R U S) p robe  a com bination  of th e  m ixing angles, , Ues and  , UTS, 

respectively. A com bined analysis of recent d a ta  from  S uper-K am iokande (SK ), K 2K , M A CRO  

have yielded th e  co n s tra in t |U^ s |2 ^  0.065 a t 99% C.L. [67].

Solar neutrino  experim ents and K a m L A N D

T h e  d a ta  from  these  experim en ts  can  be  used to  co n s tra in  th e  m ixing of sterile  neu trinos 

w ith  ve. T h e  M SW  enhancem ent of e lec tro n -n eu trin o  oscillations, w ith  its charac te ris tic  energy 

dependence, m akes it possib le to  search for a  s te rile -neu trino  com ponen t dow n to  m ass-squared  

differences as sm all as A m 2 ~  10- 8  eV 2. For large m ixing angles, th e  search can  be ex tended  

to  m asses as sm all as A m 2 ~  10- 12  eV 2. In  some m odels sterile  n eu trin o s  p roduce  effects a t 

energies below an  MeV; d a ta  from  th e  SNO and  SK experim en ts  a lready  dis-favour m odels w hich 

m odify  th e  energy d is tr ib u tio n  for n eu trin o  energies g rea te r th a n  a few M eV. T h e  low -energy 

(E v <  1 M eV) region was accessible only  to  th e  G allium  experim en ts. In  th e  fu tu re , B orexino 

will be able to  te s t p a r t of th is  in te res tin g  region th ro u g h  th e  analysis of, for exam ple, d iu rn a l 

or seasonal varia tions in th e  n eu trin o  spectra .

N eutrino less double-beta decay

Sterile n eu trinos  th a t  are M a jo ran a  partic les and  m ix w ith  electron  neu trinos  w ould co n trib u te  

to  th e  effective M a jo ran a  m ass on w hich th e  half-life of th e  doub le-be ta-decay  process depends. 

In  p a rticu la r, th e  effective m ass w ould be:

| <  m  >  | = E
i= 1,2,3

m i Ue2 +  m s Ue2s (173)

w here m i are  th e  m asses of th e  light, o rd in a ry  n eu trinos  and  m s ind icates th e  m ass of th e  sterile  

neu trino . N otice th a t  =  |Ues |2 eißs, w here ß s is a  M a jo ran a  C P -v io la tin g  phase. D ue to  th e  

presence of th e  M a jo ran a  phases th e  co n trib u tio n s  in | <  m  >  | can  be construc tive  o r p a rtia lly  

cancel [135]. A fu tu re  m easurem ent of | <  m  >  | w ith  values ou ts ide  th e  range p red ic ted  in th e  

case of th re e  light neu trinos  m ight be a signal for th e  presence of sterile  neu trinos.

4 . 1 . 3  S i g n a t u r e s  o f  h e a v y  s t e r i l e  n e u t r i n o s

T he signatu res of sterile  n eu trinos  w ith  m asses m s »  100 eV d epend  strong ly  on th e  flavour 

w ith  w hich th e  sterile  n eu trin o  m ixes and  on th e  s te rile -neu trino  m ass [460]. For m asses 30 eV <  

m N <  1 M eV, th e  m ost sensitive p ro b e  is th e  search for kinks close to  th e  end -po in t of ß -decay 

sp ec tra  [461,462]. T h e  b ounds are typ ically  in th e  |Ue s |2 ~  10- 2- 1 0 - 3  range. For heavier 

m asses, a  very pow erful p ro b e  of th e  m ixing  of a  heavy n eu trin o  w ith  b o th  ve and  vM are peak  

searches in lep ton ic  decays of p ions and  kaons [461,463]. A heavy n e u trin o  can  be p roduced  in 

such decays and  th e  lep ton  sp ec tru m  w ould show a m onochrom atic  line at:

=  +
2mM
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w here E i an d  m i are, respectively, th e  lep ton  energy and  m ass, and  m M is th e  m eson m ass. T he 

m ixing angle contro ls th e  b ranch ing  ra tio  of th is  process and  can  be constra ined  by th e  height 

of th e  peak . N otice th a t  these  bounds are very  ro b u st because th e y  rely  only on th e  assum ption  

th a t  a heavy n eu trin o  exists and  m ixes w ith  ve a n d /o r  vM. T h e  lim its for |Ue s |2 a re  as s trong  

as 10-8 -few  x 1 0 - 7  for m asses aro u n d  100 MeV. For m asses up  to  34 MeV, th e  m ost s trin g en t 

co n s tra in ts  on th e  m ixing w ith  m uon n eu trinos  com e from  pion  decays w ith  |U^ s |2 <  few 10 - 5 , 

w hile for h igher m asses kaon decays are  used and  lead to  lim its as s trong  as |UMS|2 <  10- 6  [464].

A n o th er s tra teg y  to  search for a  heavy sterile  n eu trin o  is to  look for th e  p ro d u c ts  of its 

decay. A sterile  n eu trin o , vs , w ould be p roduced  in every process in w hich active neu trinos 

are  em itted , w ith  a b ranch ing  ra tio  depend ing  on th e  m ix ing -m atrix  elem ent |Uis |2. I t  would 

subsequen tly  decay in to  n eu trinos  and  o th e r visible partic les such as electrons, m uons, and  

pions. Searches for th e  visible p ro d u c ts  w ere perform ed and  were used to  co n s tra in  th e  m ixing 

p aram eters . T hese b ounds are  less ro b u st th a n  th e  ones previously  discussed. In  fact, if th e  

d o m in an t decay m odes of th e  heavy neu trinos  are in to  invisible partic les, these  b ounds w ould be 

w eakened, if no t com pletely  evaded. In  reac to rs  and  in th e  Sun only  low m ass, m N <  few MeV, 

heavy sterile  neu trinos  m ixed w ith  ve can  be p roduced . T h e  bounds, o b ta in ed  by looking for 

decays in to  e lec tron -positron  pairs  are, typically, |Ue s |2 <  10- 4 . For h igher m asses, heavy sterile 

n eu trin o s  m ixed w ith  ve;M;T can  be  p roduced  in m eson and  vector bosons decays. T here  are 

tw o different types of experim en ts. In  beam -d u m p  experim ents, vs are  usually  p roduced  by th e  

decay of m esons, n , K  and  D, and  th e  d e tec to r is located  fa r away from  th e  p ro d u c tio n  site. 

A lternatively , th e  p ro d u c tio n  can  h ap p en  in th e  d e tec to r itself. T h e  lim its dep en d  strong ly  on 

th e  m ass range. T ypical values for th e  lim its are: |Ue s |2 <  10- 9-1 0 - 4 , if m s ~  0.02 GeV -  

0.4 GeV; |Ue s |2 10- 7-1 0 - 6 , if m s ~  0.4 GeV -  2 GeV; an d  |Ue s |2 <  few 10- 5 , if m s ~  2 GeV

-  80 GeV. S im ilar b ounds hold for th e  m ixing w ith  w hile |UTS|2 is constra ined  to  be sm aller 

th a n  a t m ost 10- 5 . For a de ta iled  review  see references [460,464].

If heavy, sterile  n eu trinos  are M ajo ran a  partic les, th e y  w ould m ed ia te  A L  =  2 processes such 

as neu trino less double  beta-decay. New processes w ould be allowed and  could also be resonan tly  

enhanced  for som e m ass ranges. A very sensitive p robe  of th e  m ixing w ith  m uon neu trinos 

is given by th e  ra re  kaon decay K  + ^  n - ß + ß +  [465,466], as well as th e  nuclear tra n s itio n  

ß -  +  (A, Z ) ^  +  (A, Z  — 2) [467]. H eavy-quark  m eson decays, e.g. D +  ^  K - (n - )ß + ß + , 

w ere also s tud ied  [468]. R ecently, b ounds w ere o b ta in ed  from  th e  process H-  ^  p ß - ß -  [469,470].

4 . 1 . 4  S t e r i l e  n e u t r i n s  a n d  c o s m o l o g y  a n d  a s t r o p h y s i c s

Sterile  neu trinos, if m ixed w ith  th e  active neu trinos, w ould be copiously p roduced  in th e  early  

U niverse an d  in astrophysica l ob jec ts  such as supernovae. Since th e  presence of sterile  neu trinos  

w ould significantly  affect th e  evolu tion  of such events, it is possible to  co n s tra in  ste rile -neu trino  

m odels using  as trophysica l and  cosm ological observations ( [187]).
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4 . 1 . 4 . 1  L i g h t ,  s t e r i l e  n e u t r i n o s

If light, sterile  neu trinos, w ith  m asses m s <  10 eV, w ere p roduced  in th e  early  U niverse, th ey  

w ould genera te  various effects. A t Big B ang  N ucleosynthesis (B B N ), th e y  w ould co n trib u te  to  

th e  energy density  in re la tiv istic  partic les, m odify ing  th e  expansion  ra te  of th e  U niverse and  

consequently  th e  n /p  ra tio . D ifferent analyses have been  perform ed  and  provide b ounds on th e  

num ber of neu trinos, typ ically  <  3.24 ±  1.2 a t 95% C.L. [471] (see also reference [459]). 

T he  presence of a  n eu trin o  asy m m etry  affects th e  reactions in w hich n eu trinos  are  involved and  

could w eaken th e  b ounds quo ted  above. For a de ta iled  recent analysis see, e.g., reference [472]. 

T he  nu m b er of re la tiv istic  degrees of freedom  a t p h o to n  decoupling  can  be p robed  by CM B 

observations and  is constra ined  to  be =  3 ±  2 [383,384,473].

Finally, light sterile  n eu trinos  affect large-scale s tru c tu re  fo rm ation , m aking  s tru c tu re s  less 

c lustered  d u e  to  th e  free-stream ing  of these  partic les. Tw o p aram ete rs  are  relevant for these 

studies: th e  te m p e ra tu re  a t w hich these  partic les becom e non-rela tiv istic , T  ~  m s/3 ; and  th e  

energy density, Qsh 2. As th e  to ta l  energy-density  in light degrees of freedom  is constra ined  

to  be less th a n  1%, it is possible to  p u t s trong  b ounds on th e  m ass of light-sterile  neu trinos. 

S upernovæ are  also sensitive p robes of th e  ex istence of sterile  neu trinos  [474,475]. T h e  d a ta  from  

SN1987A strong ly  co n s tra in  th e  m ixing angles, fu tu re  experim en ts  m ight allow these  b ounds to  

be s tren g th en ed . S terile n eu trinos  w ould be p roduced  in th e  core of supernovae and  w ould escape 

carry ing  away a sizable frac tion  of th e  energy. T he  lim it |Uis |2 <  10-10  can  be derived from  such 

an  analysis, w hile for large values of th e  m ixing, |Ul s |2 >  10 - 2 , th e  sterile  n eu trinos  w ould be 

effectively tra p p e d  and  no b o u n d  applies. In  add ition , M SW  oscillation in sterile  n eu trinos  can  

take  place for specific ranges of p a ram ete rs  an d  can  m odify  th e  flux of e lectron  an ti-neu trinos. 

T hese bo u n d s should be used w ith  care as th e re  is no t yet a full u n d e rs tan d in g  of th e  in itia tio n  

and  evo lu tion  of supernovae.

4 .1 .4 .2  K e V  s t e r i l e  n e u t r i n o s

Sterile n eu trinos  w ith  m asses in th e  few -KeV  range have been  advoca ted  as a source of d a rk  

m a tte r  [475-478]. S terile neu trinos  could have been  p roduced  v ia scatte ring -induced  conversion 

of active n eu trinos  [475,476]. In  th is  case th e y  w ould co n s titu te  a w arm  d a rk -m a tte r  can d i 

d a te  w ith  in te res ting  fea tu res for s tru c tu re  fo rm ation . A b o u n d  of m s >  10 K eV  applies in 

th is  case [479-481] from  L y m an -a  observations. In  th e  presence of a large lep ton  asym m etry , 

th e  conversion can  be resonan tly  enhanced  and  th e  resu lting  sp ec tru m  w ould be non -therm al, 

allow ing for cool and  cold d a rk  m a tte r  as well [482]. O th e r m echanism s of p ro d u c tio n  in w hich 

sterile  n eu trin o s  are  colder th a n  in th e  case of a th e rm a l sp ec tru m  a t s tru c tu re  fo rm ation  allow 

th e  10 K eV  lim it rep o rted  above to  be relaxed dow n to  m asses as sm all as a  few K eV  [483,484]. 

T hese m assive neu trinos  w ould decay in to  a n eu trin o  and  a pho ton , c o n trib u tin g  to  th e  diffuse 

ex trag a lac tic  background  rad ia tio n  [485-488]. T h e  observations typ ically  exclude a large frac 

tio n  of th e  p a ram e te r space requ ired  for d a rk  m a tte r . F u tu re  observations and  in p a rticu la r  

th e  C h a n d ra  X -ray  observato ry  have th e  p o ten tia l of s tren g th en in g  these  b ounds or of de tec ting  

X -ray  fluxes from  clusters of galaxies. W eaker bounds on m ixing angles and  m asses can  also
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be o b ta in ed  from  th e  co n trib u tio n  of sterile  neu trinos  to  B B N  and  to  th e  CM B. T hese bounds 

are n o t com petitive  w ith  th e  ones from  X -ray  observations and  s tru c tu re  fo rm ation . T h e  de 

cays of sterile  n eu trin o s  in to  pho tons could have affected s ta r  fo rm ation , as th e y  can  catalyse 

th e  p ro d u c tio n  of m olecular hydrogen and  favour s ta r  fo rm ation  [489]. S terile n eu trinos  in th e  

sam e m ass and  m ixing ranges can  exp lain  th e  very high velocities of pu lsars. In  th e  presence 

of th e  s trong  m agnetic  fields of new ly bo rn  n eu tro n  s ta rs , th e y  can  be em itted  asym m etrically  

g enera ting  a s tro n g  kick w hich boosts  th e  s ta r. T h e  required  values of th e  m ixing angle are 

in th e  range 10 - 5- 10 - 4 , d ep end ing  on th e  m ass and  on th e  ty p e  of conversion (resonan t or 

non-resonan t) of active-sterile  n eu trinos  in th e  s ta r  core [490-492]. L arger values of th e  m ixing 

angles are  excluded by considera tions sim ilar to  those  w hich app ly  in th e  case of light neu trinos 

in supernovae.

4 .1 .4 .3  M e V - G e V  m a s s  s t e r i l e  n e u t r i n o s

H eavy sterile  neu trinos, once p roduced  in th e  early  U niverse, w ould decay rap id ly  in to  light 

partic les; m ain ly  neu trinos, electrons, and  pions. T h ey  w ould affect th e  p red ic tions of B B N  

for th e  ab u n d an ce  of light elem ents and  in p a rticu la r  of 4He [493]. T h e  m ain  effect w ould be 

to  increase th e  energy density, leading  to  a fas te r expansion  of th e  U niverse and  to  an  earlier 

freeze o u t of th e  n /p -ra tio . In  add ition , th e  decay of vs in to  light neu trinos, in p a rticu la r , ve, 

w ould m odify  th e  neu trino -energy  sp ec tru m  and  th e  equilib rium  of th e  n  — p  reactions. In 

p rincip le, SN1987A d a ta  could also be used to  exclude sterile  n eu trinos  w ith  m ixing angles 

10- 7  <  |Uls |2 10- 2  an d  m asses m s <  Tcore, w here Tcore =  30 — 80 M eV  is th e  te m p e ra tu re  

of th e  n eu tro n  s ta r  core. For m asses larger th a n  Tcore, th e  p ro d u c tio n  of sterile  neu trinos  is 

suppressed  by th e  B o ltzm ann  factor. T h e  em ission of sterile  n eu trin o s  from  th e  core depends 

on th e  m ixing w ith  active neu trinos  and  th e  em ission h is to ry  m ight be very com plica ted  [475]. 

M ore deta iled  analyses should be perform ed  for reliable bounds to  be derived.

N otice th a t  all th e  cosm ological bo u n d s quo ted  above d epend  on th e  density  of sterile  neu trinos 

in th e  early  U niverse. If th e y  were no t efficiently p roduced , these lim its w ould be w eakened or 

n o t app ly  a t all. T h is  is th e  case in th e  presence of m irro r neu trinos  w ith  very sm all m ass 

sp littin g s  or if th e re  is a very la te  phase  tra n s itio n  such th a t  sterile  and  active neu trinos  are 

unm ixed  a t h igher te m p era tu re s , or if th e  reh ea tin g  te m p e ra tu re  is as low as few M eV [494].
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4 .1 .5  T h e  L S N D  c h a l l e n g e 13

T he  LSN D  experim en t [188] a t L A N SC E  in Los A lam os to o k  d a ta  from  1993-1998 an d  observed 

an  excess of 87.9 ±  22.4 ±  6.0 events in th e  vM ^  ve ap p ea ran ce  channel, co rrespond ing  to  a 

tra n s itio n  p ro b ab ility  of P  =  (0.264 ±  0.067 ±  0.045)% , ~  3.3<r away from  zero. To explain  th is  

signal w ith  n eu trin o  oscillations requires a m ass-squared  difference A m 2 ~  1 eV 2. Such a value 

is inconsisten t w ith  th e  m ass-squared  differences requ ired  by th e  solar and  reac to r experim en ts 

an d  th a t  requ ired  by th e  a tm ospheric  and  long-baseline experim en ts  w ith in  th e  SvM . M oreover, 

th e  K A R M E N  experim en t a t th e  n eu tro n  spalla tion  source, ISIS, a t th e  R u th e rfo rd  A pp le ton  

L a b o ra to ry  stud ied  th e  sam e appea ran ce  channel (vM ^  ve) betw een 1997 and  2001 a t a  slightly  

d ifferent baseline th a n  LSN D, b u t d id  no t observe a positive signal [496]. A com bined analysis 

of LSN D  and  K A R M E N  d a ta  has been  perform ed  in reference [497].

T h e  M iniB ooN E experim en t [498] a t Ferm ilab  has been  designed to  te s t th e  ind ica tion  for 

oscillations rep o rte d  by LSN D. In  A pril 2007 th e  M in iboone g roup  announced  th e  first oscillation 

analysis [40]. T h e  resu lts  d is-favour th e  sim plest s te rile -neu trino  schem es (th e  tw o flavour schem e 

as well as th e  (3+1)-schem e described  in 4 .1 .5 .3 ). However, th e  (3+2)-schem e, w ith  tw o sterile  

n eu trin o s  (section 4 .1 .5 .5 ), can  accom m odate  different oscillation  p a tte rn s  for v and  v (see 

section 4.1.5.6) and , as was show n in [495], th e  (3+2)-schem e is no t dead  a t th e  tim e of w riting  

since th e  M in iboone is yet to  p resen t v d a ta . U n til M iniboone announces a negative resu lt for 

v, therefore , th e  scenario  w hich is described  in sections 4.1.5.5 and  4.1.5.6 is still acceptable. 

F u rth erm o re , even if M in iboone announces a negative resu lt for v in th e  fu tu re , and  even if 

schem es like (3+ 1) and  (3+ 2) are  dead , th e re  still rem ains a possib ility  for ste rile -neu trino  

scenarios in w hich th e  m ixing angles are sm all enough to  satisfy  th e  M iniboone co n stra in t, and  

th e  effect of these  scenarios could be revealed as a v io lation  of three-flavour u n ita r ity  in fu tu re  

n eu trin o  experim en ts. Such scenarios are  as p robab le  as all o th e r possibilities described  in th e  

rest of section 4 since th e re  is no evidence as yet for any of them . So, from  th is  po in t of view, 

it is useful to  consider scenarios th a t  seek to  reconcile th e  evidence for vM ^  ve ap p ea ran ce  

from  LSN D  w ith  th e  o th e r evidence for n eu trin o  oscillations. In  th e  following we discuss th e  

difficulties th a t  m ust be overcom e if th e  LSN D  signal is to  be explained  by oscillations involving 

light sterile  neu trinos.

13 In April 2007 the Miniboone group announced the data [40] which disfavours the simplest sterile neutrino 
schemes (the two flavour scheme as well as the (3+1)-scheme described in 4.1.5.3). However, the (3+2)-scheme 
with two sterile neutrinos (section 4.1.5.5) can make a difference between v and v (section 4.1.5.6) and as was 
shown by [495], the (3+2)-scheme is not dead at the time of writing since the Miniboone group hasn’t published 
the v data yet. Until Miniboone announces the negative result for v, therefore, the scenario which is described 
in sections 4.1.5.5 and 4.1.5.6 is still acceptable. Furthermore, even if Miniboone announces the negative result 
for v in the future, and even if the schemes like (3+1) and (3+2) are dead, there still remains a possibility for 
sterile neutrino scenarios whose mixing angles are small enough to satisfy the Miniboone constraint, and the 
effect of these scenarios could reveal as violation of three flavour unitarity in the future neutrino experiments. 
Such scenarios are as probable as all other possibilities described in the rest of the section 4 because none of 
the latter has ever been supported by any experiment so far. So also from that point of view, it is still useful 
to have the descriptions in 4.1.5.
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Figure 37: The two classes of four-neutrino mass spectra, (2+2) and (3+1).

4 .1 .5 .1  F o u r - n e u t r in o  o s c i l l a t i o n s

T h ree  m ass-squared  differences are  requ ired  to  accom m odate  all evidence for n eu trin o  os

c illations including  th a t  p rovided  by LSN D , th e  th ird  m ass-squared  difference being  signifi

c an tly  larger th a n  th e  o th e r two. A sterile  n e u trin o  w ith  m ass in th e  eV range m ust be in tro 

duced  [499-501]. However, it tu rn s  o u t th a t  in such fo u r-neu trino  m odels, it is no t possible to  

a rran g e  th e  m ixing so as to  accom m odate  all th e  d a ta  [67,502,503].

F o u r-n eu trin o  schem es are  usually  d iv ided  in to  th e  tw o classes (3+ 1) and  (2 + 2 ), as illu s tra ted  

in figure 37 . T he  (3+ 1) m ass sp e c tra  can  be considered as a sm all p e r tu rb a tio n  of th e  s ta n 

d a rd  th ree -ac tiv e-n eu trin o  scenario. In  th is  case, solar- and  a tm o sp h eric -n eu trin o  oscillations 

a re  exp lained  m ain ly  by ac tive-neu trino  oscillations, w ith  m ass-squared  differences A m |0L and  

AmATM, and  th e  fo u rth  n eu trin o  s ta te  sep ara ted  by AmLSND contains ju s t  a  sm all com ponen t of 

th e  e lectron- an d  m uon-neu trino  flavours to  account for th e  LSN D  signal. In  co n tra st, th e  (2+2) 

sp ec tru m  is in trinsically  different from  th e  s ta n d a rd  th ree -ac tiv e-n eu trin o  scenario  as th e  sterile  

n eu trin o  m ust take  p a r t d o m in an tly  e ith er in solar- or in a tm o sp h eric -n eu trin o  oscillations, or 

in bo th .

N eglecting C P  v io lation , n eu trin o  oscillations in fo u r-neu trino  schemes are generally  described  

by 9 param eters : 3 m ass-squared  differences and  6 m ixing angles. A convenient p aram ete risa tio n  

has been  in troduced  in reference [504], in te rm s of A m |0L, dS0L, AmATM, 0atm , A m ^SND, and  0LSND. 

T hese 6 p a ram ete rs  are  sim ilar to  th e  tw o-neu trino  m ass-squared  differences and  m ixing angles 

and  are  d irec tly  re la ted  to  th e  oscillations in th e  solar, a tm ospheric , and  LSN D  experim ents. 

For th e  rem ain ing  3 p a ram ete rs  one can  use ns ,n e and  dM. T hese q u an titie s  are  defined by:

n« =  £  |Ua i |2 w ith  i €  solar m ass s ta tes ; and  (175)
i

=  1 — ' ' Y  |Ua i |2 w ith  i €  a tm ospheric  m ass s ta tes; (176)
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w here a  =  e, ß ,T , s. N ote  th a t  in (2+ 2) schem es th e  re la tion  n« =  d« holds, w hereas in (3+1) 

n« an d  da are  in d ep en d en t. T h e  physical m eaning  of these  p a ram ete rs  is th e  following: n« is th e  

frac tion  of p a rtic ip a tin g  in so lar oscillations, and  (1 — da ) is th e  frac tion  of p a rtic ip a tin g  

in oscillations w ith  frequency AmATM (for fu r th e r  discussions and  d eta ils  of th e  approx im ations 

ad o p ted  see reference [504]).

4 .1 .5 .2  ( 2 + 2 ) :  r u le d  o u t  b y  s o la r  a n d  a t m o s p h e r i c  d a t a

T h e  s tro n g  preference for oscillations in to  active neu trinos  in solar and  a tm ospheric  oscilla 

tions leads to  a d irec t conflict in (2+ 2) oscillation schem es [505,506]. T h an k s to  recent solar 

n eu trin o  d a ta  (in p a rticu la r  from  th e  SN O -salt phase [54]) in com bination  w ith  th e  K am L A N D  

experim en t, and  S uper-K am iokande d a ta  on a tm ospheric  n eu trinos  th e  tension  in th e  d a ta  has 

becom e so s trong  th a t  (2+ 2) oscillation  schemes are  essentially  ru led  ou t. T h e  left panel of figure 

38 shows th e  A x 2 from  so la r-neu trino  d a ta  as a function  of ns , th e  p a ram e te r describ ing  th e  

frac tion  of th e  ste rile -n eu trin o  p a rtic ip a tin g  in so la r-neu trino  oscillations. I t  is clear from  th e  

figure th a t  th e  im proved d e te rm in a tio n  of th e  neu tra l-cu rren t-ev en t ra te  from  th e  solar 8B flux 

im plied by th e  sa lt enhanced  m easurem en t in SNO [54] su b stan tia lly  tig h ten ed  th e  co n stra in t 

on a sterile  co n tribu tion ; th e  99% C.L. b o u n d  im proves from  ns <  0.44 for pre-S N O -salt to  

ns <  0.33 a t th e  99% C.L. A lthough  K am L A N D  on its own is insensitive to  a sterile  n eu trin o  

con tam ina tion , it co n trib u tes  ind irec tly  to  th e  b o u n d  because of th e  b e tte r  d e te rm in a tio n  of 

A m |0L. T h e  com bined analysis leads to  th e  99% C.L. bound:

ns <  0.25 (solar +  K am L A N D ). (177)

In  co n tra st, in (2+ 2) schem es a tm ospheric  d a ta  prefer values of ns close to  1. F rom  th e  com bined 

analysis of S uper-K am iokande a tm ospheric  d a ta , K 2K  and  short-base line  (SBL) [496, 507, 508] 

n eu trin o  d a ta  one o b ta in s  th e  b o u n d  ns >  0.75 a t 99% C.L., in clear d isagreem ent w ith  th e  

bo u n d  from  solar d a ta . T h e  m iddle panel of figure 38 shows th e  A x 2 for so lar d a ta  and  for 

a tm o sp h eric+ K 2 K  com bined w ith  SBL d a ta  as a function  of ns . N ote  th a t  th e  m ain  effect 

com es from  a tm o sp h eric+ K 2 K  d a ta ; SBL experim en ts  co n trib u te  only m arginally, as m ay be 

seen from  th e  dashed  line. F rom  th is  figure we also see th a t  th e  ‘so la r+ K am L A N D ’ and  th e  

‘a tm + K 2 K + S B L ’ allowed dom ains overlap only  a t Xpc =  17.2, i.e. a t th e  4.1<r level. In  th e  

m iddle  panel of figure 38 , th e  ‘g loba l’ X2 function  defined as [509]:

X (ns) =  A Xs0L+KAM (ns) +  A XATM+K2K+SBL(ns) (178)

is shown. In  references [502, 509] a s ta tis tic a l m e th o d  to  evaluate  th e  d isagreem ent of different 

d a ta  sets used in a global analysis has been  proposed . T h e  ‘p a ram e te r goodness of f i t ’ (P G ) 

m akes use of th e  X2 defined in eq u atio n  (178). T h e  resu lt, XpG =  X^im =  26.1, co rresponds to  

exclusion of (2+ 2) m ass schem es a t th e  5.1ct level. S ub-leading  effects beyond th e  approx im ations 

ad op ted  in [67] should no t affect th is  resu lt significantly  [510].
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Figure 38: Left: A x2 as a function of ns from solar data before the SNO salt-phase results, from current solar 
data, and from solar+KamLAND data. Middle: A x2OL, A x 2Tm+ k 2k + sbl  and x2iobai as a function of in (2+2) 
oscillation schemes. The dashed line corresponds to atmospheric and K2K data only (without SBL data). Right: 
A x 2Tm+ k 2k  as a function of dM. Figure from reference [67].

4 .1 .5 .3  ( 3 + 1 ) :  s t r o n g l y  d i s - f a v o u r e d  b y  S B L  d a t a

I t has been know n for a long tim e th a t  (3+ 1) m ass schem es are  d is-favoured by th e  com parison  

of SBL d isap p ea ran ce  d a ta  [507,508] w ith  th e  LSN D  resu lt [511-517]. T h e  reason is th a t  in 

(3+ 1) schemes th e  re la tion  sin 2 20LSND =  4 de dM holds, and  th e  p a ram ete rs  de and  dM (see 

equation  (176)) are  strong ly  constra ined  by ve and  d isap p earan ce  experim en ts, leading  to  a 

double  suppression  of th e  LSN D  am plitude . In  reference [514] it was show n th a t  th e  up-dow n 

asym m etry  observed in a tm ospheric  ß  events leads to  an  ad d itio n a l co n s tra in t on (see also 

reference [518]). T h e  A%2 (dM) from  th e  fit to  a tm o sp h eric+ K 2 K  d a ta  is show n in th e  righ t panel 

of figure 38, and  one o b ta in s  th e  bound:

dM <  0.065 a t 99% C.L. (179)

F igu re  39 shows th e  u p p e r b o u n d  on th e  LSN D  oscillation  am p litude , sin2 20LSND, from  th e  

com bined analysis of no-evidence (N EV ) and  a tm ospheric  n eu trin o  d a ta  [517]. D a ta  from  th e  

B ugey [508], CD HS [507], K A R M E N  [496], and  C H O O Z [519] experim en ts  are  included in th e  

N E V  d a ta  set; th e  N O M A D  experim en t [520] gives ad d itio n a l co n s tra in ts  in th e  region of high 

A m 2SND. From  th is  figure one can  see th a t  th e  b ound  is incom patib le  w ith  th e  signal observed 

in LSN D  a t th e  95% C.L. O nly  m arg inal overlap regions exist betw een th e  b o u n d  and  global 

LSN D  d a ta  if b o th  are  tak en  a t 99% C.L. U sing only th e  d ecay -at-rest LSN D  d a ta  sam ple [497], 

th e  d isagreem ent is even m ore severe. T hese resu lts  show th a t  (3+ 1) schem es are  strong ly  

dis-favoured by SBL d isap p ea ran ce  d a ta .
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Figure 39: Upper bound on sin2 2ÖLSND from NEV, atmospheric and K2K neutrino data in (3+1) schemes. The 
bound is calculated for each Amj!iND using the A x2 for 1 dof Also shown are the regions allowed at 99% C.L. 
(2 dof) from global LSND data [188] and decay-at-rest (DAR) LSND data [497].

4 .1 .5 .4  G l o b a l  f it  in  f o u r - n e u t r in o  s c h e m e s

T h e  m eth o d s developed in [504] allow th e  oscillation  d a ta  to  be fit using th e  fou r-neu trino  

m odel. T h e  resu lt of such fits can  be used to  evaluate  a goodness-of-fit s ta tis tic  using  th e  P G  

m ethod  [509], allow ing th e  different hypo theses to  be com pared . T h e  global oscillation  d a ta  

w ere d iv ided in to  th e  four d a ta  sets SOL, ATM , LSN D, and  N E V  and  th e  P G  m eth o d  used to  

evaluate  x 2 [502]:

X2 =  A X2OL (^SOL, A m 20L,ns) +  A x 1tM(^ATM, ^ A t m ^ S , ^  ( 180)

+  A Xn EV(^LSND , A m LSND, dM, ^e) +  A X l SND ($LSND) A m LSND) ,

w here A xX  =  X x  — (xX)min (X  =  SOL, ATM , N EV , LSN D ), and  x ^m  is th e  m in im um  value 

of th e  x 2. Table 6 shows th e  co n trib u tio n s  of th e  four d a ta  sets to  XpG =  X^m for (3+1) 

an d  (2 + 2 ) oscillation schemes. As expected , th e  m ain  co n trib u tio n  to  x p G in (3+ 1) schemes 

com es from  SBL d a ta  d u e  to  th e  tension  betw een LSN D  and  N E V  d a ta  in these  schem es. For 

(2 + 2 ) oscillation  schem es a large c o n trib u tio n  to  XpG com es from  solar and  a tm ospheric  d a ta  

as discussed in Sec. 4 .1 .5 .2 . T h e  co n trib u tio n  from  N E V  d a ta  in (2+ 2) com es m ain ly  from  th e  

tension  betw een LSN D  and  K A R M E N  [497], w hich does no t d epend  on th e  m ass schem e. T he 

p a ram e te r goodness of fit (P G ) show n in th e  last co lum n of ta b le  6 is o b ta in ed  by evaluating  

XpG for four degrees of freedom  [509]. T h is num ber of degrees of freedom  corresponds to  th e  

four p a ram ete rs  dM, $LSND, A m 2SND describ ing  th e  coupling  of th e  different d a ta  sets.

T h e  s ta tu s  of fou r-n eu trin o  exp lanations of th e  LSN D  signal can  be  sum m arised  as follows:

•  Schem es of th e  (2 + 2 ) s tru c tu re  are  ru led  o u t a t th e  5ct level (P G  of 7.8 x 10 7) by th e  

d isagreem ent betw een th e  ind iv idual d a ta  sets. T h is  resu lt is very ro b u st, in dependen t of
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SOL ATM LSND N EV XpG P G

(3+ 1) 0.0 0.4 5.7 10.9 17.0 1.9 x IO“ 3 (3.10-)

(2+ 2) 5.3 20.8 0.6 7.3 33.9 7.8 x 10“ 7 (4.9(7)

Table 6: Parameter goodness-of-fit (PG) and the contributions of different data sets to xPG in (3+1) and (2+2) 
neutrino-mass schemes [67].

w h e th er LSN D  is confirm ed or d isproved, and  applies to  all fou r-neu trino -m ass m odels w here 

tw o pairs  of neu trino -m ass s ta tes  prov id ing  A m 2OL and  AmATM are  sep ara ted  by a big m ass 

gap;

•  T h e  ex p lan a tio n  of th e  LSN D  effect w ith in  (3+ 1) schem es is dis-favoured a t th e  ~  30- 

level (P G  of 0.19% ). T h is  resu lt relies heavily on th e  null-resu lt o b ta in ed  from  th e  SBL 

d isap p ea ran ce  experim en ts  B ugey and  CD HS. Therefore , if th e  LSN D  ap p ea ran ce  signal 

w ere to  be confirm ed by M iniB ooN E, a (3+ 1) m ass schem e should  lead also to  an  observable 

signal for th e  d isap p ea ran ce  signal in M iniB ooN E.

4 .1 .5 .5  F i v e - n e u t r i n o  o s c i l l a t i o n s

As a possible way o u t of th e  p roblem s in fo u r-n e u tr in o  schemes, a  second sterile  n eu trin o  has 

been in troduced  in th e  analysis, and  a five-neutrino  m ass schem e of th e  ty p e  (3+ 2) considered 

[68]. In  a m an n er sim ilar to  th e  (3+ 1) schem e, th e  active n eu trinos  are con tained  m ain ly  in th e  

th re e  ligh test-m ass s ta tes  responsib le for so lar and  a tm ospheric  oscillations. th e  tw o s ta te s  w ith  

m asses in th e  eV range are available to  exp lain  th e  LSN D  effect. T h e  d isagreem ent betw een 

th e  d a ta  sets m easured  by th e  p a ram e te r goodness-of-fit is im proved from  0.032% for th e  (3+1) 

schem e to  2.1% for th e  (3+ 2) scheme. T h e  b est fit po in t for th e  (3+ 2) schem e gives th e  m ass- 

squared  differences A m |1 ~  0.9 eV 2 and  A m ^  ~  22 eV 2, b u t also solu tions w ith  only  sub-eV  

m asses are  found [68].

N ote th a t  th e  possible conflicts of eV -scale sterile  n eu trinos  w ith  cosm ology (see e.g. [521]), 

w hich a lready  ap p ea r for four neu trinos, becom e m ore severe in th e  five-neutrino  case and  

a  n o n -s tan d a rd  cosm ological m odel m ust be co n stru c ted . M oreover, th e  (3 + 2 )-b est-fit po in t 

found in [68] seems to  be d isfavoured also by a tm o sp h eric -n eu trin o  d a ta ; as po in ted  o u t in [514], 

a tm ospheric  n eu trin o s  provide a co n s tra in t on th e  p a ram e te r dM (see eq u atio n  (176)). In  th e  

(3 + 2 ) schem e th is  p a ram e te r is given by dM =  |U^4 12+ 1 1 2; w ith  th e  best-fit values U^4 =  0.204, 

=  0.224 one o b ta in s  dM æ  0.09, in conflict w ith  th e  b ound  given in equation  (179) [68]. F igu re  

38 shows th a t  th is  value of dM leads to  a A x 2 æ  12.5 from  a tm ospheric  and  K 2K  d a ta , and  hence 

is d isfavoured a t th e  3.5o level. Therefore , a  re-analysis of th e  (3+ 2) scenario, inc luding  th e  

co n s tra in t from  a tm ospheric  d a ta , is requ ired  for th is  m odel to  be considered  viable.

4 . 1 .5 . 6  U n c o n v e n t i o n a l  m a n i f e s t a t i o n s  o f  l e p t o n i c - C P  v io l a t i o n ?

N eu trin o  m odels involving ac tiv e /s te rile  n e u trin o  m ixing a t th e  LSN D  [188] neu trino -m ass- 

sp littin g  scale v ia a t least tw o s te rile -neu trino  s ta tes  w ould open  th e  possib ility  for fu rth e r
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m anifesta tions of lep ton ic -C P  vio lation , inc luding  ones th a t  could be m easurab le  w ith  neu trino - 

ap p ea ran ce  experim en ts  a t sh o rt baselines [522].

For N  n e u trin o  species, th e re  are, in g en e ra l,(N  — 1) in dependen t m ass sp littings, N ( N  — 1 )/2  

m oduli of p a ram ete rs  in th e  u n ita ry  m ixing m a trix , and  (N  — 1 )(N  — 2 )/2  D irac C P -v io la ting  

phases th a t  m ay be observed in oscillations. In  short-baseline  (SBL) experim en ts  th a t  are 

sensitive only to  v m ^  vy, ve ^  vy, and  v m ^  ve tran s itio n s , th e  set of observable pa ram ete rs  

is reduced considerably. F irs t, oscillations due to  a tm ospheric- and  solar-m ass sp littings can  be 

neglected or, equivalently, one can  set m 1 =  m 2 =  m 3. Second, m ix ing -m atrix  elem ents th a t  

m easure th e  T -neu trino  flavour frac tion  of th e  various n eu trin o  m ass e igensta tes do  n o t en ter 

in th e  oscillation  probability . In  th is  case, th e  num ber of observable p a ram ete rs  is res tric ted  

to  (N  — 3) in dependen t m ass sp littings, 2 (N  — 3) m oduli of m ixing m a trix  param ete rs , and  

(N  — 3 )(N  — 4 )/2  C P -v io la ting  phases. Therefore , for th e  (3+ 2) s te rile -neu trino  m odels [68] 

th a t  we w ish to  discuss here, th a t  is for th e  N  =  5 case, th e re  are  tw o in d ep en d en t m ass sp littings 

A m ^  an d  A m ^ ,  four m oduli of m ixing m a trix  p a ram ete rs  |Ue4|, |U^4 |, |Ue5|, |U^5|, and  one 

C P -v io la ting  phase. T h e  convention used in th e  following for th is  C P -phase  is:

045 =  a r g ^ ^ U ^ )  (181)

U n d er these  assum ptions, th e  relevant oscillation p robab ilities  can  be  rew ritten  as:

P  (Va ^  Va) =  1—4[(1—|Ua412—| Ua512) '(  | Ua412 sin2 X41+|U a5|2 sin2 X 5 i)+ |U a4 |2|U a5|2 sin2 X54] and

(182)

P(V a ^  Vß) =  4 |U a4|2|Uß4|2 sin2 X41 +  4|Ua5121U3512 s in2 X51 +

8 1Ua51|Uß51|Ua41|Uß41 sinX 41 s inX 51 cos(X54 +  045) (183)

for a  =  ß  an d  a  =  ß , respectively. T h e  form ulas for a n tin eu trin o  oscillations are  o b ta in ed  by 

su b s titu tin g  0 45 ^  — 0 45.

W e perfo rm  a com bined analysis of SBL and  a tm o sp h eric -n eu trin o  d a ta . T h e  analysis uses 

th e  sam e seven SBL d a ta se ts  as in Ref. [68], inc lud ing  resu lts on v m d isap p ea ran ce  (from  th e  

C C F R 84 [523] an d  CD HS [507] experim en ts), Ve d isap p ea ran ce  (from  th e  B ugey [508] and  

C H O O Z [519] experim en ts), and  v m ^  Ve oscillations (from  th e  LSN D  [188], K A R M E N 2 [496], 

an d  N O M A D  [520] experim en ts). T h e  assum ptions used to  describe SBL d a ta  are  described  in 

Ref. [68]. T h e  a tm o sp h eric -n eu trin o  co n s tra in ts  used in th e  analysis include 1489 days of Super- 

K am iokande charged -cu rren t d a ta  [116], inc luding  th e  e-like an d  ß-like d a ta  sam ples of sub- and  

m ulti-G eV  con ta ined  events, s topp ing  events, and  th rough-go ing  upw ard-going  m uon events. 

T h e  assum ptions used to  describe a tm ospheric  d a ta  are  described  in Refs. [67,524]. T he  a tm o 

spheric co n stra in t also includes d a ta  on v m d isap p ea ran ce  from  th e  long-baseline, accelerator- 

based  experim en t K 2K  [10].

T h e  p u rpose  of th is  s tu d y  is no t only  to  d e te rm in e  w h a t th e  allowed values of th e  SBL C P- 

v io lation  phase 045 are  from  ex isting  S B L + atm o sp h eric  d a ta , b u t also w h a t th e  oscillation 

a p p ea ran ce  p robab ilities  in n eu trin o  and  a n ti-n eu trin o  ru n n in g  m odes are to  be expected  in th e
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M odel X2 (d .o . f . ) A m h  (eV 2) A m 2! (eV 2) \UeA\ I M lt/es! l ^ s l 045

C P C 141.4 (145) 0.92 24 0.132 0.158 0.066 0.159 0

C P V 140.8 (144) 0.91 24 0.127 0.147 0.068 0.164 1.87T

Table 7: Comparison of best-fit values for mass-splittings and mixing parameters for (3+2) CP-conserving and 
CP-violating models.

M iniB ooN E experim en t a t Ferm ilab  [525], in th e  con tex t of (3+ 2) sterile  n eu trin o  m odels, and  

allow ing for th e  possib ility  of C P  vio lation . T h e  M iniB ooN E experim en t to o k  d a ta  in n eu trin o  

ru n n in g  m ode betw een S ep tem ber 2002 and  Ja n u a ry  2006, a t w hich po in t th e  experim en t s ta r te d  

its ongoing a n ti-n eu trin o  run . R ealistic  es tim ates  of th e  oscillation  p robab ilities  to  be expected  

a t M iniB ooN E  are used in th e  analysis, based  on n e u trin o  flux and  cross-section expec ta tions 

provided by th e  M iniB ooN E C ollabora tion . In  p articu la r, th e  effect of “w rong sign” neu trinos  

in com pu ting  th e  expected  oscillation  probab ilities, w hich have th e  effect of w ashing  o u t C P- 

v io lating  observables, is taken  in to  account. T h is  effect is non-negligible since as m uch as 

one th ird  of th e  to ta l in te rac tio n  ra te  in an ti-n eu trin o  ru n n in g  m ode is expected  to  be due 

to  neu trinos  ra th e r  th a n  an ti-neu trinos; on th e  o th e r hand , th e  a n ti-n eu trin o  co n trib u tio n  in 

n eu trin o  ru n n in g  m ode is expec ted  to  be m uch sm aller.

F rom  th e  upcom ing  M iniB ooN E ap p ea ran ce  m easurem ents in n eu trin o  and  an ti-n eu trin o  ru n 

n ing m odes, th e  following C P -asy m m etry  observable, A c p , could be ex trac ted :

A c p  =  PBooNE -P B ooN E  ; (184)

PBooNE +  PBooNE ’

w here we have defined th e  oscillation  p ro b ab ility  in n eu trin o  (an ti-n eu trin o ) ru n n in g  m ode as:

(-) (-)
(-) _  ƒ  d E  [p(uß ->■ v e) No (v)  +  p ( v ß ->■ ve) No  (i/)] fA orA
V B o o N E —  ^  ^

ƒ  d E  [No (v ) +  No ( /)]

w here E  is th e  n eu trin o  energy; p (vM ^  ve) and  p(v^ ^  ve) are th e  oscillation p robab ilities 

given by equation  (183), w ith  0 45 =  0 or n  for th e  C P -conserv ing  case, and  0 <  0 45 <  2n for 

th e  C P -v io la ting  case; N 0 (v ) and  N 0( / )  are  th e  M iniB ooN E n eu trin o  and  a n ti-n eu trin o  full- 

tra n sm u ta tio n  ra te  d is tr ib u tio n s  in n eu trin o -ru n n in g  m ode ( th a t  is, m uon n eu trin o  and  a n ti 

n eu trin o  fluxes m ultip lied  by e lec tro n -n eu trin o  and  a n ti-n eu trin o  cross-sections), and  N 0 (v ) and  

N 0( / )  are th e  n eu trin o  and  an ti-n eu trin o  fu ll- tran sm u ta tio n  ra te  d is tr ib u tio n s  in an ti-n eu trin o - 

ru n n in g  m ode.

T h e  m ain  resu lts  of th is  s tu d y  are given in ta b le  7, and  in figures 40 and  41. Table 7 shows th e  

b est-fit m odel p a ram ete rs  for C P -conserv ing  and  C P -v io la ting  (3+ 2) sterile  n eu trin o  m odels; 

figure 40 shows th e  oscillation p robab ilities  to  be expected  a t M iniB ooN E in n eu trin o  and  

a n ti-n eu trin o  ru n n in g  m odes (equation  (185)), in a C P -v io la ting , (3+ 2) scenario; and  figure 41 

shows th e  0 45 values (equation  (181)) allowed by cu rren t S B L + atm o sp h eric  co n stra in ts , and  th e  

co rrespond ing  C P  asym m etries expected  a t M iniB ooN E  (equation  (184)), in th is  sam e scenario.

T h e  resu lts  show n can  be  sum m arised  as follows. F irs t, we find th a t  C P -v io la ting , (3+2) 

m odels do  n o t provide a significantly  b e t te r  descrip tion  of short-base line  and  a tm ospheric  d a ta ,
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F ig u re  40: E x p e c te d  o sc illa tio n  p ro b a b ilitie s  a t  M in iB o o N E  in  n e u tr in o  a n d  a n t i-n e u tr in o  ru n n in g  m o d es, for 

C P -v io la tin g  (3 + 2 )  m odels. T h e  yellow  (ligh t g rey) reg io n  c o rre sp o n d s  to  th e  90%  C L  allow ed region; th e  b lu e  

(d a rk  grey) reg io n  co rre sp o n d s  to  th e  99%  C L  allow ed region.

F ig u re  41: C u r re n t lim its  o n  th e  C P -v io la tin g  p h ase  0 45 fro m  c u r re n t sh o r t-b a se lin e  re su lts , a n d  C P  a sy m m e try  

m e a su re m e n t ex p e c te d  a t  M in iB o o N E , A c p , as a  fu n c tio n  o f 0 45. T h e  yellow  (ligh t g rey) reg ion  c o rre sp o n d s  to  

th e  90%  CL allow ed region; th e  b lu e  (d a rk  grey) reg io n  co rre sp o n d s  to  th e  99%  CL allow ed region.
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com pared  to  C P -conserv ing , (3+ 2) m odels. O n th e  o th e r hand , even if only a sm all degree of 

C P  v io lation  is m arg inally  p referred , we also find th a t  ex isting  d a ta  allow for all possible values 

for th e  single C P -v io la ting  phase  th a t  could be observed a t sh o rt baselines in (3+ 2) m odels, 

a t 99% C .L.. F inally, if lep ton ic-C P  v io lation  occurs and  (3+ 2) s te rile -neu trino  m odels are  a 

good descrip tion  of th e  d a ta , we find th a t  differences as large as a fac to r of th re e  betw een th e  

electron  (an ti-)n eu trin o  ap p ea ran ce  p robab ilities  in n eu trin o  and  a n ti-n eu trin o  ru n n in g  m odes 

a t M iniB ooN E, co rrespond ing  to  =  - 0 .5  in eq u a tio n  (184), are  possible.

4 . 1 .5 . 7  M o r e  e x o t i c  e x p l a n a t i o n s  o f  L S N D

In  view of these  difficulties in finding an  ex p lan a tio n  of th e  LSND resu lt, several a lte rn a 

tive  m echanism s have been  proposed . Some of th e  p roposed  m echanism s involve specu la tive 

process such as: n o n -s tan d a rd  n eu trin o  in terac tions; v io lation  of C P T  invariance; v io lation  of 

L oren tz  invariance; q u an tu m  decoherence; or m ass-varying  n eu trinos  [526]. M any of th e  p ro 

posed m echanism s are unab le  to  accom m odate  all of th e  evidence for n eu trin o  oscillations as 

well as th e  co n s tra in ts  from  th e  N E V  experim en ts. M echanism s w hich seem to  be in agreem ent 

w ith  all p resen t d a ta  are: th e  fo u r-neu trino  m ass schem e plus C P T  v io lation  [527]; a  m odel 

based  on sterile  n eu trin o s  and  la rge -ex tra  d im ensions [528] ; and  a m odel w ith  a decaying sterile 

n eu trin o  [529].

In  reference [527], a  fo u r-neu trino  schem e sim ilar to  (3+ 1) is considered. However, th is  m odel 

allows for different m ixing m atrices for n eu trinos  and  an ti-n eu trin o s, v io la ting  C P T  invariance 

an d  therefo re  avoiding th e  co n s tra in ts  im posed by th e  N E V  experim ents. In  reference [528], a 

new  resonance effect is in troduced  by assum ing  ‘sh o rt-c u ts ’ for sterile  n eu trinos  th ro u g h  ra th e r  

p a r tic u la r  e x tra  d im ensions. In  co n tra s t to  such rela tively  exotic ideas, th e  scenario  p roposed  in 

reference [529] involves a com parab ly  ‘m odest a m o u n t’ of n o n -s tan d a rd  physics. In  th is  m odel a 

heavy neu trino , n 4, is in troduced , w ith  a sm all m ixing w ith  m uon n eu trinos  of |U^4 |2 ~  0.01, such 

th a t  a sm all n 4 com ponen t is con ta ined  in th e  in itia l Vy beam  p roduced  in th e  LSN D  experim en t. 

T h e  n 4 decays in to  a scalar p artic le  and  a light neu trino , p red o m in an tly  of th e  electron  type, 

accoun ting  in th is  way for th e  / e ap p ea ran ce  in LSN D . Values of g m 4 ~  few eV are  required , 

w here g is th e  n eu trin o -sca la r coupling  co n s tan t and  m 4 is th e  h eavy -neu trino  m ass. For exam ple, 

one can  tak e  m 4 in th e  range from  1 keV to  1 M eV  and  g ~  10- 6 -1 0 - 3 , consisten t w ith  various 

b o u n d s on such couplings. U nlike th e  case of (3+ 1) fo u r-n eu trin o  oscillation  schemes, th e  decay 

m odel is in com plete agreem ent w ith  th e  co n stra in ts  from  SBL d isap p ea ran ce  experim ents. 

T esting  th e  co m patib ility  of LSN D  and  all th e  null-resu lt experim en ts, one finds a p a ram e te r 

goodness-of-fit P G  =  4.6% for decay, w hich is slightly  b e t te r  th a n  th e  P G  =  2.1% o b ta in ed  in 

reference [68] for th e  (3+ 2) five-neutrino  oscillation scenario.

4 . 2  M a s s  V a r y i n g  N e u t r i n o s

A b u n d an t cosm ological d a ta  ind ica te  th a t  th e  expansion  of ou r U niverse is in an  accelera ting  

phase  caused  by a negative-pressure  com ponen t called d a rk  energy. D ark  energy is tro u b lin g
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because th e  accelera tion  of th e  U niverse is a  very recent phenom enon  in its expansion  history. 

T h is ‘cosmic coincidence’ prob lem  can  be expressed as follows: w hy are th e  d a rk -m a tte r  and  

dark -energy  densities com parab le  today, even th o u g h  th e ir  ra tio  scales as ~  1 /a 3 (w here a  is 

th e  scale fac to r)?  T h e  coincidence th a t  th e  scale of d a rk  energy (2 x 10-3  eV )4 is sim ilar to  

th e  scale of th e  n eu trin o  m ass-squared  difference squared  ([0.01 eV 2]2) was explo ited  recently  

to  solve th e  coincidence p rob lem  [530]. T h e  assum ption  was m ade th a t  n eu trinos  couple to  

d a rk  energy by in such a way as to  m ake th e  dark -energy  density  a function  of n eu trin o  m ass. 

T h e  to ta l energy density  of neu trinos  and  d a rk  energy was assum ed to  be co n stan t, i.e. to  be 

in d ep en d en t of n eu trin o  m ass. U nder these  assum ptions, changes in th e  neu trino -energy  density  

an d  th e  dark -energy  density  are  co rre la ted . O ver a w ide range of values of a, n eu trin o  m asses 

m ust vary  so as to  allow th e  to ta l energy density  rem ains constan t.

A sim ple way to  m ake th e  dark -energy  density  neu trino -m ass d ep en d en t is to  in tro d u ce  a 

Yukawa coupling  betw een a sterile  neu trino , s, and  a light, scalar field, 0 , called th e  acceleron. 

A t scales below th e  s te rile -neu trino  m ass, a  L agrang ian  of th e  form :

L  =  m Dv s +  A 0ss +  V 0 (0 ), (186)

w here v is a  S ta n d a rd  M odel le ft-handed  neu trino , leads to  an  effective p o te n tia l for th e  acceleron 

(if neu trinos  are  non-re la tiv istic ) given by:

2rm ̂
V  =  - ^ n v +  Vo(0) • (187)

T hus, th e  effective p o te n tia l of th e  acceleron a t la te  tim es receives a c o n trib u tio n  equal to  m v , 

w here m v =  m D /(A 0) and  are  th e  ac tive-neu trino  m ass and  num ber density, respectively. 

M ore e lab o ra te  supersym m etric  m odels of n eu trin o  d a rk  energy have been  co n s tru c ted  in [531, 

532].

M odel-independen t te s ts  of n eu trin o  d a rk  energy are cosm ological [530,533]. A s tr ic t re la tio n 

sh ip  betw een th e  equation  of s ta te  of th e  com bined dark -energy  n eu trin o  fluid w =  p nde/ p nde 

(w here nde denotes n eu trin o  d a rk  energy) and  n eu trin o  m ass is p red ic ted  to  be [530]:

w  =  - H ---- —  . (188)

F u rth e r, since n eu trin o  m asses are  p red ic ted  to  scale w ith  redsh ift app rox im ate ly  as a 3 in th e  

non-re la tiv istic  regim e, cosm ological and  te rre s tr ia l p robes of n eu trin o  m ass could give conflicting 

results.

I t has been  argued  th a t  it is n a tu ra l to  expec t couplings of th e  acceleron to  q u ark s  and  

charged lep tons to  be g enera ted  rad ia tive ly  [534]. M oreover, Y ukawa couplings of th e  acceleron 

to  visible m a tte r  could be low energy m an ifesta tions of non-renorm alisab le  o p era to rs  arising  

from  q u an tu m  gravity. If th e  acceleron couples b o th  to  n eu trinos  and  m a tte r , it m ay be possible 

to  investigate th is  scenario  th ro u g h  n eu trin o  oscillations [534,535]. However, th e  coupling  to  

m a tte r  is m odel-dependen t. T he  effective n eu trin o  m ass in m a tte r  is a lte red  by th e  in teractions 

of th e  scalar w hich in tu rn  m odifies n eu trin o  oscillations.
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A t low redsh ifts , th e  co n trib u tio n  to  n eu trin o  m ass caused  by th e  in te rac tions  of th e  acceleron 

w ith  e lectrons and  n eu trinos  is of th e  form  [536]:

M  =  -^ - (A en e +  Av { n ° vB  +  , (189)

w here Av (Ae) is th e  Yukawa coupling  of th e  acceleron to  th e  n eu trin o  (th e  electron). In  principle, 

0  has a m ass, m ^, th a t  depends on n e an d  th e  . T h is  dependence  is w eak since th e  underly ing  

assum ption  th a t  has been  m ade in o b ta in in g  equation  (189) is th a t  0  evolves ad iab a tica lly  and  

rem ains a t th e  m in im um  of its p o ten tia l. T h e  num ber density  of th e  cosmic n eu trin o  background 

in one genera tion  of neu trinos  and  an ti-n eu trin o s  is ~  112 cm -3  ~  10-12 eV 3, th e  num ber 

density  of re la tiv istic  neu trinos  in th e  background  fram e is nVe1, and  th e  electron  num ber density  

is n e. W e em phasise  th a t  m v is th e  n eu trin o  m ass in a backg round-dom inated  env ironm ent.

In  te rre s tr ia l env ironm ents, and  even for app lica tions to  so lar neu trinos, th e  d o m in an t con 

tr ib u tio n  to  th e  m ass shift arises from  th e  Aen e te rm . In  th is  case, one can  ad o p t a  m a tte r  

dependence of th e  form  [536] :

M ( n e) =  M °  , (190)

w here M 0 is th e  value a t som e reference density, n°, and  k param etrises  a pow er-law  dependence 

of th e  n eu trin o  m ass on density. In  princip le, M  is expected  to  d epend  linearly  on n e, b u t, 

phenom enologically, one m ay allow k to  dev ia te  from  unity. T h e  choice of reference density  is 

a rb itra ry . If th e  env ironm ent th a t  neu trinos  traverse  has a co n s tan t density  (e.g for passage 

th ro u g h  th e  e a r th ’s c ru s t) , th e n  th a t  density  could be tak en  to  be th e  reference density. If 

n eu trin o  p ro p ag atio n  is ad iab a tic  (as in th e  sun), th e  reference density  could be taken  to  be 

th e  density  a t w hich th e  neu trinos  are  p roduced . Im plic it in th e  form  of equa tion  (190) is 

th e  assu m p tio n  th a t  th e  n eu trin o  num ber density  has a negligible effect on n eu trin o  m asses. 

T hus, it applies only  in th e  cu rren t epoch  w hen th e  cosm ic n eu trin o  background  num ber density  

(0 ( 1 0 -12 ) eV 3) is tiny. A t earlier epochs, th e  n eu trin o  num ber density  is o rders of m agn itude  

larger and  m ust be taken  in to  account. For exam ple, in th e  e ra  of B ig B ang  N ucleosynthesis 

(B B N ), th e  n e u trin o  num ber density  is 0 ( 1 0 30) eV 3. For th e  com patib ility  of m ass-vary ing  

neu trinos  (M aV aNs) w ith  B B N  see [537].

A sim plifying assum ption  is th a t  th e  heaviest n eu trin o  has a m ass of 0 (0 .0 5 ) eV in th e  

p resen t epoch. As a resu lt of th e ir  non-negligible velocities, th e  n eu trin o  ‘over-density ’ in th e  

M ilky W ay from  g rav ita tio n a l c lu ste ring  can  be neglected [538]. T h en  m v represen ts th e  m asses 

of te rre s tr ia l n eu trinos  in la b o ra to ry  experim en ts  such as those  m easuring  tr i tiu m  b e ta  decay. 

N ote  th a t  cosm ological b o u n d s on th e  sum  of n eu trin o  m asses of O (1) eV are  inapplicab le  to  

M aVaNs. C onsequently , th e  usual re la tionsh ip  betw een n eu trin o  d a rk  m a tte r  and  neu trino less 

double  b e ta  decay is also rendered  inapplicab le  [539]. M oreover, it was po in ted  o u t th a t  if 

th e  acceleron couples to  highly  non-re la tiv istic  n eu trin o  e igenstates, n e u trin o  d a rk  energy is 

u n s tab le  [540,541]. T h e  assu m p tio n  th a t  th e  background  n eu trin o  m asses are  sm all circum vents 

th is  in s tab ility  problem .
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Figure 42: P(ve ^  ve) vs. Ev for MaVaN oscillations (solid curve). The dashed curve corresponds to conventional 

oscillations with the best-fit solution to KamLAND data. The data points and the procedure to extract them can 
be found in [543,544]. Taken from reference [536].

For such light neu trinos, only  m odel-dependen t (n eu trin o  oscillation) te s ts  of th e  M aV aN  sce 

n a rio  are  v iable because th e  m odel-independen t (cosm ological) te s ts  becom e inoperab le . T here  

a re  tw o reasons for th is:

•  T h e  effects of d a rk  energy and  a cosm ological co n s tan t are  alm ost th e  sam e in to d a y ’s 

U niverse; and

•  If  th e  light n eu trinos  do  no t c lu ste r sufficiently, th e  local n eu trin o  m ass is th e  sam e as th e  

background  value, below  th e  sensitiv ity  of tr i t iu m  be ta-decay  experim en ts. In  th is  case, th e  

h igh-redsh ift cosm ological d a ta  (w hich should show no evidence for n eu trin o  m ass) and  th e  

d a ta  from  tr i tiu m  beta -decay  experim en ts  will be consisten t.

I t has been  show n th a t  oscillations of m ass-varying  neu trinos ( th a t  resu lt in exotic m a tte r  

effects of th e  sam e size as s ta n d a rd  m a tte r  effects) lead to  an  im proved agreem ent (re la tive to  

conventional oscillations) w ith  so la r-neu trino  d a ta  w hile rem ain ing  com patib le  w ith  K am LA N D , 

C H O O Z, K 2K , and  a tm ospheric  d a ta  [536]. M aV aN  oscillations are perfectly  com patib le  w ith  

solar d a ta  because th e  survival p ro b ab ility  can  change from  a h igher-than -vacuum  value (a t low 

energies) to  sin2 0 (a t h igh energies) over a very narrow  range of energies as show n in figure

42 . A n analysis of solar and  K am L A N D  d a ta  concludes th a t  th e  fit in th e  L M A -II region is 

im proved; w hile th e  region is excluded a t m ore th a n  th e  4<r C.L. in th e  s ta n d a rd  oscillation 

analysis, it is allowed a t th e  98.9% C.L. for M aV aN  oscillations [542].

W h e th e r or no t an  ex p lan a tio n  of so la r-neu trino  d a ta  requires M aV aN  oscillations will be 

answ ered by experim en ts  th a t  will m easure th e  survival p ro b ab ility  of M eV  and  lower energy 

n eu trinos. As show n in reference [545], o th e r te s ts  in reac to r and  long-baseline experim en ts
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em erge w hen th e  above schem e is em bedded  in a com prehensive m odel th a t  can  explain  all 

th e  available neu trino -osc illa tion  d a ta , inc lud ing  th e  LSN D  anom aly, and  a null M iniB ooN E 

resu lt. T h is  m odel requires large values of sin2 2013 in th e  range 0.10 <  sin2 2013 <  0.30. Such 

values are  no t inconsisten t w ith  th e  C H O O Z reac to r co n s tra in t on Ve ^  z/e oscillations a t th e  

a tm ospheric  scale ( L / E v ~  250 m /M eV ) since th e  n eu trin o  p a th  in C H O O Z was p rim arily  in 

a ir. T h e  relevant lim it is th a t  provided  by P a lo  V erde for w hich th e  n eu trin o  p a th  was th ro u g h  

th e  ground; th e  P alo  V erde lim it is significantly  w eaker th a n  th a t  p rovided  by C H O O Z. Such 

large values of sin2 2013, are likely to  be m easured  in experim en ts  such as A ngra, D aya Bay, or 

K A SK A  for w hich m ost of th e  n eu trin o  p a th  is u n d erg round  [546,547]. T hese experim en ts  will 

be  sensitive to  013 for sin2 2013 >  0.01. However, D ouble-C H O O Z  [196,548], w hich should be 

sensitive to  sin2 2013 >  0.03, w ould see a null resu lt since m ost of th e  n eu trin o  p a th  is in air. 

T h e  M IN O S experim en t w hich is sensitive to  sin2 2013 >  0.05 a t th e  90% C.L. [549], should also 

see a positive signal in th e  vy ^  ve ap p ea ran ce  channel.

T h e  idea of using  reac to r experim en ts  w ith  d ifferent frac tions of a ir and  e a r th  m a tte r  along th e  

n eu trin o  p a th  to  s tu d y  M aV aN  oscillations has been  fu r th e r  explored  in [550]. For sin2 2013 >  

0.04, tw o reac to r experim en ts  w ith  baselines of a t least 1.5 km , one of w hich passes p redom 

inan tly  th ro u g h  air, th e  o th e r th ro u g h  th e  ea rth , can  co n stra in  an  oscillation effect w hich is 

d ifferent in a ir and  m a tte r  a t th e  level of a  few percen t. N eu trin o  super-beam  experim en ts  m ay 

p robe  m ass-varying  neu trinos  in a contro lled  env ironm ent if th e  effects are large enough. I t  is 

w orth  investigating  th e  sensitiv ity  of long-baseline experim en ts  to  n o n -s tan d a rd  m a tte r  effects 

in M aV aN  oscillations. A p re lim inary  analysis can  be found in reference [551].

4 . 3  C P T  a n d  L o r e n t z  i n v a r i a n c e  v i o l a t i o n

C P T , th e  p ro d u c t of charge con jugation , parity , and  tim e reversal is one of th e  m ost fu n d am en ta l 

sym m etries in n a tu re . C P T  invariance has a num ber of p rofound  im plications; for exam ple, it 

g uaran tees th a t  th e  m ass of partic le  and  an ti-p a rtic le  are  equal. T hough  th e re  is no experim en ta l 

evidence of C P T -invariance  v io lation  (C P T V ), th e  presence of a  sm all v io lation  is com patib le  

w ith  all cu rren t d a ta . O n th e  o th e r hand , C P T V  a n d /o r  L oren tz-invariance v io lation  (LIV) can  

arise in s trin g  theories [552-555]. C P T V  is closely re la ted  to  LIV  and  it has been  show n th a t  

C P T V  necessarily im plies LIV  [556].

T h e  phenom enological consequences of C P T V  an d  LIV  in n eu trin o  oscillations have been 

w idely discussed [503, 527, 557-562, 562-565, 565, 566, 566, 567, 567-573]. In  som e cases, th e  

phenom enological im plications of th e  v io lation  of th e  Equivalence P rin c ip le  (E P V ) in n eu trin o  

oscillations [574-578] is iden tica l to  th a t  of L IV  and  therefo re  th e  tw o can  be tre a te d  in a sim ilar 

fashion [579].

O ne of th e  possible im plications of C P T V  is th a t  th e  m asses a n d /o r  th e  m ixings of neu trinos 

can  be different from  those  of an ti-n eu trin o s. In  th is  case, oscillation  p robab ilities  for neu trinos 

w ould differ from  those  for an ti-n eu trin o s  even in th e  absence of C P  v io lation  or m a tte r  effects. 

C P T V  has been  suggested to  reconcile LSN D  resu lts  w ith  solar- as well as a tm o sp h eric -n eu trin o  

observations in th e  fram ew ork of th re e  n eu trin o  flavours [503,558,559]. A tm ospheric  neu trinos
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probe  oscillations for b o th  n eu trin o  and  an ti-n eu trin o  channels (though  th e  co n trib u tio n  from  

neu trinos  is d om inan t) w hereas solar n eu trinos  p robe  only th e  n eu trin o  channel. As a resu lt, 

once C P T V  is allowed solar and  a tm ospheric  oscillations can  be described  in te rm s of tw o m ass 

squared  differences A m |  and  A m ^tm w hereas a tm ospheric  and  LSN D  an ti-n eu trin o  oscillations 

w ere driven  by Am;;tm an d  A m L SND. However, in view of th e  K am L A N D  resu lts  [8,55], th is  

scenario  is s trong ly  dis-favoured, since K am L A N D  d a ta  are  com patib le  w ith  a n ti-n eu trin o  os

c illations also characterised  by A m |  [561,580].

In  th e  presence of LIV , th e  m axim um  velocity  w hich a partic le  can  a t ta in  m ay differ from  

p artic le  to  partic le . For neu trinos  th e  im plication  could be th a t  velocity is d ep en d en t on flavour. 

M ixing betw een flavour and  velocity e igensta tes will th e n  lead to  n eu trin o  oscillations even if 

n eu trin o s  are  m assless [570]. T h e  possib ility  of resonan t conversions in th e  m assless-neu trino  

lim it was first no ted  in th e  con tex t of theories w here n eu trinos  have n o n -s tan d a rd  in teractions 

[581]. In  such cases b o th  th e  physics and  th e  s ignatu res are  different from  those  expected  w hen 

L oren tz  invariance is v io lated  [582].

4 . 3 . 1  D i r e c t  b o u n d s  o n  C P T V

W ith o u t assum ing  any  underly ing  m odel, C P T V  can  be constra ined  by com paring  th e  m ixing 

pa ram e te rs  for n eu trinos  and  an ti-n eu trin o s  [583]. T h e  cu rren t b ound  on th e  difference betw een 

sin2 012 for n e u trin o  and  sin2 012 for an tin eu trin o s  is ra th e r  w eak [8,55]. E ven  if it is assum ed 

th a t  012 is in th e  first o c tan t, | s in2 012 — sin2 012| <  0.3 a t th e  99.73% C.L. For m ass-squared  d if 

ferences, th e  cu rren t b o u n d  [569] is |A m 21 — A m 21| <  1.1 x 10- 4 eV 2 a t 99.73% C.L., w here A m 21 

is th e  m ass squared  difference of an tin eu trin o s. For com parison , th e  b ound  on th e  difference b e t 

ween th e  n e u trin o  and  a n tin eu trin o  023 m ixing angle is —0.41 <  sin2 023 — sin2 023 <  0.45 [524] 

a t th e  99.73% C.L. level. For A m J2 th e re  are tw o resu lts: one from  th e  Super-K am iokande 

co llaboration  —1.9 x 10-2  eV 2 <  |A m J2| — |A m |2| <  4.8 x 10-3  eV 2 [584]; and  th e  o th e r from  

G onzalez-G arcia e t al. —10-2  eV 2 <  A m J2 — A m |2 <  3.4 x 10-3  eV 2 [524]; b o th  a t th e  99.73% 

C.L. level.

4 . 3 . 2  C P T V / L I V  E f f e c t  o n  c o n v e r s i o n  p r o b a b i l i t y

O scillations betw een tw o flavours, for exam ple, betw een vy and  vT in th e  presence of C P T V  or 

LIV, can  be described  by th e  H am ilton ian  [555,585]:

A m 2 / —1 0 \  t / —1 0 \  + , N

H = -1Ë 'H  » l ) Ul + —  U (  0 1J <  ' (m)

w here A m 2 is th e  m ass-squared  difference betw een th e  tw o n eu trin o  m ass e igenstates, n param etrises 

th e  size of th e  C P T V  or L IV  effect. H ere, n  is an  in teger w here n  =  0 co rresponds to  C P T V  

and  LIV , n  =  1 to  L IV  or E P V . T he  m atrices U# and  are given by:

(
cos 0 sin 0 \  (  cos £ sin \

, U g „  =  . ^ , (192)

— sin 0 cos 0 /  \ — sin £ew  cos £ I
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w here p  is th e  non -van ish ing  rela tive phase. N ote  th a t  n  =  0 m ay also co rresponds to  th e  

n o n -s tan d a rd  in te rac tio n  case described  in [581,582].

If th e  C P T V  or LIV  s tre n g th  is co n s tan t along th e  n eu trin o  tra je c to ry  th e  survival p robab ility  

takes th e  form  [555,585]:

Pvp—H'p =  1 — =  1 — sin 2 0  sin ^  —  IZ^j , (193)

w ith

sin2 2 0  =  —̂  (sin2 29 +  Ftl s in2 2{ +  2R n  sin 29 sin 2{ cos <p) , (194)
R 2

R  =  \ J \  +  i?2 +  2R n  (cos 29 cos 2{ +  sin 29 sin 2{ cos <p) , (195)

n E n 4 E

» * ^ T Ä S '  (196)

w here, for sim plicity, C P T V  or L IV  scenarios w hich can  be characterised  by a un ique p a ram e te r 

n have been assum ed.

T h e  n  =  0 case can  lead to  C P T V  and  LIV  by identify ing  n =  bi — b2 w here th e  b* are th e  

eigenvalues of th e  L oren tz-v io lating  C P T -o d d  o p e ra to r [554,555,557]. T h e  n  =  1 case can  lead 

to  LIV  by identify ing  n =  c1 — c2 w here th e  c  are  th e  m axim al a tta in a b le  velocities of v  [570]. 

T h is case is phenom enologically  equivalent to  E P V  [579] for th e  co n stan t g rav ita tio n a l p o ten tia l 

th ro u g h  th e  iden tification  n =  2 |0 |( y 1 — y 2) w here 0  is th e  g rav ita tio n a l p o ten tia l, assum ed to  

be co n stan t, and  y * is th e  coupling  of n eu trinos  to  g rav ity  [574,575].

A tm ospheric  n e u trin o  d a ta  can  be used to  co n stra in  th e  possible C P T V , LIV , o r E P V  effects. 

For exam ple, th e  following lim its were derived in [524,585]:

n =  bi — b2 =  5b <  5.0 x 10-23 GeV , for C P T V , LIV  (n  =  0) (197)

n =  (c1 — c2) =  5c/c  <  1.6 x 10-24 , fo rV L I (n  =  1) (198)

n =  2 |0 |( y 1 — y 2) =  2 |0 |A y  <  1.6 x 10-24 , for E P V  (n  =  1) (199)

4 . 3 . 3  F u t u r e  P r o s p e c t s

T he b o u n d s on th e  C P T V  differences betw een n eu trin o  and  an ti-n eu trin o  m ixing p a ram ete rs  a t 

a fu tu re  N eu trin o  F ac to ry  have been  stud ied  for a m uon-beam  energy of 50 GeV and  a baseline 

of 7000 km  [564]. A ssum ing a 10 kT  d e tec to r and  1020 m uon decays p e r year leads to  th e  

following bounds:

I | A m | 2 | -  [ A m y  I 

è ( |A  m l 2\ +  |A m 22 |)

1̂ 23 — ^231

0 (623 + 623)

< 8 x 1 0  3 ; and

<  4.2 x 10 2

(200)

(201)
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T h e  b o u n d  on th e  C P T V  effect is d e te rm ined  by th e  p a ram e te r 5b th ro u g h  oscillation. For 

oscillation  experim en ts  w ith  baselines sh o rte r th a n  ~  1000 km  an d  energy ~  1 — 2 GeV, such 

as T 2K  [13] an d  N O vA  [16], th e  ex isting  b ounds described  in th e  previous section will no t be 

im proved. O n th e  o th e r hand , fu tu re  neu trino -osc illa tion  experim en ts  a t th e  N eu trin o  F acto ry  

w ith  longer baseline, L >  3000 km , and  h igher energy, (E ) >  10 GeV, are  expec ted  to  im prove 

th e  p resen t bounds. R eference [557] estim ates th a t  th e  sensitiv ity  on 5b can  be as sm all as 

~  10-23 GeV for L =  2900 km  for a 10 k t d e tec to r and  1019 m uon decays.

4 . 4  L e p t o n i c  u n i t a r i t y  t r i a n g l e  a n d  C P - v i o l a t i o n

In  th e  q u a rk  sector, th e  u n ita r ity  trian g le  has proved to  be a very useful rep resen ta tio n  of m ixing 

an d  C P -v io la tion . Sim ilarly, in th e  lep ton  sector, th e  u n ita r ity  trian g le  provides a convenient 

fram ew ork for a  varie ty  of analyses including: analysing  th e  experim en ta l resu lts  on lep ton  m ix 

ing; te s tin g  th e  u n ita r ity  of th e  m ixing m a tr ix  and  searching for new n eu trin o  sta tes ; estab lish ing  

th e  v io lation  of th e  C P  invariance and  m easuring  th e  D irac C P -v io la ting  phase 5; and  searching 

for effects of new  in te rac tions  of neu trinos.

In  th e  following it will be assum ed th a t  th e re  are  only th re e  n eu trinos  so th a t  m ixing m ay be 

described  using a 3 x 3 u n ita r ity  m a trix . In  th e  s ta n d a rd  p a ram etrisa tio n , U =  U23I<5U13l j U 12, 

w here U j  are  ro ta tio n  m atrices in th e  ij-p la n e , and  I<s =  d ia g (1 ,1, ei5). T he  u n ita r ity  cond ition  

U U t =  I  leads to  th re e  ‘row eq u alities’, U^Uß* =  0, a  =  ß , or explicitly:

Ue1 U^1 +  Ue2U^2 +  ^ 3 ^ 3  =  0 , (a)

Ue1Ur* 1 +  Ue2Ur*2 +  ^ 3 ^ 3  =  0 , (b) (202)

U t  1U ; 1 +  UT2U^2 +  UT3U^3 =  0. (C)

In  th e  com plex p lane, each te rm  from  th e  sum s in eq u atio n  (202) rep resen ts  a  vector. E q u atio n s  

(202) im ply th a t  th e  th re e  te rm s ap p ea rin g  in each eq u atio n  form  a triang le , know n as a ‘u n i 

ta r i ty  tr ia n g le ’. T he  expressions (202) also reflect th e  o rthogonality  of th e  flavour sta tes; th e  

co rrespond ing  triang les are called th e  flavour triang les, for exam ple, eq u a tio n  (202)a describes 

th e  e^ -trian g le . T h e  sides of trian g le  can  be th e n  en u m era ted  by th e  m ass e igenstates:

Zi =  U«iUßi. (203)

T h e  u n ita r ity  cond ition  U^U =  I  leads to  th e  ‘co lum n eq u a lities’ ^ a U ^ U ^  =  0, (for i =  j ) .  

T hese equations also define triang les know n as th e  m ass s ta te  triang les.

T h e  sh ap e  an d  a rea  of th e  triang les are closely re la ted  to  C P -v io la tion  in leptonic m ixing. 

Indeed , th e  D irac C P -v io la ting  phase vanishes if and  only  if th e  phases of all elem ents of th e  

m ixing m a trix  are  factorisable: Uai =  ei(o“+7i) |Ua i |. In  th is  case, Ua iU ß  =  ei(CT“ -CTß)|Ua i ||Ußi | 

an d  therefo re  th e  u n ita r ity  triang les sh rink  to  segm ents. R ecall th a t  th e  C P -v io la ting  effects are 

d e te rm ined  by th e  Jarlskog  invariant:

J c p  =  Im [U aiU ßiU ajU ßj] , (204)
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w hich in th e  s ta n d a rd  p a ram e trisa tio n  is given by: 

J CP =  s 12c12s 23c23s 13c23 sin 5, (205)

w here s 12 =  s in 0 12, etc. In  p a rticu la r , th e  invarian t de term ines th e  C P -asym m etries  in n eu trin o  

oscillations, P ( v a ^  Vß) — P ( v a ^  Vß) «  . T h e  area  of th e  triang le , S , is re la ted  to  th e  

Jarlskog  invarian t. For th e  flavour triang le:

s  =  ^ 1 7 * ^ 1 7 ^ 1  , (20 6)

w here 0 ij  is th e  angle betw een th e  sides i and  j .  E q u a tio n s  (204) and  (206) can  be com bined 

to  give:

S  =  -  J c p ■ (207)

T he  re la tion  207 is th e  basis of th e  u n ita r ity  trian g le  m eth o d  for m easuring  th e  C P -v io la ting  

phase [586,587]. R eco n stru c tin g  th e  u n ita r ity  trian g le  is an  a lte rn a tiv e  to  th e  d irec t m easurem ent 

of th e  C P -asym m etries  in tra n s itio n  p robab ilities  P(V a ^  Vß) — P ( v a ^  Vß) [588-593].

4 . 4 . 1  P r o p e r t i e s  o f  t h e  l e p t o n i c  t r i a n g l e s

For very sm all 13 m ixing, sin 013 ^  0.15, th e  u n ita r ity  triang les are of tw o form s:

•  Triangles th a t  include th e  elem ent Ue3 and  therefo re  have one sm all side and  tw o nearly  

equal sides: e.g., th e  e/x-triangle in w hich \z\\ æ  \z2 \ and  |z3| w s 13 / V 2 ; and

•  T riangles th a t  do  no t include th e  Ue3 elem ent: e.g., th e  ßT -triang le  for w hich |z1| æ  1 /6  +  

O (s 13), |Z2 1 æ  1 /3  and  |z3 | æ  —1/2  +  O (s 13).

For s 13 s a tu ra tin g  its u p p e r bound , s 13 ~  0.15, th e  sides of th e  trian g le  can  be of th e  sam e size.

F igu re  43 shows exam ples of th e  eß -trian g le  co n stru c ted  for s 12 =  0.56, s 23 =  0.67 (th e  b e s t 

fit values), s 13 =  0.15, and  for th re e  d ifferent values of th e  C P -v io la ting  phase. T h e  horizontal 

side is norm alised  to  1. E ach  sc a tte r  po in t rep resen ts  th e  possible position  of vertex  if th e  

values of m ixing p a ram ete rs  pick up  d ifferent values w ith in  th e  p resen t u n ce rta in ty  ranges: 

s in2 023 €  [0.36,0.61], sin2 012 €  [0.23,0.37] and  sin2 013 €  [0,0.031] and  5 varies betw een 0 

an d  2n. Some sc a tte r  po in ts  lie on th e  horizon tal axis. T h is reflects th e  fact th a t  w ith  th e  

p resen t d a ta  it is no t possible to  estab lish  C P -v io la tion . N otice th a t  desp ite  th e  fact th a t  s 13 is 

rela tively  sm all, for a  considerab le  p o rtio n  of th e  s c a tte r  po in ts, th e  sizes of th e  all th re e  sides 

of th e  trian g le  are  com parab le . T h e  triang les can  tak e  a p a rtic u la r  form  if th e  m ass m atrix , 

an d  consequently  th e  m ixing m atrix , have a ce rta in  sym m etry. T h e  ß  — t  reflection sym m etry  

defined as vm ^  vC, vt  ^  v ^ , w here th e  su p ersc rip t c denotes th e  C -conjugation  [594,595], leads 

to  isosceles co lum n-based  triang les and  congruen t row -based eT- and  eß -triang les.
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Figure 43: The unitarity e^-triangles. The horizontal side, |Ue1 U*â1 | is normalised to one. The triangles cor
respond to s13 =  0.15 and different values of S. Each scatter point represents a possible position of vertex 
as the mixing parameters pick up random values within the present uncertainty ranges: sin2 023 G [0.36, 0.61], 
sin2 012 G [0.27, 0.37] and sin2 0i3 G [0, 0.031] and S G [0, 2n]

4 . 4 . 2  L e p t o n i c  t r i a n g l e s  a n d  c o h e r e n c e  o f  n e u t r i n o  s t a t e s

T h e  charged -cu rren t (C C ) coupling  of n eu trin o  m ass eigenstate , Vj, and  th e  charged lep ton , a ,  

is given by As a resu lt, by stu d y in g  th e  CC in te rac tions  of a  n eu trin o  beam  of p u re  m ass 

e igenstates, we can  derive th e  m oduli of th e  m ix ing -m atrix  elem ents w hich give th e  sides of 

th e  u n ita r ity  triang le . U nfo rtunate ly , te rre s tr ia l n eu trin o  beam s are  com posed of flavour, ra th e r  

th a n  m ass, e igensta tes w hich are coheren t com binations of th e  m ass e igenstates. To c rea te  beam s 

of neu trino -m ass e igensta tes it is necessary  to  destroy  th e  coherence of th e  neu trino -flavour s ta te  

p roduced  th ro u g h  th e  w eak in terac tion . T h ere  are  several c ircum stances in w hich th e  coherence 

can  be destroyed [587]:

•  Adiabatic  convers ion  o f  the f la v o u r  n eu tr in o  state:  Suppose th e  n eu trin o  flavour s ta te , va , is 

p roduced  a t densities m uch h igher th a n  th e  M SW -resonance density. T hen , a t th e  p ro d u ctio n  

p o in t, th e  m ixing in m a tte r  is strong ly  suppressed  and  va p rac tica lly  coincides w ith  one of 

th e  energy (or effective-m ass) e igensta tes  in m a tte r: va æ  vim . Suppose th is  s ta te  p ropagates 

to  a region of sm all (zero) density. If th e  p ro p ag a tio n  is ad iaba tic , th e n  vim ^  v  an d  a t 

th e  exit from  th e  m a tte r  layer, th e  beam  will be p u re  v^. Such a s itu a tio n  is app rox im ate ly  

realised for th e  high-energy (w ith  >  10 M eV) so lar neu trinos; i .e ., ve p roduced  in th e  

cen ter of th e  Sun is tran sfo rm ed  in to  v2 a t th e  surface;

•  N e u tr in o  decay: If  th e  heavier n eu trinos  on th e ir  way to  th e  d e tec to rs  decay in to  th e  lightest 

n eu trin o  (plus a n o th e r light o r m assless partic le ), regardless of th e  orig inal flavour com-
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position , we will o b ta in  a flux w hich is pu rely  com posed of th e  ligh test m ass eigenstate; 

and

•  Decoherence:  O ne can  also use a beam  of several m ass e igensta tes provided th a t  th e y  are 

incoheren t . T h e  ra te s  of processes induced by such a beam  will be d e te rm ined  by th e  m oduli 

of m a trix  elem ents. T he  effective loss of coherence can  occur due to  divergence of th e  n eu trin o  

w ave-packets over long d istances or th e  averaging of oscillations.

T he  decay and  th e  loss of coherence b o th  requ ire  astronom ical d istances; m oreover, th e  ad iab a tic  

conversion can n o t be realised on d istances sm aller th a n  th e  solar rad ius. O b ta in in g  p u re  n eu trin o  

m ass e igensta tes  therefo re  requires astrophysica l sources of n eu trinos  and  astrophysica l m ethods. 

In  section 6 .4 , we will discuss such m ethods.

To reco n stru c t th e  u n ita r ity  triang le , th e  abso lu te  values of th e  elem ents of tw o rows (or 

equivalently  tw o colum ns) in th e  m ixing m a trix  m ust be m easured . To reco n stru c t th e  eß- 

triang le , th re e  q u an titie s  should be d e te rm ined  independen tly :

lU elU ^I, |Ue2U ;2 1, |UesU;31. (208)

T he  form  of th e  trian g le  depends on the , as yet unknow n, value of |Ue3| . A ssum ing th a t  only th ree  

n eu trin o  species tak e  p a r t in th e  m ixing and  th a t  th e re  is no o th e r source of C P -v io la tion  a p a r t 

from  th e  phases of th e  m ass-m atrix  elem ents, one can  use th e  tw o in d ep en d en t no rm alisa tion  

conditions:

|U ei|2 =  1 , E  U i | 2 =  1 , (209)
i= 1,2,3 i=1,2,3

to  d e te rm in e  th e  leng th  of th e  sides of th e  eß -triang le . T hus, to  find th e  sides of th e  eß -triang le  

it is enough to  m easure th e  m oduli of th e  four m ixing  m a tr ix  elem ents:

|U el|, U l ! ,  |Ue3|, U 3 1 . (210)

To prove th e  C P  vio lation , th e  following inequalities m ust be established:

|U elU ; i | <  | Ue2 U^ 2 1 +  ^ 3^ 3 1;

|Ue2U ;2 | <  |U elU ; i | +  |Ue3U;31. (2 11)

U sing th e  p resen t in fo rm ation  on th e  abso lu te  value of th e  m a trix  elem ents one can  e s tim a te  

th e  accuracy  required . A ccording to  equation  (2 11) th e  quan tities:

A i =  I Ue\ j j U j +  \Ue3\ \U ^ \  +  -  |[ /e l |2 -  |C/e3|2) ( l  -  |t /Ml |2 -  1 ^ 3 12) (212)

and:

A 2 =  I Ue\ 11U I +  I Ue311Uß3 I -  -  |[ /e l |2 -  |C/e3|2) ( l  -  |£ V l2 -  |C^3|2) (213)

are  m easures of C P  violation; i.e., C P  is conserved if e ith er A l or A 2 is zero. S e ttin g  0 l2  and  023 

to  th e ir  b es t fit values (sin2 0 l2  =  0.315 an d  sin2 023 =  0.45), 0 l3 close to  th e  p resen t u p p e r bound  

(Ue3 =  0.15), and  ta k in g  a m axim al D irac phase, ö =  90°, we find A l =  0.09 and  A 2 =  0.10.
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N otice th a t  A l>2 can  be negative if th e re  is an  e x tra  n e u trin o  and  as a resu lt th e  3 x 3  active 

su b -m atrix  is no t un itary . E q u a tio n s  (212) and  (213) im ply  th a t ,  in o rder to  es tab lish  C P- 

v io lation  (non-zero values of A l>2) th e  abso lu te  errors, A |U At3|, A |U e l |, A |U jttl| and  A |U At3Ue3| 

(regardless of th e  m easurem ent m ethod ) should  be sm aller th a n  a few percen t even in th e  m ost 

o p tim istic  case -  nam ely, Ue3 as large as possible and  ö =  90°. T h is  seems q u ite  challenging 

specially in th e  case of |Ujttl|.

If |Ue3| tu rn s  o u t to  be very sm all, th e  sides p ro p o rtio n a l to  |Ue3| will be also tin y  and  it will 

be m ore difficult to  reco n stru c t th e  eß -triang le  and  to  check th e  inequalities (211). A sim ilar 

s itu a tio n  occurs for th e  uc -triang le  in th e  q u ark  sector. In  th is  connection , it was proposed  

in [596] to  reco n stru c t th e  12-triangle w hich is m ade up  of |Ue lUe*2|, |Ujttl U*21, and  |UTlU^2|. 

N otice th a t  a lthough  all th e  sides of th e  12-triangle are com parab le , in th e  lim it of sm all s l3 , 

th e  height of th is  tr ian g le  will be sm all. T h is crea tes an o th e r prob lem  for m easuring  th e  area. 

W ith in  th e  tri-b im ax im al scenario, it m ay be sim pler to  reco n stru c t th e  23-triangle (th e  triang le  

m ade up  of |Ue3Ue*2|, |Ujtt3U*21, and  |UT3U*2|) [597,598]. U p to  now, th e re  is no d irec t in fo rm ation  

ab o u t th e  values of |UT l| and  |UT21. M oreover, b o th  th e  crea tion  of in tense v t -beam s and  th e  

de tec tion  of v t  seem to  be difficult. R eco n stru c tin g  th e  23- and  12-triangles does n o t therefore 

seem very prom ising  from  a p rac tica l po in t of view. If we do no t w ant to  m ake any theo re tica l 

p re-assum ptions a b o u t th e  m ass te x tu re , th e  eß -trian g le  seems to  be a m ore prom ising  op tion  

to  reco n stru c t, especially if, for s l3 close to  th e  p resen t u p p e r  bound , as d em o n stra ted  in figure

43, all th e  sides of th e  eß -triang le  are com parab le . T h ro u g h o u t th e  p resen t analysis we therefo re  

focus on th e  eß -triang le .

4 . 4 . 3  T h e  u n i t a r i t y  t r i a n g l e  a n d  o s c i l l a t i o n  e x p e r i m e n t s

In  th is  section, we describe th e  set of oscillation  m easurem ents th a t  have been  suggested in [587] 

to  d e te rm in e  th e  eß -triang le . Since th e  oscillation  p robab ilities  d epend  no t only on th e  m oduli 

of th e  m ix ing -m atrix  elem ents, b u t also on th e  unknow n rela tive phases (öx), th e  s tra teg y  is to  

select configura tions of oscillation  m easurem en ts for w hich th e  d o m in an t effect is d e te rm ined  by 

m oduli:

P aß =  P a ß (|U ei|) |U^i |) +  A P a ß (öx), a , ß  =  e , ß  , (214)

w here A P  ^  P . T h e  h ierarchy  of m ass sp littings:

e =  ~  0.03 , (215)
A m 23 ’ v ;

as well as th e  sm all |Ue3| p lay a key role in th is  argum en t. T he  experim en ta l se tu p  m ust be 

chosen in such a way th a t  th e  öx-d ep en d en t co rrection  in (214) induced by th e  m a tte r  effect is 

suppressed . T h e  p ro d u c t |Ue*3UM31, w hich is one side of th e  triang le , can  be m easured  in stud ies 

of th e  v m ^  ve tran s itio n s  driven  by A m J2. For th is  channel, in vacuum :

P ße =  A\U*e,U ß i \2 s in2 +  A Pße , (216)
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w here th e  co rrection  A P ^ e is due  to  non -zero  A m ^l . In  general, due  to  th e  m a tte r  effect it is no t 

possible to  w rite  th e  tra n s itio n  p ro b ab ility  in th e  sim ple form  of equa tion  (216) w ith  A P ^e ^  P^e . 

T he  p ro b ab ility  can  however be reduced to  th e  form  (216) in tw o lim iting  cases [587]:

•  T h e  low -energy lim it E  ^  E23 (E R  ~  6 GeV is th e  resonance energy co rrespond ing  to  th e  

2 — 3 sp litting ) for w hich th e  m a tte r  co rrection  is small;

•  T h e  short-base line  lim it w here ‘vacuum  m im icking’ cond ition  is satisfied [599,600].

U nfo rtunate ly , n e ith e r of th e  proposed  s ta te -o f-th e -a rt long-baseline experim ents, N ov A and  

T2K  fulfill these  requ irem en ts. As illu s tra ted  in figure 5 of [601], th e  tra n s itio n  p ro b ab ility  for 

these se tups is sensitive no t only to  |Ue3||U M3| b u t also to  th e  value of th e  C P -v io la ting  phase. 

T hus, th e  |UM3Ue*3| side should be d e te rm ined  by sep ara te ly  by m easuring  th e  values of |U^31 

and  | Ue31.

T h e  four elem ents in eq u a tio n  (210) can  be determ ined , in princip le, as follows:

1. |Ue3| can  be m easured  by reac to r experim en ts  w ith  a typ ical baseline of ~  1 km. In  these 

experim en ts  th e  m a tte r  effect is negligible and  th e  survival p ro b ab ility  for ve can  be w ritten :

P ee =  1 -  4(1 -  \Ue3 \2 )\U e 3 \2 Sin2 +  A  P ee . (217)

T h e  rela tive co rrection  is sm all, A P ee/(1  — P ee) <  2 %, so |Ue3| can  be determ ined  w ith  

O (1)%  accuracy  [587]. E x p erim en ta l errors in th e  m easurem ent of P ee will d o m in a te  over 

A P ee. If 0 l3 is close to  th e  p resen t u p p e r bound , th e  nex t genera tion  of reac to r experim en ts 

will be able to  m easure it w ith  a re la tive e rro r of 0 (1 0 )%  [601-603]. T h e  u n ce rta in ty  in A l>2 

(defined in equations (212) and  (213)) arising  from  A |U e3| can  be evaluated  as:

|Ue3| '
A A i I tW  -  I M j g j

A|E/e3|

A  | Ue31 an d  A A 2 = |UM31 +  |UM21
|Ue2|

A | Ue31 . (218)

T aking |[ /e3| ~  0.15 and  ^  ^  ~  10% yields A A i ;2/ A i ;2 ~  20% .

2. T h e  elem ent |U ^ | can  be  m easured  in long-baseline vM-d isap p earan ce  experim en ts  (one of th e  

m ain  m otivations of w hich is to  m easure th e  m ixing  angle 023 w ith  h igh precision). For T2K  

and  N ovA , th e  m a tte r  effect can n o t be neglected since A m ^ / E  ~  \ / 2 G p n e , however effects 

d ue  to  th e  solar m ass sp littin g  are  u n im p o rta n t. To an  app rox im ation  of 0 (A m 5 2L / 2 E ) ~  

0.01, th e  survival p ro b ab ility  can  be tre a te d  in th e  tw o-neu trino  oscillation fram ew ork. T h e  

value of s in 0 23 (thus |U^3| =  s 23c l3) can  be ex tra c ted  w ith  accuracy  of 4% or b e t te r  [16];

3. T h e  values of |Ue l | and  |Ue21 can  be o b ta in ed  from  th e  so la r-neu trino  d a ta . Since th e  

energy of solar n eu trinos  is low, to  a good approx im ation , th e  m a tte r  effect on |Ue3| can 

be neglected. M oreover, th e  so la r-neu trino  conversion driven  by A m 3l p roduces only  an 

averaged oscillation effect (1 ^  A m 3 l L / E v). In  th is  case th e  surv ival p ro b ab ility  reads 

[604,605]:

Pee =  (1 — |Ue3 |2) 2P 2 ( ta n 2 ^l2, A m 2l) +  |Ue3|4 , (219)
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w here:

(220)

and  P 2 is th e  tw o -neu trino  survival p ro b ab ility  d e te rm ined  from  th e  so lu tion  of th e  two- 

neu trino -evo lu tion  equation  w ith  th e  oscillation  p a ram ete rs  ta n 2 0l2 , A m ^l an d  th e  effective

p o te n tia l (1 — |Ue3|2)Ve. A nalysis of so la r-neu trino  d a ta  alone can n o t yield an  u n ce rta in ty  in

For a reac to r experim en t w ith  a large baseline ( ~  100 km ) such as K am L A N D , P ee is given

T h is  opens up  th e  possib ility  of m easuring  th e  value of sin 0l2 w ith  h igh precision. A lthough  

th e  cu rren t experim en t, K am L A N D , can n o t reach a precision b e tte r  th a n  18% [97], if a 

reac to r experim en t w ith  a baseline of 60 km , an  exposure of ~  60 G W kT y  and  a system atic  

e rro r of 2% is co n stru c ted , sin2 0 l2 can  be  m easured  w ith  an  u n certa in ty  of 6% a t 3a. 

M oreover, as show n in [606], com bining d a ta  from  K am L A N D  and  B orexino will allow th e  

u n certa in ty  on sin2 20l2 to  be reduced to  5%. T hen , using  th e  m easured  value of |Ue l |, |Ue2| 

an d  th e  norm alisa tion  condition , |Ue l |2 +  |Ue2|2 =  1 — |Ue312, |Ue l | an d  |Ue2| can  be  dete rm ined  

separately . In  th is  way, |Ue l | can  be  determ ined  w ith  re la tively  high precision leading to  

(A A l>2) <  A l)2/5  for ö ~  90°. Such an  u n certa in ty  is sm all enough to  estab lish  th e  C P- 

violation; and

4. T h e  d e te rm in a tio n  of |UMl| (a n d /o r  |U^21) is th e  m ost challenging p a r t of th e  m ethod . N ote 

th a t  in c o n tra s t to  |Ue*3U^31, it is no t possible to  m easure th e  com binations |Ue*l UjUl| and  

|Ue*2Uju2|, d irec tly  from  oscillation experim en ts. Indeed , in vacuum  th e  ^  ve tra n s itio n  

p ro b ab ility  is d e te rm ined  by th e  p ro d u c t R e [U* l Ue lUM2Ue*2] w hich depends no t only on th e  

abso lu te  values of th e  m a trix  elem ents b u t also on th e ir  phases. T herefore one has to  resort 

to  th e  possib ility  of sep ara te ly  m easuring  |UMl| an d  |U^21. In  fact, it is sufficient to  m easure 

a com bination  of |UMl| an d  |U^2| w hich differs from  th e  norm alisa tion  cond ition  (equation  

(209)). T h is  requires an  experim en t sensitive to  th e  A m f2 sp littin g  w hich ap p ea rs  usually  as 

a su b -dom inan t m ode. To suppress th e  leading effect and  th e  in terference of th e  leading and  

sub-lead ing  m odes, th e  oscillations driven  by A m |3 should  be averaged o u t. T h is  cond ition  

necessita tes th e  following experim en ta l configuration:

•  T h e  energy of th e  beam  should be low: E  <  1 GeV; and

•  T h e  baseline should  be large, L  »  4 E V/A m 22.

M oreover, to  avoid suppression  of th e  su b -dom inan t m ode th e  baseline, L, should be of th e  

o rd er of th e  oscillation leng th  associated  w ith  th e  (1 - 2) sp litting , L >  2000 km . R ealisa tion  

of such a se t-up  is very challenging. T h e  requ irem en ts listed above are  fulfilled by th e  

p roposed  B rookhaven  to  H om estake long-baseline experim en t [607].

sin2 0 l2 b e t te r  th a n  19% a t th e  3 a  C.L. [97], even if th e  pp-flux d a ta  w ith  a 3% u n certa in ty  

is included.

by:

(221)
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In  sum m ary, if |Ue3| sa tu ra te s  th e  p resen t b o u n d  (|U e31 ~  0.1), th e  resu lts of th e  nex t gener 

a tio n  of reac to r experim en ts  can  be com bined w ith  th e  m easurem ents of th e  vM-surv ival p ro b 

ab ility  in T 2K  a n d /o r  N ov A to  d e te rm in e  |Ue3| and  |U^3|, and  consequently  th e  th ird  side of 

th e  eß -triang le , w ith  th e  requ ired  precision. M oreover, by com bining th e  resu lts  of K am L A N D  

and  B orexino, or a lte rn a tiv e ly  by co n s tru c tin g  a reac to r experim en t w ith  L ~  60 km  an d  an  ex 

posure  of 60 G W kTy, one can  d e te rm in e  |Uel | and  |Ue2| w ith  sufficient accuracy  to  reco n stru c t 

th e  u n ita r ity  triang le . T h e  m ain  obstac le  to  th e  co n stru c tio n  of th e  u n ita r ity  trian g le  is th e  

precision m easurem en t of |UMl| and  |U^ 21 w hich requires a very-long-baseline experim en t w ith  a 

se tup  sim ilar to  th e  p roposed  B rookhaven  to  H om estake p ro jec t [607].

T h e  reco n stru c tio n  of th e  u n ita r ity  trian g le  using  m easurem ents of n eu trin o  m ixing in m a tte r  

has been  considered  in [596, 608, 609]. T h e  a rea  of th e  trian g le  will also be p ro p o rtio n a l to  

th e  C P -v io la ting  phase ö. However to  e x tra c t in fo rm ation  on th e  n eu trin o  param ete rs , several 

d ifferent se tups  w ith  d is tin c t beam  energies and  m a tte r  densities are  requ ired  w hich co rrespond  

to  d ifferent ‘triang les in m a t te r ’.

4 . 4 . 4  L e p t o n i c  u n i t a r i t y  t r i a n g l e  a n d  f u t u r e  e x p e r i m e n t s

F igu re  (44) illu s tra tes  th e  possib ility  of estab lish ing  C P -v io la tion  by th e  trian g le  m eth o d  for 

th e  realistic  u n certa in ties  w hich can  be achieved a fte r th e  nex t genera tion  of experim en ts. T h e  

show n trian g le  co rresponds to  s l3 =  0.15, öD =  90° and  th e  cu rren t b est fit for th e  rest of th e  

m ixing p a ram ete rs  (s23 =  0.67 and  s l2 =  0.56). T h e  horizontal side (|U e lU* l |) is norm alised  

to  one. T h e  sc a tte r  po in ts  show th e  position  of th e  vertex  of th e  triang le , w hen th e  m oduli of 

th e  m ixing m a tr ix  elem ents tak e  random  values aro u n d  th e  cen tra l po in ts |Ue l | =  0.74, |UMl| =  

0.42, |Ue3| =  0.15 and  |U^3| =  0.67 (w hich co rrespond  to  th e  m ixing p a ram ete rs  above) w ith in  

th e  fu tu re  u n ce rta in ty  ranges. To p roduce th e  sc a tte r  po in ts, we have tak en  A |U e l |/ |U e l | =  

5%, A |U e3 | / |U e3| =  10% an d  A |U ju3 |/ |U ju3| =  3% w hich co rrespond  to  th e  accuracy  achievable 

respectively  by com bined K am L A N D  and  B orexino d a ta  analysis [606], reac to r experim en ts 

[601], and  T 2 K /N o v A  [16]. We have taken  an  op tim istic  accuracy  of A |U jUl|/ |U jUl| =  10%. 

F rom  th is  figure we observe th a t  if th e  value of s l3 is close to  its p resen t u p p e r b o u n d  and  öD 

is m axim al, th e  u n certa in ties  ou tlined  above will be sm all enough to  estab lish  C P-v io la tion .

T h e  m easurem en ts described  above can  be com plem ented  by those  th a t  can  be  m ade a t th e  

p roposed  super-beam s an d  a t a  N eu trin o  Factory. W hile |UMl| an d  |U^2| can  n o t be dete rm ined  

by these  experim en ts, th e  trian g le  m eth o d  can  be considered  as an  a lte rn a tiv e  for resolving th e  

eight-fold degeneracies w hich are  encoun tered  in th e  conventional m e thods of searching  for th e  

C P -v io la ting  phase [38 ,214 ,341 ,610]. For exam ple, none of th e  se tups  we have suggested to  

reco n stru c t th e  trian g le  is sensitive to  s g ^ A m ^ )  th u s  th e  trian g le  m eth o d  can  serve to  resolve 

th e  sg n (A m 2l ) degeneracy.
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F ig u re  44: T h e  e ^ - tr ia n g le  ta k in g  s 13 =  0.15, S =  90° a n d  th e  b e s t fit values s 23 =  0.67 a n d  s 12 =  0.56. T h e  

|U eiU * 1| s ide  is n o rm alised  to  one. E a c h  s c a t te r  p o in t re p re se n ts  th e  po ssib le  p o s it io n  o f v e r te x  w h en  th e  m o d u li 

o f m ix in g  m a tr ix  e lem en ts  p ick  u p  ra n d o m  values a ro u n d  |U e11 =  0.74, |UM 11 =  0.42, |Ue31 =  0.15 a n d  |U m3| =  0.67 

(w hich  c o rre sp o n d s  to  th e  abov e  m ix in g  p a ra m e te rs )  w ith in  th e  follow ing u n c e r ta in ty  rang es: A |U e1 | / |U e11 =  5%; 

A |U m 1 | / |U M 11 =  10 %; A |U e3 |/ |U e 3 1 =  10 %; a n d  A |U M3 I / U 3 1 =  3%.

4 . 4 . 5  B e y o n d  t h r e e  n e u t r i n o s

D eviation  of th e  m ixing m a trix  from  u n ita r ity  m ay o rig inate  from  v io lation  of th e  un iversality  

of w eak in te rac tions  due, for exam ple, to  m ixing of n eu trinos  w ith  heavy n eu tra l lep tons. T his 

affects no t only  n eu trin o  oscillations in vacuum  and  in m a tte r  b u t also th e  leptonic decays, for 

exam ple th ro u g h  th e  ex istence of lepton -flavour v io la ting  decays [611]. T h e  discovery of sterile  

neu trinos  and  th e ir  m ixing w ith  active neu trinos  w ould im ply  v io lation  of u n ita r ity  for active- 

n eu trin o  m ixing. In  th e  case of four light neu trinos, th e  m ixing can  be rep resen ted  in th e  form  

of quadrang les. In  th is  case, th e  num ber of D irac C P -v io la ting  phases will increase to  th ree . A 

classification of th e  u n ita r ity  quadrang les in th e  fou r-n eu trin o  m ixing schem e is given in [612]. 

R elations betw een th e  areas of th e  u n ita r ity  quadrang les and  th e  re-phasing  invarian ts of C P  

and  T  v io lation  have been  estab lished . Also quad rang les in m a tte r  were s tud ied  in [596].

4 . 4 . 6  C o n s t r a i n t s  o n  u n i t a r i t y

N eu trin o  oscillations co n s titu te  evidence for physics beyond th e  S tan d a rd  M odel. If  new  physics 

exists, it can  m anifest itse lf th ro u g h  u n ita r ity  v io lation  in th e  S tan d a rd  M odel couplings, th e  

com plete th e o ry  being  u n ita ry  and  probab ility -conserv ing . In  th e  q u ark  sector, th e  search for 

dev iations from  u n ita r ity  of th e  CK M  m a trix  is considered  as a sensitive way to  search for 

physics beyond th e  S ta n d a rd  M odel. In  th e  lep ton  sector u n ita r ity  v io lations can  arise b o th  

from  new  physics a t low energy -  as in th e  case of th e  h y p o th e tica l existence of ad d itio n a l
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light sterile  n eu trinos  -  o r a t h igh energy -  as in th e  case of th e  canonical see-saw m echanism  

[127,222,223,308], w here light n eu trin o  m asses are genera ted  th ro u g h  m ixing w ith  heavy, singlet, 

ferm ionic s ta tes . In  th e  following we will discuss b o th  possibilities.

To s tu d y  m ixing  am ong active and  sterile  neu trinos, we consider th e  S tan d a rd  M odel field 

con ten t plus N s sterile  neu trinos. T h e  com plete  (3 +  N s)-d im ensional m ixing m a trix  is un itary , 

b u t th e  3 x 3 PM N S m a tr ix  is no t since it is a  sub -m atrix . P ro b ab ility  conservation  in th e  

com plete th e o ry  im plies:

w here P ( v x — ) =  P xs is th e  oscillation p ro b ab ility  in to  sterile  neu trinos. Since n eu tra l 

cu rren ts  are  sensitive to  th is  sum , in princip le  a n eu tra l-cu rren t m easurem en t alone w ould be 

sufficient to  d e te rm in e  P xs. However, in a realistic  d e tec to r m is-identifications of charged c u r 

ren t and  n eu tra l cu rren t events, to g e th e r w ith  sy stem atic  u ncerta in ties  on n eu trin o  in te rac tion  

cross sections, com plica te  th e  analysis. In  reference [613] th e  sensitiv ity  of n eu tra l-cu rren t m ea 

su rem ents to  th e  sterile  con ten t of a  n eu trin o  beam  in a long-baseline oscillation  experim en t is 

stud ied . T h e  perform ance th a t  can  be expected  of th e  p resen t and  nex t genera tion  of ex p er 

im ents (K 2K , M IN O S, and  T 2K ) a t 3 a  sensitiv ity  and  th e  90% C.L. exclusion lim its for th e  

sterile  oscillation  p ro b ab ility  will be of o rder 0.10 — 0.15.

To d a te , dev iations from  u n ita r ity  com ing from  th e  ad d itio n a l light neu trinos  have been  d is 

cussed. However, sim ilar dev ia tions can  be g enera ted  by th e  presence of heavy neu trinos. T his 

is th e  case, for in stance, in th e  see-saw m echanism , w here N r  r ig h t-h an d ed  neu trinos, w ith  

heavy M ajo ran a  m asses, are added  to  th e  S tan d a rd  M odel. As before, th e  com plete  (3 +  N R)- 

d im ensional m ixing m a tr ix  is un itary , w hile th e  3 x 3 su b -m atrix  is no t. T h e  m ain  difference 

w ith  th e  ligh t-neu trino  case is th a t  th e  m ixing betw een th e  light and  heavy s ta te s  is m in i 

m al because th e  m ass difference is so large. T h is  case has been  stud ied  by m any  au tho rs , 

b o th  in general fram ew orks in w hich heavy ferm ions have been  added  to  th e  S tan d a rd  M odel la 

g rang ian  [614-616] and  in th e  specific n eu trin o  con tex t [617-620]. In  p a rticu la r, in reference [619] 

C P  v io lation  in presence of n o n -u n ita rity  induced by heavy n eu trinos  has been  considered  and  

an  enhancem en t of th e  effect has been  observed.

D eviations from  u n ita r ity  can  also be stud ied  in an  effective-theory approach , w ith o u t th e  need 

for th e  in tro d u c tio n  of new  ferm ionic s ta tes . T h is  can  be done as long as th e  new  physics resides 

a t energies m uch larger th a n  th e  electrow eak scale, such th a t  heavy fields can  be in teg ra ted  ou t. 

T he  low -energy effective lag rang ian  will generally  con ta in  co rrections to  th e  S ta n d a rd  M odel 

couplings and  a tow er of non-renorm alisab le  h igher-d im ensional o p era to rs  suppressed  by pow ers 

of th e  large energy scale, b o th  of w hich can  resu lt in dev iations from  u n ita r ity  in th e  m ixing 

m atrices. In  reference [611] dev ia tions from  u n ita r ity  of th e  lep tonic m ixing m a trix  are stud ied , in 

a m in im al fram ew ork d u b b ed  M U V  (M inim al U n ita rity  V io la tion). In  th e  M U V  schem e sources 

of n o n -u n ita rity  are  allowed only in those  te rm s of th e  S tan d a rd  M odel lag rang ian  involving 

neu trinos  and  only th re e  flavours are considered, as in th e  s ta n d a rd  case. I t  is always possible 

to  go to  a basis, th e  m ass basis, w here k inetic  te rm s are  d iagonal and  norm alised  and  n eu trin o

(222)
y=e,^,r
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m asses are d iagonal too . H ere th e  w hole effect of new  physics is encoded in th e  n o n -u n ita rity  of 

th e  lep tonic m ixing m atrix . In  th is  fram ew ork, and  ta k in g  a com pletely  general m ixing m atrix , 

a large set of n e u trin o  d a ta , inc lud ing  oscillations and  decays, is analysed , in o rder to  see up  to  

w h a t po in t th e  m easured  elem ents of th e  m ixing m a tr ix  a rran g e  them selves in a u n ita ry  p a tte rn .

T h e  s ta r tin g  po in t is th e  S tan d a rd  M odel lagrangian , w here th e  PM N S m a tr ix  is replaced 

by a generic m a tr ix  N , w hich re la tes th e  m ass and  flavour basis: va =  N a iVj. Since N  is no t 

un itary , and  since th e  m ass basis is still o rthono rm al, th e  flavour basis is no longer orthogonal, 

and  th is  gives rise to  new  physical effects. T h e  oscillation  p ro b ab ility  now reads:

I V  N  * L Na-12
Pv VJ E , L )  =  \{vg \va (L))\2 =  IZ^  . (223)
a ; V (NN^)aa(NN^)ßß V ;

T his fo rm ula is form ally  identical to  th e  s ta n d a rd  one, a p a r t from  a no rm alisa tion  fac to r in th e  

d enom inato r. However, due  to  th e  n o n -u n ita rity  of N , th e  oscillation  p ro b ab ility  a t L  =  0 is 

no t zero, a  phenom enon referred  to  as th e  ‘zero -d istance’ effect:

Pvavß (E , L =  0) «  |( N N t)ß«  |2 . (224)

T he  zero-d istance effect, and  th e  fact th a t  oscillations in m a tte r  becom e non-diagonal, a re  th e  

un ique consequences of th e  n o n -u n ita rity  of N  on th e  phenom enology of n e u trin o  oscillations. 

T h e  n o n -u n ita rity  of N  also has consequences in o th e r sectors. Since th e  electrow eak couplings 

are m odified, in te rac tions  involving th e  W  and  Z  bosons are now sensitive to  th e  elem ents of N . 

However, since it is no t possible to  ta g  experim en ta lly  n eu trin o  m ass e igenstates, in c o n tra s t to  

th e  q u a rk  sector, electrow eak decays can  only be  used to  d e te rm in e  sum s of p ro d u c ts  of m ixing- 

m a tr ix  elem ents. T h is in fo rm ation  is ex trem ely  relevant in th e  d e te rm in a tio n  of th e  m oduli of 

th e  m a tr ix  elem ents.

T h e  num ber of p a ram ete rs  requ ired  to  specify N  (9 m oduli and  4 o r 6 phases, depend ing  on 

th e  D irac or M a jo ran a  n a tu re  of neu trinos) is larger th a n  in th e  u n ita ry  case. I t  is presen tly  

possib le only to  d e te rm in e  th e  m oduli since all positive oscillation  signals to  d a te  co rrespond  to  

d isap p ea ran ce  m odes. T h e  elem ents of th e  ‘e-row ’ can  be co n stra in ed  using  d a ta  from  C H O O Z 

[519], K am L A N D  [8], and  SNO [109], to g e th e r w ith  th e  in fo rm ation  on A m |3 resu lting  from  an 

analysis of K 2K  d a ta  [56]. In  co n tra st, less d a ta  is available th a t  m ay be used to  co n stra in  th e  

elem ents of th e  ß-row . D a ta  from  K 2K  and  S uperK am iokande [116] can  be used to  de te rm ine  

|N m3| an d  th e  com bination  |N mi |2 +  |N m2|2. P u tt in g  all th is  in fo rm ation  to g e th er, th e  following 

allowed 3 a  ranges are  o b ta in ed  for th e  m oduli of th e  elem ents of th e  leptonic m ixing m atrix :

|N |  =

(  0.76 — 0.89 0.45 — 0.66 <  0.37

M ^ i l 2 +  \Nß2\2 =  0.57 -  0 .86] 0.57 - 0 .8 6  I . (225)

\  ? ? ? J

N otice th a t  using  only oscillation  experim en ts, and  w ith o u t assum ing  u n ita rity , only half of th e  

elem ents can  be determ ined . However, som e in fo rm ation  is also available from  N O M A D  [621], 

K A R M E N  [622], B U G E Y  [508], and  th e  near d e tec to r a t M IN O S [623]. T hese experim en ts 

exp lo it th e  zero-d istance effect (equation  (224)) to  provide co n stra in ts  on N N t .  C om bining  th is  

in fo rm ation  w ith  equation  (225), |N mi I and  |N m2| can  be d isen tangled .
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In  o rder to  co n s tra in  all th e  elem ents of th e  m ixing m a trix , o th e r d a ta  have to  be considered. 

T h e  decay w id th s  for W  and  Z  bosons are  given by:

r ( w l a v a ) =  % ^ ( A T A r t ) c
m Z

6^2 -
; and  T ( Z  -»  invisible) =  z  V  [(iVA^ ) ^ ) 2 . (226)

1^ 2n a,ß

T hese re la tions allow th e  d iagonal elem ents of N N t to  be constra ined . A dditional in fo rm ation  

can  be o b ta in ed  from  ra tio s of th e  ra te  of decay of lep tons, th e  W  boson and  th e  electrow eak 

decays of pions.

T h e  off-diagonal elem ents of N N t can  be  co n stra in ed  using  ra re  charged-lep ton  decays such 

as ^  Iß7 . T h e  n o n -u n ita rity  of N  forbids th e  G IM  cancella tion  of th e  co n s tan t te rm , and  th e  

b ranch ing  ra tio  is ap p rox im ated  very accu ra te ly  by:

r ( l a  ^  Iß  Y) _  100a |( N N  t )aß I2

T(£a -> v j - ß v ß )  967r ( N N t ) a a (NATt)ßß
(227)

P erfo rm ing  a global fit to  all these  electrow eak d a ta , th e  following values are o b ta in ed  a t th e  

90% CL:

|N N  t |

/  0.994 ±  0.005 <  7.0 ■ 10- 5  

<  7.0 ■ 10- 5  0.995 ±  0.005 

V <  1 .6  ■ 1 0 - 2

<  1.6 10-2

<  1.0 10 2 (228)

<  1.0 ■ 10- 2  0.995 ±  0.005 /

S im ilar b ounds can  be inferred  for N t N  proving  th a t ,  in th e  M U V  schem e, u n ita r ity  in th e  

lep ton  sector is experim en ta lly  confirm ed from  d a ta  on w eak decays w ith  a precision b e tte r  th a n

5%.

T h e  elem ents of th e  m ixing m a tr ix  o b ta in ed  from  th e  analysis of neu trino -osc illa tion  experi 

m ents, eq u a tio n  (225), can  now be com bined w ith  th e  u n ita r ity  co n stra in ts  o b ta in ed  from  weak 

decays, eq u a tio n  (228). T h e  resu lting  m ixing m a trix  in th e  M UV  schem e is:

IN  I =

0.75 — 0.89 0.45 — 0.65 <  0.20 

0.19 — 0.55 0.42 — 0.74 0.57 — 0.82 

V 0.13 — 0.56 0.36 — 0.75 0.54 — 0.82 /

(229)

All th e  elem ents are now significantly  constra ined  to  be ra th e r  close to  those  s tem m ing  from  th e  

usual u n ita ry  analysis [624]:

|U  I =

(  0.79 — 0.88 0.47 — 0.61 <  0.20 \  

0.19 — 0.52 0.42 — 0.73 0.58 — 0.82 

0.20 — 0.53 0.44 — 0.74 0.56 — 0.81

(230)

In  th e  fu tu re , im provem ents in th e  m easurem ents of th e  m a trix  elem ents are expected , as well 

as im provem ents in th e  u n ita r ity  te sts . O n th e  one hand , th e  exp lo ra tion  of th e  ap pearance  

channels a t fu tu re  facilities, such as super-beam s [1 3 ,1 5 ,1 6 ,6 2 5 ], be ta -b eam s [24], and  th e  

N eu trin o  F ac to ry  [28,29], will p e rm it th e  te s tin g  of th e  t -row d irec tly  and  th e  m easurem en t of
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th e  phases of th e  m ixing m a trix , w hich up  to  now are  com pletely  unknow n. O n th e  o th e r hand , 

im provem ents on th e  u n ita r ity  b ounds are expected  from  th e  experim en ts  looking for ß  ^  eY, 

b u t also from  th e  b ounds w hich can  be o b ta in ed  a t a  N eu trin o  Factory. In  p a rticu la r, since 

th e  b ounds on ra re  t  decays are  no t likely to  im prove m uch, an  im provem ent on th e  bounds 

on ( N N t )eT and  ( N N t )^r  could be o b ta in ed  w ith  an  O PE R A -like d e tec to r p laced a t a  sho rt 

baseline (100m) from  a N eu trin o  F ac to ry  beam .

4 . 5  N o n - s t a n d a r d  i n t e r a c t i o n s

N eu trin o  oscillation  experim en ts  p robe  lep ton-flavour non-conservation , an  effect w hich is no t 

p resen t in th e  S tan d a rd  M odel. In  th e  S tan d a rd  M odel, th e  lep ton  sector exh ib its  a  U (1 )3 flavour 

sym m etry , i.e. electron , m uon, and  ta u  num bers are  conserved guaran tee ing  th a t  th e re  are  no 

lep ton ic  flavour tran s itio n s . N eu trin o  m asses b reak  th e  sym m etry  U (1 )3; com pletely  in th e  case 

of M a jo ran a  n eu trin o  m asses, or dow n to  U (1)L in th e  case of D irac m asses. However, n eu trin o  

m asses are  no t th e  only way in w hich th e  U (1 )3 sym m etry  m ay be broken. N o n -stan d ard  

in te rac tions  (N SIs) can  also b reak  th e  U (1 )3 sym m etry  and  genera te  flavour tran s itio n s . T h e  

dependence of th e  neu trino -osc illa tion  signal on source-detecto r d is tance  and  n eu trin o  energy 

m ay be used to  d istin g u ish  betw een th e  various possibilities.

A ny in te rac tio n  th a t  can n o t be d iagonalised  sim ultaneously  w ith  th e  w eak in te rac tio n  and  th e  

charged-lep ton  m ass m a trix  breaks th e  U (1 )3 leptonic-flavour sym m etry . A sim ple exam ple is 

a  new  effective four F erm i-in teraction  th a t ,  in th e  basis w here th e  charged-lep ton-m ass m a trix  

an d  th e  W  in te rac tio n  are  diagonal, is of th e  form  udveVM. Such an  in te rac tio n  allows th e  

e — ß  tra n s itio n  even for m assless neu trinos. Term s th a t  b reak  th e  lep ton-flavour sym m etry  

also genera te  flavour tra n s itio n  in processes th a t  involve charged lep tons, for exam ple, t  ^  ßY. 

T hus, in princip le, such processes can  be used to  p robe  th e  sam e physics as n eu trin o  oscillation 

experim en ts. W hen  th e  only source of flavour b reak ing  is n eu trin o  m ass, th e  effect in charged 

lep ton  processes is tin y  due to  th e  leptonic G IM  m echanism . For exam ple, th e  am p litu d e  for 

t  ^  ßY is suppressed  by an d  th u s  B R ( t  ^  ßY) ~  10-50 w hich is o u t of reach.

T h e  s itu a tio n  is d ifferent w ith  N SIs. H ere, th e  effect in charged lep ton  processes can  be rela 

tively  large. T he  am p litu d e  of th e  flavour tra n s itio n  in b o th  th e  n eu trin o  and  th e  charged-lep ton  

sectors are expec ted  to  be of th e  sam e order. Since experim en ts  w ith  charged lep tons are  in p r in 

ciple easier th a n  those  w ith  neu trinos, it m ight seem th a t  n eu trin o  oscillation  experim en ts  will 

n o t be sensitive to  NSIs. However, in oscillation experim en ts th e  effect of th e  N SI am p litu d e  can 

b e  enhanced  by in terference w ith  th e  s ta n d a rd  oscillation am p litu d e  [626,627], an  enhancem en t 

th a t  is no t p resen t in charged-lep ton  processes. R oughly  speaking , if th e  new  physics am p litu d e  

is sm all, and  pa ram etrised  by a sm all p a ram e te r e, th e n  th e  effect in oscillation experim en ts 

is O (e) w hile for charged lep tons it is O (e2). T h is  enhancem ent m akes th e  ‘p rob ing  pow er’ of 

n eu trin o  oscillation  experim en ts  larger th a n  one m ight naively expect.

A ny neu trino -osc illa tion  experim en t can  be d iv ided  in to  th re e  phases: p roduction ; p ro p a 

gation ; and  de tection . N SIs can  affect any of these  phases. In  th e  following we consider th e
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p ro d u c tio n  and  d e tec tio n  processes th a t  are  relevant to  N eu trin o  Factories; an  ap p ea ran ce  ex p er 

im ent w here n eu trin o s  are p roduced  in th e  process ß +  ^  e+Va VM and  d e tec ted  by th e  processes 

Vßd ^  ß - u  an d  Vßd  ^  t - u  and  an ti-n eu trin o s  are p roduced  and  de tec ted  by th e  co rrespond ing  

charge-con jugate  processes. A new  in te rac tio n  of th e  form  ß ev TVM w ould affect oscillation  ex 

p erim en ts  th a t  use n eu trinos  p roduced  in m uon decay. Sim ilarly, in te rac tions  of th e  form  ß v eu d  

w ould affect th e  de tec tion  processes.

T h e  effect on th e  p ro p ag a tio n  can  com e in tw o ways. In  vacuum  oscillations, it com es from  

flavour-v io lating  w ave-function norm alisation ; non-d iagonal kinetic  te rm s arise, w hich canno t 

b e  d iagonalised  sim ultaneously  w ith  th e  in te rac tio n  of th e  W  boson. Such effects are likely to  

b e  re la tive ly  sm all and  are  no t d iscussed fu r th e r  [628]. T he  effect on p ro p ag a tio n  in m a tte r  can  

b e  large. For exam ple, an  in te rac tio n  of th e  form  eevTvy can genera te  ß  — t  tra n s itio n s  w hen 

n eu trin o s  trave l th ro u g h  a m edium  th a t  con tains electrons, such as th e  E a r th  or th e  Sun.

W hile N SIs can  affect any  of th e  th re e  phases, th e y  do  no t necessarily  affect th em  all. T he 

flavour s tru c tu re  of th e  new  in te rac tions  th a t  affect each phase are  different. C onsider th e  case 

of in terac tions th a t  involve tw o quarks and  tw o leptons; th is  k ind  of in te rac tio n  affects b o th  

th e  de tec tion  and  th e  p ropagation . Yet, a t de tec tion  th e  in te rac tio n  is charged cu rren t w hile 

d u rin g  p ro p ag a tio n  th e  relevant in te rac tio n  is n eu tra l cu rren t. In  m any  new -physics m odels 

these  in te rac tions  are  re la ted , b u t th is  is no t au to m atic . P u re ly  lep tonic in terac tions affect th e  

p ro d u c tio n  and  p ropagation . Yet, in th e  p ro d u c tio n  th e  charged lep tons are th e  electron  and  

th e  m uon, w hile in p ro p ag a tio n  in m a tte r  b o th  are electrons. In  section 4.5.1 we co n cen tra te  

on effects due  to  new  physics in p ro d u c tio n  or de tec tion . In  section 4.5.2 N SIs effects on th e  

p ro p ag a tio n  are  discussed.

4 . 5 . 1  N o n - s t a n d a r d  i n t e r a c t i o n s  in  p r o d u c t i o n  a n d  d e t e c t i o n

C onsider a m odel-independen t p a ram ete risa tio n  of new -physics effects on p ro d u c tio n  and  detec 

tio n  processes in n eu trin o  oscillation  experim en ts  [626-630]. New physics in th e  source o r th e  

d e tec to r m ay be param eterised  using  tw o sets of four-ferm ion couplings: (GNP)aß ; an d  (GNp ) a ß , 

w here a ,  ß  =  e, ß , t . H ere (GNP )a ß refers to  processes in th e  source w here a flavour e igensta te  Vß 

is p roduced  in con junc tion  w ith  an  incom ing charged lep ton , a - , o r an  ou tgo ing  a + . (GNP)aß 

refers to  processes in th e  d e tec to r w here an  incom ing Vß p roduces an  a - . W hile th e  S U (2)L 

gauge sym m etry  requires th a t  th e  four-ferm ion couplings of th e  charged cu rren t w eak in te rac 

tions be p ro p o rtio n a l to  5aß , new  in te rac tions  allow couplings w ith  a  =  ß . Phenom enological 

co n s tra in ts  im ply  th a t  th e  new  in te rac tio n  is suppressed  w ith  respect to  th e  w eak in teraction , 

Le .: |(G NP)a ß 1 ^  ; and  |(G NP)a ß 1 ^  .

In  th e  SM, n eu trin o  in te rac tions  have a D irac (V  — A )(V  — A) s tru c tu re . A d m ittin g  non 

s ta n d a rd  in teractions, m assless n eu trin o s  can  have e ith e r th e  SM D irac s tru c tu re  or a  (V  — 

A )(V  +  A) s tru c tu re . T h e  effects of in te rac tions  of th e  form  (V  — A )(V  +  A) a t p ro d u c tio n  or 

d e tec tio n  are  suppressed  by ra tio s  of charged-lep ton  m asses and  are  therefo re  very sm all and  

will be neglected [627].
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In  an  ap p ea ran ce  experim en t w here n eu trinos  are p roduced  in th e  process ß +  ^  e+ va VM 

an d  de tec ted  by th e  process Vßd ^  l - u  an d  an ti-n eu trin o s  are  p roduced  and  d e tec ted  by th e  

co rrespond ing  charge-con jugate  processes, th e  relevant couplings are (GNP)eß and  (GNP)Mß . I t  

is convenient to  define sm all d im ensionless q u an titie s  e^ß as follows:

s ( ^ N p ) e /3  A
= —, „  ̂ „ ; and

a / I  G f  +  ( G > j P ) e e |  +  l ( G <N P ) e , u |  +  K G ^ f O e r l

4 ß  =  / . ( G n p )m /?  _ (2 3 1 )

\J \G f  +  (G,̂ Jp)jttjtt|2 +  K G ^ p ^ e l2 +  \(G ^p )^ r \2

T he assum ption  j e ^ l  ^  1 m eans th a t  lead ing-order (linear) effects only  need be considered . T h e  

leading  effects from  flavour-diagonal couplings are  p ro p o rtio n a l to  e (flavour-diagonal) xe(flavour- 

changing) and  can  therefo re  be neglected.

N on-zero values of e ^  can  be g enera ted  if th e  th ree -b y -th ree  m ixing m a tr ix  of th e  Sv M is no t 

un itary . For exam ple, suppose th a t  th e re  exists a  fo u rth  neu trino -m ass e igensta te  vh w hich is 

heavy. If m h »  m M, so th a t  th is  m ass e igensta te  can n o t be p roduced  in m uon decay, then :

ege +  e^l ^  —N s2UehUlh- (232)

w here I  =  ß , t  and  Ueh (Ulh ) is th e  m ixing  betw een th e  heavy n eu trin o  m ass e igensta te  and  th e  

electron  (I) n eu trin o  and  N s is a  no rm alisa tion  fac to r given by:

N s =  ( |U el|2 +  I Ue212 +  |Ue3|2) -1 /2  =  (1 — |Ueh|2) -1 /2 . (233)

If th e re  are m any  heavy sta tes , equations (232) and  (233) m ust be m odified to  include an  im plicit 

su m m atio n  over h.

T h e  expression for th e  tra n s itio n  p ro b ab ility  in neu trino -osc illa tion  experim en ts  m ay now be 

w ritte n  as a function  of th e  m ix ing -m atrix  p a ram ete rs  and  th e  new -physics param ete rs . For 

sim plicity, consider a  tw o-generation  fram ew ork (expressions for th e  three-flavour case can  be 

found in [626]). T h e  s ta te  (v |)  th a t  is p roduced  in th e  source in con junc tion  w ith  an  e+ an d  th e  

s ta te  (v^) th a t  is tagged  by ß -  p ro d u c tio n  in th e  d e tec to r m ay be w ritte n  in te rm s of th e  m ass 

e igensta tes  as follows:

|VeS) =  E  [Uei +  e S ^ i j l V i ) ,  I* ÿ  =  £  [U^i +  eJeUei] jv*). (234)

=  I \t 'dl” s

pu rely  v | a t tim e t  =  0, is then :

T h e  tra n s itio n  p robability , P ejU =  I(vjg |v |( t ) ) |2, w here v |( t )  is th e  tim e-evolved s ta te  th a t  was

p1 E e -iE it UeiU;* +  eSM|UMi |2 +  e^elUeij2 (235)

T h e  resu lts will be  p resen ted  in te rm s of th e  following param eters:

m 2 ■ A - - L
A m ^ m f - m 2, A v  =  A ^ f , ee - f -  - (236)

2
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In  th e  sm all-x  lim it, P ejU m ay be  expanded  to  second o rder in x  =  x 12 and  e =  e *  +  e |^ . In 

a  basis in w hich th e  tw o-generation  m ixing m a trix  is real and  is param eterised  by one angle 0, 

th e  expression for P ejU m ay be w ritten :

P e^ =  x 2 sin2 20 — 2x sin 20 9 (e )  +  |e |2 . (237)

T h e  first te rm  is th e  SvM  piece, w hile th e  second and  th ird  te rm s arise only in th e  presence of 

new  physics. T h e  last te rm , w hich is a  d irec t new -physics te rm , does no t requ ire  oscillations and  

is very sm all. T h e  second te rm  is th e  m ost in te res ting  one as it is an  in terference te rm  betw een 

th e  d irec t new -physics am p litu d e  and  th e  SvM  oscillation  am p litude. T h ere  are tw o po in ts to  

em phasise  regard ing  th is  te rm :

1. I t  is linear in e, and  for x  »  e it is larger th a n  th e  d irec t new  physics te rm : th e  in terference 

increases th e  sensitiv ity  to  th e  new  physics; and

2. T h e  in terference is C P  v io lating . T h is  can  be u n d ers to o d  from  th e  fact th a t  it is linear in t, 

nam ely  it is T  odd . In  o rder for it to  be C P T  even it m ust also be C P  odd.

T h e  in terference te rm  in equation  (237) is C P  v io lating  and  its effect can  be sought th ro u g h  

m easurem ents  of P ejU an d  th e  tra n s itio n  p ro b ab ility  of th e  C P -con juga te  process, P ^ . A C P 

tran s fo rm a tio n  of th e  L agrang ian  takes th e  elem ents of th e  m ixing m a trix  and  th e  e-te rm s 

in to  th e ir  com plex con jugates. I t  is th e n  s tra igh tfo rw ard  to  o b ta in  th e  tra n s itio n  p robab ility  

for an ti-n eu trin o  oscillations. I t  is in te res ting  to  define th e  C P  asym m etry , A cp  =  P - /P + , 

w here P ±  =  P ejU ±  P ^ .  T h e  C P -conserv ing  ra te  P +  is do m in ated  by th e  SvM  and  is given by 

P +  =  8x21|Ue3U*3|2. C P  v io lation  w ith in  th e  SvM  ( p - vM) is suppressed  by b o th  th e  sm all value 

of I Ue31 an d  th e  sm all m ass-squared  difference A m ^1. For sh o rt d istances (x 21, x 31 ^  1) it is 

fu r th e r  suppressed  since P - vM «  L 3. T h e  new -physics te rm  ( P NP) does no t suffer from  th e  last 

tw o suppression  factors, it does no t requ ire  th re e  genera tions, and  it has a d ifferent dependence 

on th e  d istance , P NP «  L. P ^ vM and  P NP m ay be w ritten :

(238)

T h e  a p p a re n t d ivergence of ANp for sm all L  is due  to  th e  approx im ations th a t  have been  used. 

Specifically, th e re  is an  O ( |e |2) co n trib u tio n  to  P +  th a t  is co n s tan t in L, nam ely  P +  =  O ( |e |2) 

for L ^  0. In  co n tra st, P -  =  0 in th e  L ^  0 lim it to  all o rders in |e|.

E q u a tio n  (238) leads to  several in te res tin g  conclusions:

1. I t  is possib le th a t ,  in C P -v io la ting  observables, th e  new -physics co n trib u tio n s  com pete  w ith , 

o r even d o m in a te  over, th e  SvM  ones in sp ite  of th e  w eakness of th e  in te rac tions  (|e | ^  1);

2. T h e  d ifferent d is tan ce  dependence of ACP an d  A Np will allow, in princip le, an  unam biguous

d is tin c tio n  to  be m ade betw een new -physics co n trib u tio n s  of th e  ty p e  described  here and  

th e  co n trib u tio n  from  lep ton  m ixing; and
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3. T h e  1 /L  dependence of A Np suggests th a t  th e  o p tim al baseline to  observe C P  v io lation  from  

new  physics is sh o rte r th a n  th e  one optim ised  for th e  SvM .

Since long-baseline experim en ts  involve th e  p ro p ag a tio n  of n eu trinos  th ro u g h  th e  E a rth , it is 

im p o rta n t to  u n d e rs ta n d  how m a tte r  effects affect these resu lts. If  a  co n s tan t m a tte r-d e n sity  is 

assum ed, th e n  th e  m a tte r  co n trib u tio n  to  th e  effective ve m ass, A  =  v^G fJV e, w here N e is th e  

e lectron  density, is co n stan t. In  general, any new  in te rac tio n  also genera tes a new  non-d iagonal 

co n trib u tio n  to  th e  effective neu trino -m ass m atrix . Yet, since th e  new -physics effects are  small, 

it is possible to  tr e a t  th e  effect of new -physics a t p ro d u c tio n  or de tec tion  and  th e  effect of new  

physics in th e  p ro p ag a tio n  separately .

T h e  tra n s itio n  p ro b ab ility  in m a tte r  is o b ta in ed  by replacing  th e  m ass-squared  differences, 

A j j , and  m ixing angles, Ua i , w ith  th e ir  effective values in m a tte r , A™ an d  U™. C onsidering  

only th e  tw o-generations and  ta k in g  th e  sm all-x  lim it as before, th e  p a ram ete rs  x m and  0m m ay 

b e  defined by:

B A
x m =  — X, sin 2 e m =  —  sin 29, (239)

A  ’ B  v '

w here B  =  A  — A. From  eq u atio n  (237) it is clear th a t  m a tte r  effects cancel a t lowest o rder in 

x. Therefore, ta k in g  one h igher o rder in x, th e  tra n s itio n  p ro b ab ility  in m a tte r , P m , m ay be 

w ritten :

P m =  P v(1 ±  O (x 2) ) , (240)

w here P v is th e  oscillation p ro b ab ility  vacuum . Since m a tte r  in th e  E a r th  is no t C P  sym m etric, 

its  effect en ters  th e  oscillation  fo rm ula for n eu trinos  and  an ti-n eu trin o s  w ith  opposite  signs. 

T herefore , in c o n tra s t to  th e  case of vacuum  oscillation, P -  will receive co n trib u tio n s  from  

te rm s w hich w ould be C P  conserving  in vacuum  and  therefo re  A c p  will be non-zero  even if 

th e re  are  no C P -v io la ting  am plitudes. In  p a rticu la r , a  fake asy m m etry  can  be re la ted  to  th e  

real p a r t of e.

T h e  m a tte r-re la te d  c o n trib u tio n  to  P -  m ay be deno ted  by P m  =  P - (A) — P - (A  =  0) and, 

since th e  leading  co n trib u tio n s  to  P +  are  th e  sam e as in th e  vacuum  case, th e  m a tte r-re la te d  

c o n trib u tio n  to  A cp  m ay be w ritte n  A ^p =  P ™ /P + . T h e  asym m etries for th re e  n eu trin o  

genera tions in th e  sm all x 31 lim it assum ing  |x 12/ x 13| ^  |Ue3| are:

im  \SM _ 2 m2 I A \ / Am, \NP _ A I _d* Ue3
( ^ p ) bM =  s * “  -  4 ^  I • (241)

(m ore general resu lts  can  be  found in [626]). In  equations (238) and  (241):

1. E ach  of th e  four co n trib u tio n s  has a different dependence  on th e  d istance. In  th e  short- 

d is tance  lim it th e  asym m etries m ay be w ritten :

(A g p )SM «  L 2, ACM «  L, (A g p )NP «  L 0, ANP «  1 /L . (242)

T hus, it is possible, in princip le, to  d istingu ish  betw een th e  various con tribu tions;
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2. If th e  phases of th e  es are  of o rder 1, th e n  th e  genuine C P  asy m m etry  will be larger (a t sho rt 

d istances) th a n  th a t  due  to  th e  m a tte r  effect; and

3. T h e  search for C P  v io lation  in n eu trin o  oscillations will allow us to  co n stra in  b o th  K(e) and  

9 ( e ) .

A d eta iled  s tu d y  of th e  sensitiv ity  of a  fu tu re  N eu trin o  F acto ry  has no t been  carried  ou t. 

E s tim a tes  ind ica ted  th a t  |e| ~  10-4  can  be p robed  in a fu tu re  N eu trin o  F ac to ry  [626,627]. O f 

course, it is in te res tin g  to  search for such effects w ith o u t any  specific new -physics fram ew ork in 

m ind. In  th e  following, however, we give several exam ples of specific new -physics m odels w here 

large effects, |e| >  10- 4 , are  possible [631].

C onsider first le ft-righ t sym m etric  (LRS) m odels. T hese m odels are  defined by ex tend ing  th e  

sym m etry  of th e  S tan d a rd  M odel to  include rig h t-h an d ed  electrow eak in te rac tions  as follows:

G l r s  =  S U (3 )c  x S U (2) l  x  S U (2 ) r  x  U (1 )b - l  x  D , (243)

w here D  is a  d iscre te  sy m m etry  th a t  requires, am ong o th e r co n stra in ts , . Such m odels

con ta in  a scalar partic le  (A L) w ith  q u an tu m  num bers A L(3 ,3 , 1)- 2 . T h e  couplings of A L to  

lep tons are given by:

L a l  =  / L ci 0-2<rL ■ AL +  h.c.

=  - V 2 f t3A°L ^ P L u3 +  f t j A l  (£cpL v3 +  t 3P LVj)  +  V ^ f i j A r ê i P L i j  +  h .c., (244)

w here th e  3 x  3 m a tr ix  ƒ is sym m etric  in flavour space, f j j  =  j  T h e  tree-level exchange of th e  

A l  scalars lead to  th e  following four-ferm ion vertices:

A l ~  -  exchange : ^ y ^ ( 4 Y MP l ^ W i I ^ P l ^ ) ,

A 1 -  exchange : 2 ^ ^ ( l k^ P Ll i ) { v a ß PLVj) ,

A ° -  ex ch an g e : ^ ^ { v k ^ P L ^ i n i ß P L ^ j ) -  (245)
m o

Effective couplings, eea , are  induced in th e  decays ^  e+ va VM, w ith  a  =  ß  or t , th ro u g h  A -  

exchange in equation  (245). (N ote th a t  th e  ou tgo ing  an ti-n eu trin o  m ust be a m uon n eu trin o  in 

o rd er for th e  in terference to  tak e  place.) Such co n trib u tio n s  are  p ro p o rtio n a l to:

2 (ß~fß P L e) ( va ~fß P Lv ß ). (246)
m 2

Inspec tion  of equa tion  (246) ind icates th a t  an  a p p ro p ria te  defin ition  of th e  L R S -induced coupling 

th a t  is relevant to  m uon decay is:

(G/±)ea _ f eßf ßa  __ ^ s _ (G/±)ea _ ƒeßfßa Tïl]y

v 2̂ _  ~2m2T  £ea = ~ g 7 ~  ~  g2 m 2_ '  { ’

B ounds on e |a  can  be  o b ta in ed  from  charged-lep ton  decays. If th e  A L-scalar is heavy, th e  

m ass-squared  sp littin g s  am ong its m em bers, w hich b reak  electrow eak sym m etry , are  sm all and
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m otivate  th e  app rox im ation  m -  æ  m __ T hen , using  d a ta  from  ß  ^  eY and  from  t  ^  ß ß e  to

u p d a te  tab les  3 and  4 in [632], one ob ta ins:

eSM <  2 x  10- 5 , and  eST <  2 x  10- 3 , (248)

in d ica tin g  th a t  e |T can  be  large. Yet, it seems th a t  m odels th a t  s a tu ra te  th e  b o u n d  have no 

p a rtic u la r  m otivation . In  generic m odels e |T is re la ted  to  th e  ra tio  of th e  n e u trin o  m ass to  th e  

w eak scale and  th u s  is tiny. O f course, it m ay be possible to  find m odels in w hich e |T is no t 

re la ted  to  th e  sm allness of th e  n e u trin o  m asses and  is n a tu ra lly  large.

S upersym m etric  (SUSY) m odels w ith o u t R -p arity  also con ta in  scalars w ith  couplings to  

charged and  n e u tra l ferm ions [633]. T h e  couplings of th e  scalars EEj(1,1)i, w here i =  1 ,2 ,3  

to  lep tons are  given by:

L g  =  ALcio 2 L È  +  h.c. =  A jk E -  (l^ PLvj — PL Vj) +  h.c..

T he  Ajfc couplings are  an ti-sym m etric  in th e  flavour indices i, j , Ajj k =  — Ajjk and , in p a rticu la r,

Aeei — Â ^j — °.

Tree-level exchange of th e  E -  scalars leads to  th e  following four ferm ions vertices:

A -  f *
2 lJmi k lm i ß k ' f P L ^ ) { p i l ß PLVj) .  (249)

m

T h e  co n trib u tio n s  from  EE- exchange in eq u a tio n  (249) to  th e  decays ß +  ^  e+ va vy, w ith  a  =  ß  

o r t , a re  p ro p o rtio n a l to:

A ^ A ^ a j ^ __  s (G E )ea . AeMjA/iai m W I'nr.rW
2 m 2 ( ß l ß P L e) ( ua l ß P L uß ) = >  eea =  — ^ —  =  A— ( 250)

D ue to  th e  an ti-sy m m etry  of th e  Ajj m couplings, ee^ =  0. Tables 3 an d  4 in [632] show th a t  

un iversa lity  gives th e  strongest bound  on eeT :

eeT <  6 X 10- 2 . (251)

In  general, only w eak co n s tra in ts  on th e  values of th e  Ajjk couplings in R -p a rity  v io la ting  SUSY 

m odels can  be o b ta in ed . In  p a rticu la r, th e  u p p e r b o u n d  given above can  be s a tu ra te d  in a generic 

m odel. T h e  A couplings, however, co n trib u te  to  n eu trin o  m asses (see, for exam ple, [634]. U nless 

th e re  is fine-tuning , th e  b ounds on n eu trin o  m asses im ply e |T <  10- 3 . T hus, large effects are 

possible even w ith o u t fine-tuning . O f course, th e  b ound  in (251) can  be s a tu ra te d  n a tu ra lly  in 

m odels w ith  e x tra  s tru c tu re , such as horizontal sym m etries [635].

N SIs arising  in supersym m etric  m odels w ith  R  p a rity  were stud ied  in [627,628]. M easurem ents 

of charged-lep ton  decays allow s trong  lim its to  be placed on N SI in SUSY  m odels w ith  R  parity, 

im plying  th a t  th e  relevant couplings are  sm all. T h is class of m odel will no t be discussed fu rth e r 

here.

Finally, consider R S -type  m odels [636] w ith  righ t handed  n eu trinos  in th e  bu lk  [637]. In  such 

m odels bu lk  singlets are in troduced  w ith  dim ension-five m ass te rm s. W hen  these  m ass te rm s
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are of th e  o rder of th e  fu n d am en ta l scale, th e  zero m odes have very sm all couplings to  th e  

s ta n d a rd  doub le t neu trinos  th a t  a re  confined to  th e  P lanck  b rane. T hus, exponen tia lly  sm all 

D irac n eu trin o  m asses are  genera ted . In  ad d itio n  to  th e  zero m odes, th e  h igher K aluza -K lein  

m odes couple to  th e  dou b le t neu trinos. However, th e ir  wave functions are no t sm all a t th e  visible 

b rane. T hus, th e ir  d im ension-four Yukawa couplings (Y5) are no t p a rticu la rly  sm all, and  large 

active-heavy m ixing  is expected . As a resu lt of th is  m ixing th e  effective 3 x 3 m ixing m a trix  is 

n o t un itary , and  th is  n o n -u n ita rity  is equivalent to  a new  in te rac tio n  in p ro d u c tio n  or detection .

In  o rder to  have a v iable m odel it is necessary  to  assum e th a t  th e  Y5, are  sm all. N o te  th a t  th is  

is a  m ild fine-tun ing  as th e  m ost n a tu ra l values for these  Yukawa couplings are O (1). In  th is  

case, th e  m ix ing -m atrix  elem ents can  be expanded  in th e  sm all m ixing angles and  we have [637]:

w here v0 an d  k are fu n d am en ta l m ass p a ram ete rs  of th e  th eo ry  and  ca =  m«u1fc/ k  such th a t  

m«u1k are  th e  bu lk  m asses of th e  singlet ferm ions. In  o rder to  get n eu trin o  m asses in th e  range 

ind icated  by experim en ts, th e  p a ram e te r ca has to  be in th e  range of 1.1 to  1.5. W ith o u t any 

fu r th e r  in p u t it seems n a tu ra l to  assum e th a t  all th e  m ass pa ram ete rs  v0, k and  m«u1fc tak e  th e ir  

naive values, and  therefore:

|U j a M Y n ,  (253)

up  to  coefficients of o rd e r unity. Since, by assum ption , |Y5ja | ^  1, equa tion  (232) yields:

eie =  ede* +  eSi -  Y5eaY5*la  (254)

T he  light-heavy m ixing  angles can  be bounded  from  several processes [376,637]. T h e  invisible 

w id th  of th e  Z  leads to  th e  constra in t:

|UehUih| <  10- 2 . (255)

L im its on th e  decays ß  ^  eY and  t  ^  eY lead to  th e  following co n stra in ts  [638] :

|UehUTh| <  10- 2 , |UehUMh| <  10-4  ; (256)

ind ica ting  th a t  large effects are allowed for th e  ta u  case. For th e  m uon channel th e  effects are 

no t large b u t m ay still be observable.

T u rn ing  to  th e  th eo re tica l ex p ec ta tio n  for th e  m ixing  angles, naively, it m ight be expected  

th a t  th e  light-heavy m ixing should be of o rder unity. Yet, th e  Y ukawa couplings m ay be ra th e r  

sm all. E ven  so, th e  m odel seems to  be m ore a ttra c tiv e  for larger Y5 and  therefo re  for large 

m ixing angles.

4 . 5 . 2  N o n - s t a n d a r d  i n t e r a c t i o n s  in  p r o p a g a t i o n

4 .5 .2 .1  P a r a m e t e r s  a n d  l im it s :

N o n -stan d ard  n eu trin o  in teractions induced by new  physics (N P) no t yet observed a t acceler 

a to r  experim en ts  p resum ab ly  arise a t scales A n p  m uch larger th a n  th e  typ ical energy involved
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in fu tu re  long-baseline experim en ts, E  ^  A n p . A t such energies th e  n o n -s tan d a rd  effects are 

conveniently  described  by effective in terac tions (opera to rs) w ith  d im ension  (D ) 5 or m ore (in 

energy). T h e  couplings of such o p era to rs  involve inverse pow ers of th e  scale of th e  new  physics 

th a t  genera tes them . T h e  effect of such o p era to rs  a t lower scales is suppressed  by pow ers of 

E /A n p , w here E  is th e  typ ical energy of th e  experim en t, so th a t  it is only  necessary  to  take 

in to  account th e  lowest d im ensional in terac tions. T h e  classic exam ple is th e  Ferm i in te rac tion  

describ ing  w eak in terac tions a t scales lower th a n  th e  w eak scale A e w . T h is  four-ferm ion in te rac 

tion  has d im ension  6 and  its coupling  2 \ /2 G f  ~  1 / A |W involves tw o inverse pow ers of th e  scale 

Ae w  a t w hich th e  o p e ra to r is genera ted , w hich m akes th e  w eak in terac tions weak a t E  ^  A e w .

T h e  pow er of th is  ‘effective’ descrip tion  of h igh -energy in terac tions is th a t:  th e  effect of th e  

m ost general h igh energy physics can  be conveniently  param eterised  in te rm s of a  (finite) set 

of o p era to rs  only involving light fields, so th a t  th e  know ledge of th e  physics above A n p  is no t 

required; and  th e  experim en ta l iden tification  of th e  o p era to rs  ac tu a lly  p resen t a t low energy 

provides im p o rta n t in fo rm ation  on th e  physics above A n p . Indeed , w eak in te rac tions  were first 

param eterised  in te rm s of generic four-ferm ion in terac tions. U nveiling th e  ‘V -A ’ (left-handed) 

s tru c tu re  of those  in te rac tions  was th e n  crucial to  th e  u n d e rs tan d in g  of th e  renorm alisab le  th eo ry  

underly ing  th em  (th e  SM ).

A t p resen t th e  only available firm  evidence of a  non -renorm alisab le  rem n a n t of h igher energy 

physics is th e  D  =  5 o p e ra to r responsib le for n e u trin o  m asses and  m ixings : 

h ■ ■
^ - ( L tH ) ( L 3H ) ,  (257)

w here Lj, i =  1 ,2 ,3  are  th e  lep ton  doub le ts , H  is th e  H iggs-doublet, and  A l  is th e  lep ton-

num ber-v io la tion  scale a t w hich th e  o p e ra to r is genera ted . O nce th e  Higgs gets a  vacuum

ex p ec ta tio n  value (vev), ( H ) =  (0, v )T , th a t  o p e ra to r gives rise to  M ajo ran a  n eu trin o  m asses

m j  =  — h jjv 2/ A l , w hich forces A l  to  be n ear 1015 GeV for h  <  1, no t very fa r from  th e

unification  scale. T h e  evidence for th e  ex istence of th e  o p e ra to r in equa tion  (257) is very strong,

as th e  u n d e rs tan d in g  of n eu trin o  m asses it provides is solid and  general (th e  see-saw m echanism

is ju s t  one exam ple of a  h igh-energy m echanism  giving rise to  such an  o p e ra to r 14 ). However,

such an  o p e ra to r has no significant effect on th e  n eu trin o -m a tte r  in te rac tio n  in long-baseline

experim en ts, as it is associated  to  th e  superheavy  scale Al . In  o rder for new  physics to  have a

m easu rab le  effect on th e  n eu trin o  in teractions in m a tte r , a  new  effective in te rac tio n  has to  be

associated  to  a scale no t to o  m uch h igher th a n  th e  scale of th e  physics giving rise to  th e  S tan d a rd
_1 /2

M odel in te rac tions  (m a tte r  effects), A e w  <  . A t p resen t th e re  is no firm  evidence a t all

of o p era to rs  g enera ted  a t such scale (w hich explains th e  varie ty  of th eo re tica l m odels available 

for th e  physics accessible a t th e  LH C ). In  th e  following therefore, a  general p a ram e te risa tio n  of 

th e  possible o p era to rs  relevant for n eu trin o  in te rac tio n  w ith  o rd in a ry  m a tte r  is used.

14 T h e  o p e ra to r  in  e q u a tio n  (257) ac co u n ts  for e ssen tia lly  all h ig h -en e rg y  m ech an ism s th a t  g e n e ra te  n e u tr in o  

m asses . T h e  on ly  p o ssib le  a lte rn a t iv e  is th a t  th e  n e u tr in o  m asses o r ig in a te  a t  o r below  th e  w eak  scale. T h e  

classic ex am p le  is a  D irac  m ass  te rm  in  th e  p resen ce  o f a n  e x a c tly  co nserv ed  (a t th e  p e r tu rb a t iv e  level) le p to n  

n u m b e r. T h is  p o ss ib ility  is less ap p e a lin g  b ec au se  i t  n eed s  tin y  Y ukaw a co u p lin gs for th e  n e u tr in o s  o f all th e  

th re e  fam ilies. T h e  sm alln ess  o f su c h  Y ukaw as c a n  how ever in  tu r n  b e  ju s tif ie d  in  te rm s  o f n ew  sy m m etrie s  

a p p ro p r ia te ly  b ro k en  [151 ,309 ,639-641] o r ex tra -d im e n s io n a l m e ch an ism s [2 5 8 ,2 5 9 ,2 6 1 -2 6 3 ,4 5 7 ,6 4 2 -6 4 5 ].
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C onsider only  those  o p era to rs  th a t  arise a t a  scale m uch lower th a n  A l  for w hich lep ton  

nu m b er is conserved. T h e  relevant in te rac tio n  is then :

E  ^ V a L 7 ß m { t a ß f L l ß f L  +  e lRß f R l ß f R )  • (258)
/=e,u,d

a,ß=e,^,T

Since th e  scale a t w hich th is  in te rac tio n  arises is supposed  to  be no t to o  far from  th e  electrow eak 

scale, its coupling  m ay be p aram eterised  by e, w here e ~  (A e w / A n p ) 2. equa tion  (258) holds 

in a basis in w hich th e  kinetic  te rm s are canonical and  th e  charged -ferm ion m asses are d iagonal. 

T h e  effect of th e  coheren t forw ard  sca tte rin g  induced by equation  (258) on n eu trin o  p ro p ag atio n  

in an  ord inary , n eu tra l, unpo larised  m edium  is encoded in th e  p a ram ete rs  [60,646,647]:

e =  V  — ef  =  ee +  2eu +  ed +  — (2ed +  eu ) ,  (259)
^  n e n e/=e,u,d e e

w here ef  =  e/L +  e/R , n /  is th e  num ber density  of th e  ferm ion ƒ in th e  m edium  crossed by th e  

n eu trin o s  (nn for th e  n eu tro n ), and  th e  flavour indices have been  o m itted . In  Section 4.5.2.2 th e  

s igna tu res of th e  new  in te rac tions  in te rm s of th e  ea ß p a ram ete rs  will be  discussed, in dependen t 

of th e ir  origin. C o n stra in ts  on th e  p a ram ete rs  are discussed here, focussing on th e  non-flavour- 

d iagonal couplings.

A m odel-independen t lim it on eMT can  be  in ferred  from  a tm o sp h eric -n eu trin o  d a ta  [524,648]. 

T h e  lim it is o b ta in ed  on th e  hypo thesis th a t  th e  N P  in te rac tions  only  involve dow n quarks, 

|e^T| <  0.013 a t 90% C .L ., co rrespond ing  to  |eMT| <  0.4. A recent com bined analysis of Super- 

K am iokande, K 2K  and  M IN O S d a ta  [649] also provides a b ound  on eeT. In  th e  lim it in w hich 

eee =  eTT =  0, th e  analysis gives |eeT| % 0.5. T h e  la tte r  lim it could im prove w ith  fu tu re  M IN O S 

d a ta . In  [650] th e  lim it |eOß’eR|<0.53  a t 99% C.L is o b ta in ed  from  th e  e+ e -  ^  v z>y  cross section 

m easurem ent a t LEP. A s tronger lim it on e^T from  n eu trin o -sca tte rin g  experim en ts, |e^T | <  0.1, 

is found in [651]. T he  la tte r  also considers th e  lim its from  charged-lep ton  effects induced by 

loops involving th e  vertex  in eq u a tio n  (258), w hich gives, in p articu la r, |ee^| <  2 ■ 10- 3 .

S tronger b ounds can  be o b ta in ed  by re la ting  th e  ea ß p a ram ete rs  to  o p era to rs  involving th e  

charged lep tons. T he  descrip tion  of th e  effect of N SIs in n eu trin o  p ropagation , eq u a tio n  (258), 

can  be o b ta in ed  in tw o steps. F irs t, th e  general effective descrip tion  ju s t  below th e  scale An p , 

b u t above th e  w eak scale, is w ritte n  in te rm s of o p era to rs  sym m etric  u n d e r th e  SM gauge 

group . T hen , th e  o p era to rs  are ru n  to  th e  w eak scale and  m atched  w ith  th e  effective descrip tion  

below  A e w  in te rm s of th e  o p era to rs  in eq u a tio n  (258). T h e  presence of th e  in term ed ia te , 

SU (2 ) l  sym m etric  s tep  is relevant as it re la tes  th e  n eu trin o  in te rac tions  in eq u a tio n  (258) to  

th e  in teractions of th e ir  SU (2)L charged lep ton  p a rtn e rs . However, th is  re la tion  is com plica ted  

by th e  fact th a t  SU (2)L is broken. I t  is, in fact, possible to  conceive of new  physics affecting 

n eu trin o s  b u t no t charged leptons, see below. T he  am o u n t of SU (2)L b reak ing  th a t  can  be 

to le ra te d  is in tu rn  b ound  by electrow eak-precision te s ts  perform ed  a t LEP.

C onsider first th e  case in w hich SU (2)L break ing  is neglected and  th e  o p era to rs  in equa tion  

(258) o rig inate  from  SU (2)L invarian t o p era to rs . T hen , th e  experim en ta l bounds on charged-
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lep ton  processes im ply [652-654]

eeM <  1 0 -6 e^T <  3 ■ 1 0 -3 eeT <  4 ■ 1 0 "3 (260a)
<  10-5  eu,d <

-e^ r\j -LV-/ ^T rveUud <  10-5  eUTd <  10-2  e ^  <  10-2  . (260b)

For exam ple, th e  ex tension  of th e  M SSM  includ ing  th re e  singlet, ch iral n eu trin o  fields (giving 

rise to  a supersym m etric  see-saw) can  genera te  large m isa lignm ent betw een lep tons and  slep tons, 

in tu rn  inducing  n o n -s tan d a rd  in te rac tions  th ro u g h  one-loop d iag ram s involving th e  slep tons. 

SU (2 ) l  b reak ing  is negligible in th is  case, so th a t  th e  s tro n g  co n s tra in ts  in eq u a tio n  (260) hold 

an d  suppress th e  effects in n e u trin o  p ro p ag a tio n  [628].

T hese lim its can  be evaded by ta k in g  in to  account SU (2 ) l  b reaking . T h e  ex ten t to  w hich 

th e  la tte r  relaxes th e  lim its depends on how th e  o p e ra to r in equa tion  (258) is g enera ted  and  

how SU (2 ) l  b reak ing  en ters. A general tre a tm e n t should in princip le  be based  on th e  m ost 

general effective lag rang ian  a t th e  E W  scale, inc lud ing  th e  effective c o n trib u tio n  to  th e  k inetic 

te rm s, along th e  lines of reference [650]. Such a general analysis is no t available, b u t it is clear 

th a t  th e  SU (2 ) l  sym m etric  lim it is considerab ly  w eakened. T h is  is su p p o rted  by th e  analysis 

in [653,654], w here th e  case in w hich th e  o p e ra to r in equa tion  (258) is induced by th e  exchange 

of new  heavy bosons is considered. T h e  effect of SU (2 ) l  b reak ing  on th e  m asses of such heavy 

bosons can  relax  th e  b ounds from  th e  charged-lep ton  sector in equa tion  (260) by a fac to r of 

seven w ith o u t a conflict w ith  th e  electrow eak-precision d a ta . I t  is even possible to  genera te  th e  

n eu trin o  o p e ra to r in equa tion  (258) w ith o u t giving rise to  any charged-lep ton  effects if th e  new  

physics (e.g. w arped  or flat ex tra -d im ensions [655]) induces th e  opera to r:

4 - ß = s a ß ( H L a ) U d ( H L ß ) . (261)

T h e  la tte r  co n trib u tes  to  th e  n eu trin o  wave function , b u t no t to  th a t  of th e  charged lep ton . 

T h e  n e u trin o  kinetic  te rm  m ust therefo re  be b rough t back to  th e  canonical form  by m eans of 

a n o n -u n ita ry  ro ta tio n . W hen  ac ting  on th e  s ta n d a rd  Ferm i in teraction , th e  la tte r  is ro ta ted , 

induc ing  e x tra  co n trib u tio n s  in th e  form  in eq u atio n  (258) b u t leaving th e  charged-lep ton  sector 

com plete ly  unaffected. T h e  e p a ram ete rs  are  therefo re  co n stra in ed  m ostly  by n eu trin o  experi 

m ents w hich give [655] |ee^| <  0.05, |eeT| <  0.1, |eMT| <  0.013. T h e  couplings in equa tion  (258) 

genera ted  th ro u g h  th is  m echanism  are  [656] :

e
£aß — — 2  (^aeftße +  ^eß^aej  +  ^  _  2 @W^£oiß (262a)

e«/3 =  - s in2 eaß =  — ^ w ^ a ß  ■ (263)

so th a t  th e  relevant p a ram ete rs  for th e  effects in n eu trin o  p ro p ag a tio n  are:

1 1 n
e«/3 =  — £ (e«e5/3e +  ZeßÖae) +  ^ ~ £»ß • (264)

N ote th a t  eejU, eMT, eeT are, in th is  case, suppressed  by th e  re latively  sm all fac to r (n n / n e — 1)/2 . 

As a consequence, th e  bo u n d s on eMT, eeT are  s tronger th a n  th e  ones from  equa tion  (260), desp ite  

th e  fact th a t  b ounds from  th e  charged-lep ton  sector are, in th is  case, essentially  irrelevan t. T h e  

bound  on eejU is, in co n tra st, weaker.
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Finally, th e  lim its on th e  im pact of SU (2)L break ing  can  be fu r th e r  w eakened if th e  effect on 

th e  precision observables of each source of SU (2)L b reak ing  is considered  separa te ly  o r if it is 

assum ed th a t  th e  Higgs is light. In  princip le, th e  effects of tw o or m ore co rrections (including  

th e  effect of a  Higgs th a t  is heavier th a n  expected) on th e  SM fit to  precision observables could 

in fact com pensa te  each o ther, th u s  allow ing s tronger SU (2)L b reak ing  effects [651].

4 .5 .2 .2  E f f e c t s  o n  n e u t r i n o  p r o p a g a t io n

T h e  possib ility  th a t  new  physics affects th e  n e u trin o  tran s itio n s  observed in solar [60, 652, 

654,657], a tm ospheric  [648,653,658], LSN D  [659], and  supernova [660] experim en ts  has been 

w idely s tud ied  in th e  lite ra tu re  since th e  sem inal p ap e r of W olfenstein [60]. T h e  effects of NSIs 

a t p ro d u c tio n  and  decay are  q u ite  d ifferent from  those  th a t  arise in th e  p ro p ag a tio n  betw een 

source and  d e tec to r. T h is should  m ake th em  relatively  easy to  d isen tang le . In  fact, due  to  th e  

geom etrical L -2  suppression , th e  effects a t p ro d u c tio n  and  de tec tion  are b est s tud ied  a t a  sm aller 

baseline L [626], w hereas in th e  case of new  in te rac tions  w ith  m a tte r  th e  L -2  suppression  is 

com pensa ted  (up  to  a ce rta in  L) by th e  developm ent of th e  oscillation. M oreover, th e  possib ility  

of a  pecu liar g row th  w ith  th e  n eu trin o  energy opens up, w hich w ould give rise to  a no ticeable 

s ig n a tu re  [656].

As in o rd in a ry  m a tte r  th e  ra te  of incoheren t sca tte rin g  is negligible, th e  effect of s ta n d a rd  and  

n o n -s tan d a rd  in te rac tions  only shows up  th ro u g h  th e  coheren t fo rw ard -sca tte ring  effect. Such 

an  effect is conveniently  accounted  for by th e  M SW  p o ten tia l te rm  in th e  n eu trin o  Schroedinger 

equa tion . T h e  p o ten tia l induced by va f  ^  Vß ƒ forw ard  sca tte rin g  (a , ß  =  e ,ß ,  t  , ƒ =  e ,u , d) 

induced  by th e  effective in te rac tio n  in equa tion  (258) can  be p aram eterised  as Vaß =  ea ß V  =  

V ^ t a ß G p N e ,  w here V  = \ / 2G f N £ is th e  M SW  p o te n tia l induced by th e  s ta n d a rd  charged- 

cu rren t in teractions, N e is th e  electron  nu m b er density  and  eaß =  eßa are  th e  pa ram ete rs  

defined in eq u a tio n  (259). In  tu rn , th e  s ta n d a rd  and  n o n -s tan d a rd  M SW  p o ten tia ls  can  be 

reabso rbed  in an  energy -dependen t redefin ition  of th e  n eu trin o  m ass-squared  m a trix , M 2 ^  

M ff  +  universal te rm s, w here:

0 0
0 ^ ^ 1 +  eee ee^ eeT^

M ff  =  U 0 A m 2i 0 U t +  2 E V e * e^  e^T

0 0 A m 3 i/ V e *eT ejuT eTT^

E  is th e  n eu trin o  energy, U is th e  PM N S  m ixing m a tr ix  in th e  usual p a ram ete risa tio n , and  th e  

flavour-universal te rm s do  no t play a role.

T h e  possib ility  of observ ing  th e  effect of non-universal d iagonal te rm s, ea a , has been  considered 

in [661]. Such te rm s could arise, for exam ple, from  a v io lation  of un iversa lity  in Z v v  couplings, 

in p a r tic u la r  a  co rrection  to  th e  Z v eve coupling, to  be com pensa ted  in th e  b ound  from  th e  

Z  invisible decay w id th  by a co rrespond ing  co rrection  to  th e  Z v t v t  coupling. T h e  effect of a 

non-un iversa lity  a t th e  level of 1% w ould am o u n t in first app rox im ation  to  an  energy-dependen t 

sh ift in th e  effective value of th e  023. T he  possib ility  of observ ing  such a shift depends on th e  

tru e  value of 023 angle. T h e  oscillation  p ro b ab ility  is p ro p o rtio n a l to  sin2 2023, w hich is alm ost
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insensitive to  a 1% shift in 023, for 023 =  n /4 .  O n th e  o th e r hand , th e  shift m ight have a chance 

to  be observed for exam ple if sin2 2023 =  0.92. T h is  w ould require  an  experim en t w ith  neu trinos 

above th e  resonan t energy and  therefo re  a large enough baseline (L ~  10000 km ), in such a way 

th a t  th e  first oscillation  peak  is approached . M ost analyses co n cen tra te  on th e  possib ility  of 

observ ing  th e  effect of off-diagonal te rm s eejU, eMT, eeT, and  in p a rtic u la r  on eMT an d  eeT, since 

th e  b o u n d  on eejU is to o  s tro n g  for it to  play any  role.

E arlie r w ork on th e  effect of non-van ish ing  e^T, eeT on ^  v t , ve ^  v t  oscillations [662,663] 

assum ed th e  presence of a  t  d e tec to r w ith  an  efficiency n ~  0.3 for observ ing  v t , z/T. M oreover, 

th e  analyses w ere perform ed a t fixed values of th e  oscillation  p aram eters , in p a rtic u la r  013 and  

th e  C P -v io la ting  phase  5. L a te r  w ork [664, 665] carried  forw ard  th e  analysis by: focussing on 

th e  effect of eeT in ve ^  tran s itio n s , w hich can  be d e tec ted  th ro u g h  th e  easier w rong-sign- 

m uon signal a t a  less am bitious m uon d etecto r; and  by le ttin g  013 an d  5 vary. T h e  la tte r  

m ight in fact have to  be d e te rm ined  by th e  sam e experim en ts  sensitive to  eeT, in tro d u cin g  an 

a d d itio n a l u n certa in ty  on eeT. A t th e  sam e tim e, if th e  effect of a  non-vanishing  eeT is taken  

in to  account, th e  sensitiv ity  to  th e  oscillation  pa ram ete rs  could w orsen. T h is  is indeed th e  case 

if one considers th e  ve ^  tra n s itio n s  only. T h e  w rong-sign-m uon signal, however, is also due 

to  ve ^  v t  tra n s itio n s  p roducing  a t  th a t  th e n  decays in to  a m uon. T h is  is im p o rta n t because 

th e  sp ec tru m  of th e  ve ^  v t  tra n s itio n  can  have a very pecu liar behav iour in th e  presence of a 

sizable eeT. Such a behav iour on th e  one h and  enhances th e  ve ^  v t  tra n s itio n s  a t h igh energy 

(th u s  m aking  th e  ve ^  v t  c o n trib u tio n  to  th e  w rong-sign-m uon signal im p o rta n t, som etim es 

even p red o m in an t) on th e  o th e r h an d  it allows th e  effects of 013 and  eeT to  be d isen tang led  [656].

T h e  presence of eeT effects can  reduce th e  sensitiv ity  of ve ^  tra n s itio n s  to  013. T h is  is 

because an  expansion  in th e  sm all 013 and  eeT p aram ete rs  gives P (ve ^  v m) æ  A sf3 +  B s 13eeT +  

C e2T, w here A, B ,C  d epend  on th e  baseline, on th e  energy, and  on th e  channel (neu trinos 

o r an ti-n eu trin o s) and  s 13 =  s in 0 13. T h e  to ta l  ra te  of ve ^  vM-induced  w rong sign m uon 

events (ob ta ined  by convoluting  A, B ,C  w ith  th e  energy dependence of fluxes, cross-sections, 

efficiencies, etc.) th e n  co rresponds to  an  ellipse in th e  s 13- e eT plane, so th a t  s 13 and  eeT can n o t 

b e  d isen tang led  by a single to ta l- ra te  m easurem ent only. I t  also tu rn s  o u t th a t  using  th e  spec tra l 

in fo rm ation  as well does no t help  very m uch, as eeT does no t m odify  th e  sp ec tru m  of ve ^  

tra n s itio n s  significantly. O n th e  o th e r hand , com bining m easurem en ts in th e  n eu trin o  and  

a n ti-n eu trin o  channels and  com bining m easurem ents a t different baselines helps to  reduce th e  

degeneracy, b u t th e  sensitiv ity  to  013 is still reduced by one o rder of m ag n itu d e  [664]. T h e  

s itu a tio n  is even worse in th e  presence of new -physics effects in th e  p ro d u c tio n  process. In  th is  

case th e  effect of a  given 013 (includ ing  its energy and  baseline dependence) can  be faked in 

b o th  th e  n eu trin o  and  a n ti-n eu trin o  channels by a p ro p er com bination  of th e  N P  param ete rs  

con tro lling  th e  exotic p ro d u c tio n  process and  th e  m a tte r  effects [665]. A near d e tec to r, only 

sensitive to  new  effects a t p ro d u ctio n , m ight help  in th is  case.

T h e  degeneracy  can  be resolved by ta k in g  in to  account th e  co n trib u tio n  of ve ^  v t  tran s itio n s  

to  th e  w rong-sign-m uon signal. W hile th e  sp ec tru m  of ve ^  tra n s itio n s  is no t significantly 

affected by eeT, it tu rn s  o u t th a t  th e  sp ec tru m  of ve ^  v t  tra n s itio n s  can  be. In  o rder to  have 

an  in tu itive  p ic tu re  of th e  basic fea tu res of th e  la tte r , and  in general of all th e  eaß p aram eters ,
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consider first th e  app rox im ation  A m 21 =  0, w hich is m eaningful in th e  range of energies of 

in terest. In  th is  lim it th e  m ixing angle in vacuum  012 becom es un -physical. W e can  also consider 

a phase  convention for th e  n eu trin o  fields in w hich th e  phases only ap p e a r  in th e  e pa ram ete rs  

15. eq u a tio n  (265) th e n  becom es:

M e ï =  A m 31

(  S 13 +  ( E /  E res)(l +  e,

S13/ V 2  +  (E j  E Yes)e 

s i s / V 2 +  ( E  /  E res)eeT

S13/  V 2 +  (E / E re s)eeju

1 /2  +  ( E / E res)e^^

1 /2  +  ( E / E res)e^T

13/ V2 +  ( E / E res)eer \

1 /2  +  ( E / E res )e^T 

1 /2  +  ( E / E res )eTT /

(266)

w here we also set 023 =  n /4 ,  cos 013, and  co s2 0 13 =  1.

T h e  n eu trin o  effective m asses and  m ixings follow from  th e  d iagonalisa tion  of M ff . In  th e  

lim it in w hich th e  n o n -s tan d a rd  in te rac tions  are sw itched off, eaß ^  0, th e  usual expressions 

for th e  n eu trin o  m asses and  m ixings in th e  presence of m a tte r  are  recovered, characterised  by a 

resonan t energy E res:

E res ~  10 GeV A m 31
2.5 • 10-3  eV 2

1.65 g cm 3 

p Y e
(267)

w here p is th e  m a tte r  density  and  Ye is th e  nu m b er of e lectrons p e r baryon  in m a tte r  n e/ n g . In 

p a rticu la r, th e  charac te ris tic  suppression  of th e  013, 012 m ixing angles a t energies h igher th a n  

th e  resonance energy is recovered. T h is  is because in th e  E / E res »  1 lim it th e  large diagonal 

M SW  te rm  in (M f f )n  is enhanced , w hich suppresses th e  m ixing. In  p articu la r, sin2 20^3 ~  

sin2 2013(E res/ E ) 2, so th a t  th e  tra n s itio n  p robab ilities  decrease w ith  E 2:

P ( u e -► vT) ~  { ^ f )  cos2 ^23 s in2 26>i3 sin2 ; and

2 L V  

2

2 L V

E

p { v e v ß ) ~  ( “ | f  )  sin2 ^23 Sin2 26>i3 sin2 .

(268a)

(268b)

N ote also th a t  th e  m ass-squared  difference in m a tte r , (A m 31)m ~  2 E V  grows w ith  energy, 

canceling th e  1 /E  dependence in th e  oscillating  te rm  of th e  probability .

T h e  s itu a tio n  is com pletely  d ifferent in th e  presence of n o n -s tan d a rd , non-d iagonal in te rac 

tions; a t least a t very large energies E  »  E res. T h e  non-d iagonal elem ents now also get a 

c o n trib u tio n  th a t  grows w ith  energy. As a consequence, a t sufficiently large energy, m a tte r  ef

fects will d o m in a te  in all th e  en tries of M ff. T hen : th e  effective m ixing angles will be dete rm ined  

by m a tte r  effects only, th u s  prov id ing  a d e te rm in a tio n  of th e  ea ß ratios; and  th e  m ixing angles 

becom e energy in d ep en d en t, i.e. th e y  do no t suffer from  th e  high-energy suppression  anym ore.

)

15 W h ile  in  th e  ab sen ce  o f n o n -s ta n d a rd  in te ra c tio n s  th e  C P -v io la tin g  p h ase  also beco m es u n -p h y s ica l in  th e  

A m ^2 =  0 lim it, in  th e  g en e ra l case i t  d o es n o t. In  fac t, th e  p h a se  re -d e fin itio n  n ecessa ry  to  r o ta te  S aw ay 

fro m  th e  m ix in g  m a tr ix  also a c ts  o n  th e  n o n -d iag o n a l new  in te ra c tio n s . T h ere fo re , if  th e  e p a ra m e te r s  a re  rea l 

to  s ta r t  w ith , th e y  ac q u ire  a  p h ase  S o nce S h a s  b e e n  r o ta te d  aw ay from  th e  m ix in g  m a tr ix  in  v acu u m . T h e  

p h ase  h as  ju s t  m oved  from  th e  m ix in g  m a tr ix  in  v ac u u m  to  th e  ep s ilo n  p a ra m e te rs .
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T h is is also tru e  for th e  tra n s itio n  probab ilities, th e  leading te rm s of w hich are  given in th e  large 

E / E res lim it by th e  following sim ple expressions:

P  (Ve ^  Vt ) -  4

P (Ve ^  VM) -  4

EE res
£e r  +  —^ C 2 3 S i 3  

EE res
ÊejU H--- ^^S23Sl3

2 LV
sin2 ~y ~ (269a)

2
2 L V

sin —  , (269b)

w here th e  leading  E res/ E  co rrection  to  th e  energy-independen t am p litu d es  have been  included. 

T he  oscillation  p ro b ab ility  reaches a co n s tan t value 4 |e |2 sin2(L V /2 ) a t h igh energies.

T h e  behav iou r of th e  tra n s itio n  p robab ilities  a t sufficiently h igh energy is therefo re d rastica lly  

different in th e  presence of n o n -s tan d a rd  flavour-changing in teractions. N ote  also th a t  a t a 

N eu trin o  Factory, th e  energy in d ep en d en t tra n s itio n  p ro b ab ility  w ould be enhanced  by th e  

g row th  w ith  energy of th e  n e u trin o  flux and  of th e  n eu trin o  cross section, th u s  giving rise to  a 

strik ing  grow th  of th e  signal w ith  energy. O f course, th e  in terest of th is  observation  depends 

on how large th e  ‘sufficiently h ig h ’ energy a t w hich th e  energy-enhanced  n o n -s tan d a rd  effect 

dom inates. T h is in tu rn  depends on th e  e n try  of th e  Meff m a tr ix  u n d er considera tion . In 

o rder for th e  N P  effects to  em erge in th e  “a tm o sp h eric” 23 block in eq u atio n  (266), th e  E / E res 

enhancem en t m ust be  very large, as th e  new  ( E / E res)eMT effect com petes w ith  1 /2  and  th e  lim its 

on e^T are  re la tively  severe. T h e  s itu a tio n  is m ore prom ising  in th e  12 and  13 entries, w here th e  

vacuum  m a tr ix  elem ent is suppressed  by s i 3 / \ / 2 ,  so th a t  th e  new effect has a b e t te r  chance to  

em erge. P a rtic u la rly  p rom ising  is th e  13 entry , as values of eeT as large as 0.1 or m ore are  no t 

excluded (th e  lim its on eejU are th e  m ost s trin g en t). N ote  th a t  due  to  th e  large vm- v t  m ixing, 

a large eeT w ould also affect th e  ve ^  vm tran s itio n s , b u t w ould no t give rise, in th is  case, to  

an  energy enhancem ent. T h is  is because th e  large 023 m ixing com m unica ting  th e  effect of eeT 

to  th e  ve ^  vm tra n s itio n  takes place a t th e  a tm ospheric  m ass-squared  difference A m 3 1, w hich 

in th e  large E res/ E  lim it is sub lead ing  com pared  to  th e  o th e r m ass-squared  difference, 2 E V . 

T h is  is also confirm ed by eq u atio n  (269) (eeT does no t affect P (v e ^  vm) a t th e  leading o rder in

E res/  E ) .

T h e  eer te rm  exceeds th e  s ta n d a rd  te rm  a t energies E  >  E ^ p  =  | s i3 / ( \ /2 e ) |E res. T he  regim e 

in w hich th e  new  effects are com parab le  to  th e  s ta n d a rd  ones is therefo re  w ith in  th e  reach of a 

m achine p roducing  n eu trinos  of energy E v such th a t:

|e| ~  ̂ 1 ?  ■ (270)

A t h igher energies th e  n o n -s tan d a rd  effects s ta r t  to  dom inate , an d  th e  tra n s itio n  p robab ility  

becom es co n stan t in energy. For exam ple, a t a  m achine p roducing  neu trinos  w ith  an  energy of 

50 GeV, th e  new  effects are a t least com parab le  to  th e  s ta n d a rd  ones if |eeT| >  0 .0 0 7 (|s131/0.05). 

R ecall th a t  |s 13| =  0.05 co rresponds to  sin2 2013 =  10- 2 , a value no t very far from  th e  presen t 

b o u n d  and  well w ith in  th e  typ ical sensitiv ity  of a  N eu trin o  Factory.

To investigate  th e  sensitiv ity  to  C P -v io la ting  phases, define e =  |e |e ^ . T h e  phase  convention 

being  considered  is one in w hich th e  e’s are  th e  only com plex p aram eters . In  an  a lte rn a tiv e
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convention, in w hich th e  5 phase  has no t been  reabso rbed  in e, th e  physical phase w ould be 

5 — 0. eq u a tio n  (269) shows th a t  in th e  high -energy lim it, th e  p robab ilities  depends on cos 0. 

T h is  dependence  is d ifferent in th e  n eu trin o  and  a n ti-n eu trin o  channels, as th e  m a tte r  effects 

in th e  an ti-n eu trin o  channel have opposite  sign. As a consequence, cos 0  could be dete rm ined  

to g e th e r w ith  |eeT |. T h e  abso lu te  value |eeT | could in fact be d e te rm ined  in th e  h igh -energy 

regim e, in w hich |eeT| d om inates  th e  tra n s itio n  am p litude . cos 0  could th e n  be d e te rm ined  in 

th e  E v — E n p  regim e in w hich th e  in terference betw een th e  s ta n d a rd  and  n o n -s tan d a rd  te rm s is 

m axim al. If cos 0  >  0, th e  tw o te rm s w ould in terfere  constructive ly  in th e  n eu trin o  channel and  

d estruc tive ly  in th e  an ti-n eu trin o  one, w hile if cos 0  <  0, th e  tw o te rm s w ould be d estru c tiv e  

for n eu trinos  and  construc tive  for an ti-neu trinos. T h e  previous considera tions hold of course 

provided  th a t  E n p  >  E res, o r |s i3/ ( \ /2 e ) | >  1. For E ^ p  <  E res th e  cancella tion  is spoiled by th e  

A m 21 term s.

If th e  cond ition  in equa tion  (270) is m et in a t least a  p o rtio n  of th e  n eu trin o  sp ec tru m , th e  

v t  sp ec tru m  shows a su rp ris ing  enhancem en t a t h igh energy. D irect t  de tec tion  is challenging 

an d  w ould requ ire  a very g ran u la r d e tec to r for t  identification . O n th e  o th e r hand , a  coarse 

d e tec to r w ith  only m uon -charge-iden tifica tion  capab ility  w ould no t m iss th e  pecu liar fea tu re  of 

th e  signal, since th e  ve ^  v t  channel co n trib u tes  to  th e  w rong-sign m uon sp ec tru m  th ro u g h  

t  ^  ß  decay (B .R . æ  17%). M oreover, th e  unequivocal d e p a rtu re  from  th e  M SW  pred ic tion  

rep resen ts  a  clean signal and  allows th e  effect to  be sep ara ted  from  s ta n d a rd  oscillations or from  

corrections d u e  to  th e  N SIs a t p ro d u c tio n  or de tec tion . A d e tec to r capab le  of d is tingu ish ing  

electron-like from  n eu tra l-cu rren t-like  events w ould also be sensitive to  th e  large increase of th e  

la tte r  due  to  hadron ic  ta u  decays.

C onsider now a specific, favourable, case w ith  oscillation  pa ram ete rs  023 =  n /4 ,  A m 21 =

3 x 10- 3 eV 2, A m 21 =  0eV 2 an d  sin2 2013 =  0.001 (th e  sm aller th e  value of sin2 2013, th e  

m ore visible th e  new  physics effects). As for th e  e p aram eters , th e  effect of eejU on oscillation 

probab ilities  is negligible, given th e  b ounds discussed above. A n eMT a t th e  experim en ta l bound  

could give rise to  non-negligible effects [662] b u t no t to  th e  high-energy enhancem en t we are 

focussing on. We therefo re set b o th  eejU =  0 and  eMT =  0 and  we choose eeT =  0.07.

T h e  oscillation  p ro b ab ility  in m a tte r  in th e  s ta n d a rd  case is com pared  to  th e  oscillation  p ro b 

ab ility  in th e  presence of new physics in figure 45 . W hile th e  s ta n d a rd  oscillation p robab ility  

decreases like 1 /E ^ , in th e  presence of new  physics th e  p ro b ab ility  reaches a co n s tan t value a t 

h igh energies larger th a n  10 GeV or so. T h e  difference is strik ing  a t h igh energy. For a n ti 

n eu trinos, th e  sam e behav iour is observed a t high energy, b u t a  difference is no ted  a t energies 

E  — E n p  or below. T here , th e  tw o te rm s in th e  am p litu d e  in eq u a tio n  (269a) are  com parab le  

an d  th e ir  rela tive sign is opposite  for neu trinos  and  an ti-neu trinos. As in th e  p resen t exam ple 

eeT >  0, a  suppression  of th e  p ro b ab ility  in th e  a n ti-n eu trin o  channel is clearly  visible. T h e  

difference betw een th e  tw o C P -con juga ted  channels a t E  — E NP represen ts  a  pow erful too l to  

co n s tra in  th e  phase  of eeT. N ote also th a t  th e  behav iour a t sm all E  s trong ly  depends on th e  

A m 2 1 =  0 assum ption , w hich has been  kept for pu rposes of illu s tra tion .

C onsider now a N eu trin o  F ac to ry  w ith  1021 m uon decays and  a 40 k to n  d e tec to r w ith  only 

m uon iden tification  capab ilities, located  a t a  d is tance  of 3000 km  from  th e  accelerator. G iven
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F ig u re  45: T h e  ve ^  vT a n d  v e ^  o sc illa tio n  p ro b a b il itie s  in  th e  s ta n d a rd  case  (full line) a n d  in  th e  p resen ce  

o f  new  p h y sics  (d ash e d  line), for s in 2 2013 =  0.001 a n d  eeT =  0.07.

th e  significant enhancem en t of th e  ve ^  vT tra n s itio n  p ro b ab ility  a t high energy in th e  presen t 

exam ple, we expec t th e  effect to  be visible in th e  w rong-sign m uon sp ec tru m  due to  t  ^  ß  

decays. T h e  effect is indeed m anifest in figure 46, w here th e  sp ec tru m  of w rong-sign m uon 

events in th e  s ta n d a rd  case is com pared  to  th e  sp ec tru m  in th e  presence of new  physics. T he 

large difference betw een th e  tw o cases is essentially  due to  t  decays. T h e  w rong-sign m uon 

signal due  to  ve ^  oscillations is in th is  case sub-lead ing  in m ost of th e  energy range and  is 

significant only a t in te rm ed ia te  energies [664,665].

4 . 5 . 3  C o n s t r a i n t s  o n  n o n - s t a n d a r d  i n t e r a c t i o n s  f r o m  n o n - o s c i l l a t i o n  n e u t r i n o  

e x p e r i m e n t s

In  th is  section, bounds on N SIs arising  from  experim en ts  in w hich S tan d a rd  M odel pa ram ete rs  

have been  d e te rm ined  are p resen ted  [650,651,666]. T hese experim en ts  include short-baseline 

n eu trin o  experim en ts  w ith  w hich sin2 was m easured , L E P, and  experim en ts  used to  m ea 

su re  w eak decays. T h ere  are also co n s tra in ts  from  oscillation  and  astrophysica l experim ents, 

w hich will be discussed in section 4 .5 .4 . T h e  four-ferm ion o p era to rs  considered  are of th e  form  

(vaYVß) ( / y / ), w here ƒ is an  electron  or a  firs t-genera tion  quark . T hese o p era to rs  differ from  

those  of section 4.5.1, in th a t  th e y  have tw o n eu trin o  legs (of possib ly  d ifferent flavour), and  th e  

rem ain ing  tw o legs are firs t-genera tion  ferm ions of th e  sam e type .

C onsider n o n -s tan d a rd , n eu tra l cu rren t, n eu trin o  in te rac tions  of th e  form  of eq u a tio n  (258):

(271)
P,f,a,ß
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F ig u re  46: S p e c tru m  o f w ro n g -s ign  m u o n  ev e n ts  in  a  n e u tr in o  fa c to ry  as d e sc rib ed  in  th e  te x t  in  th e  case o f ß -  

(u p p e r  p lo t)  a n d  (low er p lo t)  c irc u la tin g  in  th e  s to ra g e  ring . T h e  full h is to g ra m  c o rre sp o n d s  to  th e  s ta n d a rd  

case , th e  d a s h e d  h is to g ra m  to  th e  p resen ce  o f new  in te ra c tio n s .

w here ƒ is a  firs t-genera tion  SM ferm ion ( e ,u  or d), a ,  ß  are  lep ton  flavour indices, and  P  =  L  

or R. T h e  phase  convention is such th a t  f ß  is real (C P  v io lation  in th e  new  in te rac tions  in 

included in sections 4.5.1 and  4 .5 .4 . See also [626,662]). As in eq u a tio n  (231), n o n -s tan d ard  

in te rac tions  are norm alised  as a p e r tu rb a tio n  away from  G f  ^  G f (1 +  e). However, th e  indices 

used here  on f ß  differ from  equa tion  (231): P  =  L [R] is allowed in eq u atio n  (271), w hich 

gives N SI of th e  form  (V  — A )(V  — A) [(V — A )(V  +  A)], and  th e  ferm ions ƒ are  here res tric ted  

to  be first genera tion  of th e  sam e flavour. So, for instance, we do  no t co n s tra in  th e  in te rac tion  

discussed in section 4.5.1, for exam ple equation  (246), because it changes th e  flavour of th e  

charged lepton.

T h e  four-ferm ion vertices of equa tion  (271) can  be g enera ted  by o p era to rs  of d im ension  six, 

eight, and  h igher [650], w ith  increasing  pow ers of th e  H iggs-doublet vacuum -expec ta tion  value 

(vev). D ue to  S ta n d a rd  M odel gauge sym m etries, if equa tion  (271) arises a t d im ension  six, th e n  

a  ( I y v ) ( f Y f  ) o p e ra to r arises w ith  a coefficient of th e  sam e o rder [653]. As discussed in section 

4 .5 .2 , charged-lep ton  physics im poses tig h t co n stra in ts  on th e  coefficients of such dim ension-six  

o p era to rs . However a t d im ension  eight, an  o p e ra to r as in eq u a tio n  (271) can  ap p e a r a t tree  

level w ith o u t any charged-lep ton  co u n te rp a rt [650]; th e  co n s tra in ts  sum m arised  in th is  section 

app ly  in th is  case. N otice th a t  a t d im ension  eight, e «  v4/A 4, w here v is th e  Higgs vev and  

A th e  scale of new  physics T h e  b ounds presen ted  below  have been  derived  on th e  assum ption  

th a t  only  one o p e ra to r is p resen t a t a tim e; th e  lim its can  be relaxed w hen several N SIs are 

considered sim ultaneously  [651].

N o n -stan d ard  in te rac tions  involving ve o r and  e ith e r e lectrons or f irs t-genera tion  quarks, can  

be constra ined  by n eu trin o -sc a tte rin g  d a ta . Such in te rac tions  w ould co n trib u te  to  th e  n eu tra l-
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T ab le  8 : C u r re n t 90 % CL lim its , t h a t  c a n  b e  se t o n  th e  coeffic ien ts 2 \/2G f £ o f fo u r fe rm io n  v e rtices  involv ing  

tw o  n e u tr in o s  a n d  tw o firs t g e n e ra tio n  ferm ions. See e q u a tio n  (271) for th e  d e fin itio n  o f e. T h e  lim its  m a rk e d  

w ith  a n  a s te r isk , , a rise  a t  one loop  a n d  a re  in v erse ly  p ro p o rtio n a l to  lo g (A /m W ), ta k e n  >  1. T h e  su p e rsc r ip t 

L ,R  o f e is th e  ch ira l p ro je c to r  P  =  {L , f i}  in  th e  o p e ra to r .

vertex cu rren t lim its experim en t

( e y P e ) ( v T~jpLvT) \eeT?\  <  0.5 ( Z  -»■ ëe)*)

( u y P u ) ( v Tj pL v T) \ e ^ \  <  1.4 , \ e ^ \  <  3 ( Z  -»■ z/z/)*)

( d y P d ) ( v T7 PL v T) \ e ^ \  <  1.1, k r r  <  6 ( Z  -»■ vv)*)

{ e y P e ) { v ^ pL v ß )

COoöVäT
i

(-0 C H A R M  II

( ü y P u ) ( v ß j pL v ß ) =  -0 .0 0 5 3  ±  0.0032 , \ e ^ \  <  0.006 N uTeV

( d y P d ) ( v ß j pL v ß ) edB =  0.0043 ±  0.0026 , | e ^ |  <  0.013 N uTeV

{ ë y P e ) { v e~fpLve) -0 .0 7  <  <  0.1 , - 1  <  eeef  <  0.5 LSN D

( ü y P u ) ( v e~/pLve) - 1  <  <  0.3 , - 0 .4  <  e“eß  <  0.7 C H A R M

( d y P d ) ( v ej p L v e) \ 4 e \  <  0-3 , \£dJ \  <  0.5 C H A R M

{ e y P e ) { v T~fpLvß ) K l  < 0 .4 ( r  —> /xëe)*)

\ 4 ß  \ <  o .i C H A R M  II

{ ü y P v ) { v T^ pL v ß ) \ e ' ^ \  <  0.051 I /A, 1 N uTeV

( d y P d ) ( v r j p L v ß ) \ 4 u \  <  0.051 I /A, 1 N uTeV

( e y P e ) ( v ß ~{pLve) \e%\  <  5 x IO“ 4 (/x -»■ 3e)*)

( ü y P u ) ( v ß j p L v e) | ^ f |  <  7.7 x IO“ 4 (Ti/x -»■ Tie)*)

( d y P d ) ( v ß j pL v e) \e%\  <  7.7 x IO“ 4 (Ti/x -»■ Tie)*)

{ ë y P e ) { v T~fpLve) K e \  <  0-8 ( r  —> eëe)*)

| ^ |  < 0 . 4 , l 4 e l  < 0 .7 LSN D

( ü y P u ) ( v T~/pLve) k r f l  < 0 -7 ( r  —> e7r)*)

\e're\ <  0.5, C H A R M

( d y P d ) ( v r j p L v e) \ 4 e  1 <  0.7 ( r  —> e7r)*)

\ 4 e  1 <  0-5, C H A R M

cu rren t cross section, in n eu trin o -b eam  experim en ts  w hich d e te rm in e  sin2 d w  by com paring  th e  

n e u tra l-cu rren t and  charged -cu rren t event ra tes. N eutrino-flavour-d iagonal N SIs in terfere  w ith
f P

th e  SM am plitudes, so th e y  co n trib u te  linearly. T h e  flavour changing  eaß , a  =  ß , co n trib u te  

quadratica lly , as in eq u a tio n  (237). B ounds are o b ta in ed  from  th e  C H A R M  [667], C H A R M

II [668], LSN D  [669], and  th e  N uTeV  [670] experim en ts  by requ iring  th a t  th e  S tan d a rd  M odel +  

N SI co n trib u tio n  fit w ith in  th e  90% C.L. experim en ta l resu lt. T h e  S tan d a rd  M odel pa ram ete rs  

are  tak en  from  o th e r precision d a ta , and  th e  co n s tra in ts  are listed  in ta b le  8 . N uT eV ’s resu lts  

d isagree w ith  th e  S ta n d a rd  M odel p red ic tion , so in th e  tab le , th e  N SIs w hich could fit th is  d is 

c repancy  have non-zero values. If  th e  N uTeV  resu lt is supposed  to  have som e o th e r exp lanation , 

th is  nonetheless gives an  es tim a te  of th e  sensitiv ity  of th e  N uTeV  d a ta  to  NSI.
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B ounds on th e  in te rac tions  in equa tion  (271) can  also be o b ta in ed  from  rad ia tive  corrections. 

W  exchange betw een v  and  v  o r f  will genera te  effective in teractions ( l a YPL l ß ) ( f  YpP f ) or 

( l a YpL vß ) ( f Y pL f  ), w here I  is a  charged lep ton . T h is  S ta n d a rd  M odel loop tran sfo rm s th e  

n o n -s tan d a rd  n eu trin o  in te rac tio n  to  a charged-lep ton  in te rac tio n  of s tre n g th  c x 2 \ /2 G f ^J q ,

d a ta  can  therefo re  co n s tra in  these  N SI, even if th e  N SIs do  no t involve charged lep tons a t tree  

level.

T h e  experim en ta l b ounds on ß  ^  e flavour change from  th e  charged-lep ton  sector (e.g. ß  ^  

3e, ß  ^  e conversion on tita n iu m ) are very strong . D esp ite  th e  loop-suppression  fac to r of 

equa tion  (272), th e y  give significant co n s tra in ts  on N SIs involving and  v e : e  <  10- 3 , see 

ta b le  8 . T h e  co n s tra in ts  from  flavour-changing t  decays are weaker, e <  1. T h e  u p p e r lim its on 

th e  r-d ecay  b ranch ing  ra tios m ay im prove in th e  fu tu re ; th e  lim its in ta b le  8 scale as V B R , and  

are ca lcu la ted  from  B R ( t  ^  ne )  =  B R ( t  ^  ßee) =  1.9 x 10- 7 , and  B R ( t  ^  eee) =  2.0 x 10- 7 .

C o n stra in ts  on th e  n o n -s tan d a rd  in te rac tions  (vTypL v t ) (ƒ y pP f ) can  be o b ta in ed  from  th e ir  

loop co n trib u tio n  to  Z  decay. If th e  Z  decays to  vTvT, w hich th e n  becom e ee v ia  th e  N SI eerp , 

th is  co n trib u tes  to  th e  decay Z  ^  ee. O r if th e  Z  decays to  qq (q =  u  o r d), w hich becom e v Tv T 

v ia  eUp  or e^T , th is  co n trib u tes  to  th e  invisible w id th  of th e  Z . T h e  Z  decay b ranch ing  ratio s 

w ere m easured  a t L E P  to  a precision ~  a em/ n ,  and  su p p o rt th e  global fits to  S tan d a rd  M odel 

p aram eters . T h is  gives co n s tra in ts  of o rder effpp ~  1; see ta b le  8. B e tte r  b ounds on effpp can  be 

found in section 4 .5 .4 .

4 . 5 . 4  O s c i l l a t i o n  e x p e r i m e n t s  a s  p r o b e s  o f  t h e  N S I

T h e  effective low -energy o p era to rs  induced by n o n -s tan d a rd  in te rac tions  m ay apprec iab ly  m odify 

th e  n eu trin o  fo rw ard -sca tte ring  am p litu d e  on electrons and  nucleons, as a  resu lt affecting neu 

tr in o  oscillations in m a tte r . T h is  m akes neu trino -osc illa tion  experim en ts  a valuable low -energy 

to o l in searching for physics beyond th e  S tan d a rd  M odel. As th e  precision of neu trino -oscilla tion  

experim en ts  increases, th e y  m ay begin to  be regarded  on th e  sam e foo ting  as th e  ex isting  preci 

sion low -energy tools, such as th e  m easurem en ts  of K  — K  m ixing, searches for flavour v io lating  

ß  an d  t  decays, etc. In  th is  section, a  review  of th e  sensitiv ity  th e  ex isting  neu trino -oscilla tion  

experim en ts, inc lud ing  solar, reac to r, a tm ospheric , and  accelera tor neu trinos, to  N SIs is p re 

sented.

where:

(272)

and  A is a new -physics scale w hich m ay conservatively  be tak en  to  be ~  TeV. C harged-lep ton
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4 . 5 . 4 . 1  N S I  a n d  o s c i l l a t i o n s :  g e n e r a l i t i e s

R egardless of th e ir  origin, a t th e  low energies relevant to  n eu trin o  oscillations, N SIs are de 

scribed  by th e  effective low-energy, four-ferm ion L agrangian :

l n s i  =  - 2 V 2 G F {va "{pVß){efJ ßL f L y f L +  efJ ßR ƒR j p ƒr )  +  h . c .  (273)

H ere eff  ( f R) denotes th e  s tre n g th  of th e  N SI betw een th e  neu trinos  v  of flavours a  an d  ß  

an d  th e  le ft-handed  (righ t-handed ) com ponen ts of th e  ferm ions f  an d  f .

N ot all of these  p a ram ete rs  im pact n e u trin o  oscillations in m a tte r . T h e  p ro p ag a tio n  effects 

of N SI are, first of all, only sensitive to  ê Jß w hen th e re  is no flavour change of th e  background 

partic le , f  =  f ,  as processes th a t  change th e  flavour of th e  background  ferm ion do  no t add  up  

coheren tly  [671]. H enceforth , th e  n o ta tio n  ^OfßP =  e /jp  will be used. Secondly, only  th e  vector 

com ponen t of th e  N SI en ters, efaß =  e ^ ß + e ^ ß , w ith  no sensitiv ity  to  th e  axial com ponen t. T h e re 

fore, th e  p ro p ag a tio n  and  p ro d u c tio n /d e te c tio n  effects are sensitive to  different com binations of 

th e  N SI p aram eters , and  hence th e  co rrespond ing  m easurem ents are  com plem entary .

T h e  m a tte r  piece of th e  oscillation  H am ilto n ian  can  be w ritte n  (up  to  an  irrelevan t overall 

co n s tan t) as:

H ™  =  V 2 G F n e

/ 1 +  e e* e* \f 1 +  eee ee^ eeT \

eeß eßß eßT

\  eeT eßT eTT /

(274)

w here n e is th e  num ber density  of e lectrons in th e  m edium . T h e  epsilons here are  th e  sum  of 

th e  co n trib u tio n s  from  electrons (ee), up  quarks (eu), and  dow n quarks (ed) in m a tte r: eaß =  

= u d e  eOtßnf / n e . H ence, unlike in th e  s ta n d a rd  case (eaß =  0), th e  N S I-m a tte r  effects depend  

on th e  chem ical com position  of th e  m edium , no t only on th e  electron  density, n e .

T h e  idea th a t  n o n -s tan d a rd  n eu trin o  in terac tions m odify  n e u trin o  oscillations in m a tte r  has 

been aro u n d  for m any  years. I t  is a lready  clearly  spelled o u t in th e  sem inal p ap e r by W olfenstein 

[60] and  has been  e lab o ra ted  by m any au th o rs  ( [581,672,673] and  m any o the rs). W hile in th e  

1980’s an d  1990’s th e  focus was m ain ly  on N SI as an  a lte rn a tiv e  to  oscillations, in recent years 

th e  focus has sh ifted  to  using  neu trino -osc illa tion  d a ta  to  m easure n eu trin o  in terac tions.

B ecause of th e  tig h t bounds on th e  p a ram ete rs  eeß and  eßß (see Sect. 4 .5 .3 ), it m akes sense to  

set th em  to  zero w hile considering  n eu trin o  oscillations. M oreover, th e  p a ram ete rs  e^T will also 

be  set to  zero. T h is  p a ram e te r was show n to  be constra ined  (eßT <  10- 1 ) by th e  tw o-flavour 

analysis of th e  a tm ospheric  n eu trin o  d a ta  [674]. A lthough  a full 3-flavour analysis inc luding  eßT 

is yet to  be done, th e re  are argum en ts th a t  suggest th a t  th e  tw o-flavour b o u n d  m ay survive th e  

genera lisa tion  to  th re e  flavours (unlike th e  co rrespond ing  b o u n d  on eeT, see Sect. 4 .5 .4 .3 ). T hus, 

only  th e  effects of eee, eeT, and  eTT will be considered. Even w ith  th is  reduction , th e  p a ram e te r 

space of th e  p rob lem  is qu ite  large: d ifferent assignm ents of th e  d iagonal and  off-diagonal NSI 

to  electrons, and  u  and  d q u ark s  yield different dependences of th e  oscillation  H am ilton ian  on 

th e  chem ical com position  and  d ifferent de tec tion  cross sections.
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4 . 5 . 4 . 2  N S I  a n d  s o l a r  n e u t r i n o s

I t is well know n th a t  th e  s ta n d a rd  so la r-neu trino  analysis can  be done w ith  only tw o n eu trin o  

sta tes: ve an d  , w here th e  la tte r  is a linear com bination  of an d  vT (T h e  effect of th e

th e  a tm ospheric  angle 923 and  ta k in g  th e  first tw o co lum ns/row s of th e  m ixing m atrix . T h e  

vacuum -oscillation  H am ilton ian  th e n  takes th e  usual form:

th a t  th e  tw o-neu trino  red u ctio n  of th e  so la r-neu trino  analysis holds even w hen th e  m a tte r  in 

te ra c tio n s  becom e n o n -s tan d a rd . T h e  co rrespond ing  m a tte r  c o n trib u tio n  to  th e  tw o-neu trino  

oscillation  H am ilton ian  can  be w ritte n  (once again, up  to  an  irrelevan t overall co n s tan t) as:

In  eq u atio n  (277) sm all co rrections of o rder sin d 13 o r h igher have been  neglected. E q u a tio n

(277) shows th a t  th e  flavour-changing-N SI effect in so la r-neu trino  oscillations com es from  eeT, 

w hile th e  flavour-preserving-N SI effect com es from  b o th  eee and  eTT.

A useful p a ram ete risa tio n  is:

H ere th e  p a ram ete rs  A  =  A ( x ) ,  a  and  0  are defined as follows:

t a n 2 a  =  |e i2| / ( l  +  e n ) ,  2(f) =  A r g ( e n ) ,  A  =  G F n e \ / [ ( l  +  en ) 2 +  |e i2|2]/2  . (279) 

In  th e  absence of N SIs, A  =  G F n ej \ f 2 , a  =  0, and  th e  H am ilton ian  (equation  (278)) reduces to

from  n / 2  to  n / 2  — a .  T h e  angle 0  (re la ted  to  th e  phase of eeT) is a source of C P  violation. 

S olar-neu trino  experim en ts, ju s t  like te rre s tr ia l-b e am  experim en ts  [626,656], are  sensitive to  its 

effects [675], w hile th e  a tm ospheric  n eu trinos  are  no t (section 4 .5 .4 .3 ).

To u n d e rs ta n d  th e  basic physics of th e  sensitiv ity  of solar neu trinos  to  N SI, first consider 

th e  e lec tron -neu trino  survival p ro b ab ility  P ee for th e  LM A -I so lu tion  in th e  s ta n d a rd  case (no

th ird  s ta te  is to  m ultip ly  th e  tw o-neu trino  survival p ro b ab ility  by cos4 9. See, e.g. [114,115] for 

recent d a ta  analyses.) T h is red u c tio n  involves perfo rm ing  a ro ta tio n  in th e  ß  — t  sub-space by

A  cos 29 A  sin 29 

A  sin 29 A  cos 29
(275)

w here A  =  A m 2/ ( 4 E V) and  A m 2 is th e  m ass sp littin g  betw een th e  first and  second n eu trin o  

m ass s ta tes: A m 2 =  m2 — m 2.

I t tu rn s  o u t (qu ite  fo rtu n a te ly  and  unlike th e  a tm ospheric  n eu trin o  case, see section 4.5.4.3)

(276)

w here th e  q u an titie s  e j  (i =  1,2) depend  on th e  orig inal epsilons and  on th e  ro ta tio n  angle 923:

e ii =  eee — eTT s in2 923, e i2 =  —2eeT sin 923. (277)

(278)

its s ta n d a rd  form . T h e  effect of a  is to  change th e  m ixing angle in th e  m edium  of high density

151



_  0.6
(D

> 0.5
A

£ 0.4 

^  0.3

F ig u re  47: T h e  e lec tro n  n e u tr in o  su rv iv a l p ro b a b ility  an d  th e  d a y /n ig h t  a s y m m e try  as a  fu n c tio n  o f en ergy  for 

th e  L M A  so lu tio n .

N SI). As show n in figure 47, P ee varies across th e  so la r-n eu trin o  sp ec tru m . O n th e  low end  (pp 

neu trinos), it approaches cos4 0 +  sin4 0. T h is  is no th in g  b u t th e  (averaged) vacuum -oscillation  

value 1 — sin2 20 /2 . T he  low -energy solar n eu trin o s  essentially  are  no t affected by th e  presence 

of m a tte r , even a t th e  p ro d u c tio n  po in t in th e  core (A m 2/ 2 E U »  \ / 2 G F n e(r)  for all r ) .  O n th e  

high-energy end (8B n eu trin o s), th e  survival p ro b ab ility  approaches sin2 0: th e  H am ilton ian  a t 

th e  p ro d u c tio n  po in t is d o m in ated  by th e  m a tte r  te rm .

Betw een these  tw o ex trem es lies th e  tra n s itio n  region w here th e  m a tte r  p o te n tia l a t th e  p ro 

duc tio n  po in t and  th e  kinetic  te rm s gu id ing  vacuum  oscillations are  com parab le . I t  is n a tu ra l 

to  expec t th a t  th is  is th e  p a r t of th e  so la r-neu trino  sp ec tru m  th a t  w ould be m ost sensitive to  

th e  n o n -s tan d a rd  n eu trin o  in teractions.

F igu re  48 confirm s these  expec ta tions. I t  shows th a t  th e  behav iou r of Pee in th e  tra n s itio n  

region varies considerab ly  w ith  eeT, b o th  in am p litu d e  and  sign. Values of th e  o rder of 10-1  per 

q u ark  can  have a significant effect. In  fact, som e of th e  p a ram e te r space can  a lready  be excluded 

as th e  d is to rtio n  of th e  sp ec tru m  a t SNO w ould be u n accep tab ly  large. As an  exam ple, po in ts 

w ith  e11 =  0 and  e“2 >  0.14 are  u n accep tab le  a t 90% C.L. (here e^ß =  edaß is assum ed) [675]. 

A t th e  sam e tim e, possibilities such as curve 2 or 4 in th e  figure can n o t p resen tly  be excluded. 

Clearly, an  excellent way to  p robe  th is  p a r t of th e  p a ram e te r space w ould be to  perfo rm  a high- 

s ta tis tic s  m easurem ent of th e  8B -n eu trin o  sp ec tru m  in th e  regim e of low energies (<  6 M eV).

N ote also th a t  th e  d a y /n ig h t-a sy m m e try  effect also changes in th e  presence of N SI. In  p a r ti 

cu lar, for ce rta in  values of th e  N SI p aram eters , th e  d a y /n ig h t asym m etry  can  be  significantly 

reduced, as is clearly  d em o n stra te  by curve 4 in th e  b o tto m  panel of figure 48 . In  th is  case, th e  

LM A -0 solution, characterised  by A m 2 ~  (1 — 2) x 10-5  eV 2 and  norm ally  excluded by th e  solar 

d a ta , becom es allowed. O ne way to  o b ta in  th is  so lu tion  is by choosing N SI such th a t  th e  angle 

a  (defined in equation  (278)) becom es close to  0 [675]. A choice can  be m ade th a t  is consisten t
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F ig u re  48: T h e  e lec tro n  n e u tr in o  su rv iv a l p ro b a b ility  an d  th e  d a y /n ig h t  a s y m m e try  as a  fu n c tio n  o f en ergy  for 

A m 2 =  7 x  10 - 5  e V 2, t a n 2 0 =  0.4 a n d  sev era l re p re se n ta tiv e  values o f th e  N SI p a ra m e te rs : (1) e“i =  ecfi =  e i2 =  

£12 =  0; (2) e i i  =  e fi =  - 0 .0 0 8 ,  eU2 =  ef 2 =  - 0 .0 6 ;  (3) eui =  ef i =  - 0 .0 4 4 ,  eU2 =  £12 =  0.14; (4) eui =  ef i =  

- 0 .0 4 4 ,  e l2 =  ef 2 =  - 0 .1 4 .  R eca ll t h a t  th e  p a ra m e te rs  in  e q u a tio n  (277) e q u a l e j  =  e j n ^ / n  +  e f jn d/ n e .

w ith  th e  a tm o sp h eric -n eu trin o  co n stra in ts . A n o th er way is by choosing th e  flavour-preserv ing  

N SI to  cancel th e  s ta n d a rd  m a tte r  te rm  in th e  E a r th  [676]. T h e  M SW  effect in th e  Sun still 

h ap p en s  in th is  scenario, because th e  Sun has a different chem ical com position  th a n  th e  E a rth . 

Lastly, we no te  th a t  it is even possible to  o b ta in  a so lu tion  for 9 >  n /4 ,  th e  so-called LM A -D  

region [677] (in th e  ‘d a rk  s ide’ [678,679]). T h is  requires qu ite  large N SIs so th a t  th e  sign of 

th e  m a tte r  effect in th e  Sun is reversed. For technical details , inc lud ing  ap p ro x im ate  analy tica l 

expressions for P ee an d  th e  d a y /n ig h t asym m etry , see [675].

4 .5 .4 .3  N S I  a n d  a t m o s p h e r i c  n e u t r i n o s

O n very  general g rounds, one expects th e  a tm ospheric  neu trinos  to  be a very sensitive p robe 

of N SI. T h e  reason is th e  rem arkab le  agreem ent betw een th e  S uper-K am iokande a tm ospheric- 

n eu trin o  d a ta  and  th e  p red ic tions of th e  s ta n d a rd  ^  vT oscillation  scenario. T h e  agreem ent 

is non-triv ial: w ith  only tw o p aram eters , A m 2atm an d  923, it is possible to  fit all p resen tly  

available S uper-K am iokande d a ta , spann ing  five orders of m ag n itu d e  in energy, E v , and  th ree  

o rders  of m a g n itu d e  in baseline, L.  I t  m ay be expected  th a t  th e  in tro d u c tio n  of n o n -s tan d ard  

n e u trin o -m a tte r  in terac tions w ould change th e  oscillation p a tte rn , b reak ing  th is  b eau tifu l fit.

Since th e  vacuum -oscillation  H am ilton ian  depends on th e  com bination  A m 2/ E u , w hile th e  

n o n -s tan d a rd  m a tte r  p o ten tia l, \ /2eaß G F n f ,  is energy independen t, th e  high-energy p a r t of 

th e  d a ta -se t is generally  expected  to  be m ost sensitive to  n o n -s tan d a rd  in terac tions. T h e  d a ta  

in question  are th e  s topp ing  and  th rough-go ing  m uon sam ples [680] and  these  should be first 

exam ined  for N SI effects.

A sim ple es tim a te  of th e  sensitiv ity  could be o b ta in ed  as follows. A t very high energies,
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F ig u re  49: L eft panel : A  2-D  se c tio n  (eee =  - 0 .1 5 )  o f th e  allow ed reg io n  o f th e  N S I p a ra m e te r s  (sh ad e d ). T h e  

re su lts  a re  p re se n te d  for A to q  =  0, 0 i3 =  0, a n d  m arg in a lised  over 6  a n d  A m 2. T h e  d ash e d  c o n to u rs  in d ic a te  o u r 

an a ly tic a l p red ic tio n s . See te x t  for d e ta ils . R ight panel : T h e  effect o f th e  N S I o n  th e  allow ed reg io n  an d  b e s t-f it 

v alues o f th e  o sc illa tio n  p a ra m e te rs .

E v >  50 —100 GeV, th e  vacuum -oscillation  length , ~  4 n E v /A m 2, becom es g rea te r th a n  th e  size 

of th e  E a r th . T h e  s ta n d a rd  oscillation  m echanism  p red ic ts  no oscillations for these  neu trinos. If 

th e  e^T N SI is p resen t, it will drive oscillations of th e  h ighest energy m uon neu trinos, in conflict 

w ith  th e  d a ta . T h e  sim ple crite rion  th e n  is th a t  th e  co rrespond ing  oscillation  leng th  in m a tte r , 

~  Ti (s/ 2eßTG Fn e) - 1

VH,VT ) num erical an a ly sis [6 |4 j y ields c^ t rO

be g rea te r th a n  th e  E a r th ’s d iam ete r. T h a t yields e^T <  0.1. D etailed

tw o -neu trino  (vß , v T) num erical analysis [674] yields eßT <  0.08 — 0.12 16

W ith  eTT, th e  arg u m en t is slightly  different. A t th e  h ighest energies, w here vacuum  oscillations 

are n o t opera tiona l, eTT has no effect. T h e  effect ap p ea rs  a t lower energies w here vacuum  

oscillations are  p red ic ted  to  occur: eTT in troduces d iagonal sp littin g  th u s  decreasing  th e  effective 

m ixing angle. T hus, one needs to  com pare y/2eTTG F n e an d  A m 2/ 2 E U a t  E v ~  20 — 30 GeV, 

th e  h ighest energy a t w hich an  oscillation  m in im um  is expected  to  occur for n eu trinos  traveling  

th ro u g h  th e  cen ter of th e  E a r th . T h is yields eTT <  0.2, once again  in reasonab le  agreem ent w ith  

th e  num erical tw o -neu trino  analysis [674].

C learly, these  are  very s tro n g  bounds; if th e y  were to  ex tend  to  eeT, th e  N SI effects on solar 

n eu trin o s  discussed in th e  previous sub-section  w ould be excluded. I t  tu rn s  ou t, however, th a t  

th is  is no t th e  case: w hen th e  analysis is p roperly  ex tended  to  th re e  flavours, one finds th a t  very 

large values of b o th  eeT and  eTT a re  still allowed by th e  d a ta .

T h is  su rp ris ing  resu lt is illu s tra ted  in th e  left panel of figure 49 (taken  from  [681]), w hich 

shows a 2-D slice of th e  allowed region in th e  3-D p a ram e te r space of eee, eeT, and  eTT. O rder- 

one values for b o th  eeT and  eTT a re  allowed, in o th e r w ords, th e  N SI can  be as large as, o r even 

larger th a n , th e  S ta n d a rd  M odel n eu trin o  in teractions.

T h e  con tours p resen ted  in th e  left panel of figure 49 have been  o b ta in ed  by m arg inalising  over 

A m 2atm and  d23. T h e  righ t panel of th e  figure shows w h a t h ap p en s to  th e  oscillation pa ram ete rs  

as one moves along th e  parabo lic  d irec tion  of th e  allowed region away from  th e  origin: th e  m ixing

16 N o tice  th e  d iffe rence in  n o rm a lisa tio n s : o u r ep s ilons a re  n o rm alised  p e r  e lec tro n , w hile  [674] gives ep s ilons p e r  

d  q u a rk , re su lt in g  in  a  fac to r  o f ~  4 a p p a re n t d ifference
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angle becom es less th a n  m axim al, w hile th e  m ass sp littin g  increases. T h e  good fit to  th e  d a ta  

is m a in ta in ed  a t th e  expense of changing  th e  oscillation  pa ram ete rs  away from  th e ir  s ta n d a rd  

values.

B o th  th e  shape  of th e  allowed N SI region and  th e  shift of th e  best-fit oscillation  pa ram ete rs  

can  be u n d ers to o d  physically. T h e  allowed region is reasonab ly  well described  by th e  equations:

|1 +  £ee +  e-TT — \ / ( l  +  €ee ~  (-t t )2 +  4|ee r |2 | ^  0.4, (280)

cos2 ß  >  ta n 2 dmin, cos2 ß  > 

w here:

2 A m 2 1 -1 
au±\Umax _ -ï

A m i
(281)

ta n 2 ß  =  2 |£eT|/(1  +  tee — ^t t  ) ; (282)

A m “m =  A m 2 [(cos 26(1  +  cos2 ß ) — sin2 ß ) 2/4  +  (sin26  cos ß ) 2] 1/2 ; (283)

an d  6min an d  A m 'm ax deno te  th e  sm allest m ixing an d  th e  largest m ass sp littin g  allowed by th e  

low -energy d a ta , E  <  1 GeV, w hich are  no t affected by N SI. T h e  d eriva tion  and  d iscussion of 

these  resu lts  are found in [649,681,682]. U nder th e  conditions of equations (280) and  (281), 

th e  high-energy a tm ospheric  m uon n eu trinos  undergo  oscillations in to  a s ta te  th a t  is a  linear 

com bination  of v e and  vT, in stead  of pu rely  in to  vT as in th e  s ta n d a rd  case. T h is  fact, however, 

is unobservab le  because a t th e  energies in question  only th e  m uon d a ta  is available. T h e  low- 

energy n eu trinos  undergo  ‘n o rm a l’ vacuum  oscillations, since for th em  th e  vacuum -oscillation  

te rm s still d o m in a te  th e  H am ilton ian .

N otice th a t  only  th e  abso lu te  value of t eT en ters equa tions (280) to  (283). U nlike so lar n e u tri 

nos, for 613 =  0 a tm ospheric  n eu trin o s  are com pletely  insensitive to  th e  phase  of th is  param ete r, 

w hich can  be exp licitly  seen also in figure 49 . For 613 =  0 th e re  is som e sensitivity, b u t th e  effect 

is sm all [682].

4 . 5 .4 . 4  C o m b i n e d  a n a ly s i s  o f  t h e  a t m o s p h e r i c  a n d  K 2 K  d a t a

A lthough  K 2K  by itse lf is no t sensitive to  th e  effects of th e  in terven ing  m a tte r  because its 

baseline is to o  sh o rt (see section 4 .5 .5 .1 ), th e  ad d itio n  of th e  K 2K  oscillation  d a ta  to  th e  Super- 

K am iokande a tm ospheric  d a ta  does re s tric t th e  allowed NSIs. T h e  reason b eh ind  th is  seem ingly 

co u n ter-in tu itiv e  resu lt is th a t  K 2K , by m easuring  th e  ‘t r u e ’ vacuum  oscillation  p aram eters , 

re s tric ts  th e  range over w hich these  p a ram ete rs  could be varied to  com pensa te  for th e  effects of 

th e  N SI, as described  above. A typ ica l im pact of add ing  th e  K 2K  d a ta se t is illu s tra ted  in figure 

50.

F igu re  51 shows th e  ranges of th e  N SI p a ram ete rs  allowed by th e  com bined analysis of th e  

a tm ospheric  and  K 2K  d a ta . T he  d ifferent panels show sections of th e  3-D region by con tours of 

co n stan t eee. As before, in figure 49, th e  con tours have been  derived  for 6 13 =  0, A m 21 =  0 and  

m arg inalised  over 623 and  A m |3. Since th e  resu lts  are  sym m etric  a ro u n d  t eT =  0, only positive 

values of th is  p a ram e te r are shown. T h e  m ass h ierarchy  is assum ed to  be inverted .
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F ig u re  50: T h e  ro le o f K 2K  in  co n s tra in in g  th e  allow ed reg io n  o f th e  N S I allow ed by  th e  a tm o sp h e ric  n e u tr in o  

ana lysis . T h e  v alue eee =  0.3 w as chosen.

T h e  sam e analysis, rep ea ted  for th e  case of no rm al m ass hierarchy, is show n in figure 52. T h e  

difference betw een th e  tw o hierarchies is a  sub -lead ing  effect th a t  is no t described  by equations 

(280) to  (283). F igures 50, 51, 52 have been  ad ap ted  from  reference [682].

4 . 5 . 5  T h e  r o l e  o f  M I N O S

4 .5 .5 .1  M I N O S :  f ir s t  d a t a  r e l e a s e

T h e  first question  to  address is w h e th er N SIs can  d irec tly  im pact th e  n e u trin o  oscillations 

observed by M IN O S. To do th is  one has to  com pare  th e  q u a n tity  lref  =  ( \ / 2 G F n ee ) ~ l , charac 

te ris ing  th e  N SI m a tte r  effect, w ith  th e  baseline of th e  experim en t. For th e  average density  of 

th e  con tinen ta l c ru st, ( \ / 2 G F n e) ~ l — 1-9 • 103 km; th is  num ber is nearly  an  o rder of m agn itude  

g rea te r th a n  th e  baseline of K 2K , 250 km , ensuring  th a t  K 2K  m easures essentially  th e  vacuum  

oscillation p aram eters . T h e  s itu a tio n  for M IN O S is less c lear-cu t: w ith  th e  baseline of 735 km, 

it is sensitive to  m a tte r  effects, a lthough  a t th e  su b -dom inan t level.

A t th e  low -statistics s tage (0.97 x 1020 p ro tons on ta rg e t, ‘M IN O S I ’), th e  su b d o m in an t m a tte r  

effects a t M IN O S can  be neglected. In  th is  app rox im ation , M IN O S sim ply m easures th e  vacuum  

oscillations p a ram ete rs  ju s t  as K 2K  does (see section 4 .5 .4 .4 ). I t  tu rn s  ou t, however, th a t  

M IN O S I does no t add  an y th in g  to  co nstra in ing  th e  N SI p aram eters . T h is  can  be  u n d ers to o d  

from  figure 53: th e  M IN O S I d a ta se t has very  po o r sensitiv ity  in th e  d irec tion  in w hich th e  

oscillation p a ram ete rs  A m 2 and  9 (here 9 =  923) change to  com pensa te  for th e  effects of th e  

N SI (c.f. figure 49 , righ t panel).

Indeed , th e  resu lts of a  deta iled  num erical fit, show n in figure 54 confirm s th is . T h e  p a r t of 

th e  allowed region in th e  osc illa tion -param eter space th a t  arises because of th e  effect of th e  N SI
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F ig u re  51: R a n g es  o f th e  N S I p a ra m e te rs  allow ed by  th e  co m b in ed  

an a ly s is  o f th e  a tm o sp h e ric  a n d  K 2K  d a t a  in  th e  case  o f th e  in v e rted  

m ass  h ierarchy .
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F ig u re  53: N e u tr in o  o sc illa tio n  p a ra m e te r s  in fe rred  fro m  th e  an a ly s is  o f th e  firs t M IN O S  d a ta  release . O th e r  

e x p e r im e n ts  a re  also  in c lu d ed  for c o m p ariso n  (from  [683]).

(th e  p a r t of th e  coloured region ou ts ide  of th e  black contours) rem ains upo n  th e  ad d itio n  of 

th e  d a ta  from  M IN O S I, im plying  th a t  th e  N SI effect can  still be com pensa ted  by th e  change 

of A m 2 and  d. T he  fits show n in figures 51 and  52 are basically  unchanged  by th e  ad d itio n  of 

M IN O S d a ta  [649]. A n u p d a te d  d a ta se t w ith  1.27 x 1020 p ro to n s on ta rg e t has been  recently  

released [11].

4 .5 .5 .2  M I N O S :  p r o j e c t i o n s  fo r  t h e  f u t u r e

T h e  s itu a tio n  is expected  to  im prove significantly  as M IN O S collects m ore d a ta . F igure  

55 (left panel) shows th e  p ro jec ted  sensitiv ity  of M IN O S w ith  a d a ta  set co rrespond ing  to  

25 x 1025 p ro to n s on ta rg e t. Tw o scenarios, one co rrespond ing  to  no N SI an d  one to  large 

NSI (see th e  cap tio n ), are considered. In  th e  second scenario, th e  experim en t w ould m easure 

oscillation p a ram ete rs  th a t  a re  incom patib le  w ith  those  found from  th e  a tm ospheric  d a ta  under 

th e  assum ption  of th e  s ta n d a rd  in teractions. T h is  incom patib ility  w ould ind ica te  th e  need for 

new physics. T h e  po in t eee =  eer =  er r  =  0 w ould be excluded w ith  confidence level (C .L.) higher 

th a n  99%. B y th e  sam e token, in th e  first scenario, th e  com pensa tion  m echanism  betw een th e  

NSI and  th e  vacuum  p aram ete rs  w ould be significantly  constra ined .

Sim ilar resu lts are o b ta in ed  w ith  a m ore m odest increase of th e  M IN O S s ta tis tic s , to  16 x 1020 

instead  of 25 x 1020 p ro to n s on ta rg e t. W ith  th is  in te rm ed ia te  increase, th e  po in t eee =  eer =  

er r  =  0 in th e  second scenario  w ould lie inside th e  99% C.L. con tour, b u t ou ts ide  th e  95% C.L. 

con tour.
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F ig u re  54: R eg io n s in  th e  sp ace  A m 2 — s in 2 0 allow ed by  th e  g lo b a l fit befo re  (left panel) a n d  a f te r  (right panel) 

th e  M IN O S  re su lts , w ith  p u re ly  s ta n d a rd  in te ra c tio n s  (co n to u rs)  a n d  w ith  N S I (filled a reas) . F o r b o th  cases we 

p lo t th e  reg ions allow ed a t  95% , 99%  a n d  3a  con fid en ce  levels for 2 d egrees o f freedom . W e h av e  m arg in a lised  

also  over th e  sign  o f A m 2 a n d  to o k  — 1 < e ee< 1 .6 , m o tiv a te d  b y  one o f th e  ac ce le ra to r  b o u n d s  (see [681]).
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F ig u re  55: L eft panel : R e su lts  o f f its  to  s im u la te d  M IN O S  d a ta  w ith  h ig h  s ta tis t ic s  o f 25 x  10 p ro to n s  o n  ta rg e t  

( th in  co n to u rs ) . T h e  “d a ta ” w ere s im u la te d  for tw o  se ts  o f N S I a n d  “t r u e ” o sc illa tio n  p a ra m e te rs : (i) no  N SI, 

s in 2 0 =  0.5 a n d  A m 2 =  2.7 x  10- 3 , (ii) eee =  0, eTT =  0.81, eeT =  0.9, s in 2 0 =  0.27 a n d  A m 2 =  3.1 x  10- 3 . T h e  

fits  w ere d o n e  in  b o th  cases in  th e  a s su m p tio n  o f no  N SI; 90%  a n d  99%  C .L . reg io ns a re  show n. F o r reference, 

also sh o w n  a re  th e  reg io n s allow ed c u rre n tly  by  all th e  d a t a  co m bin ed , a t  90%  a n d  99%  C .L . w ith  (filled area) 

a n d  w ith o u t N S I ( th ic k  c o n to u rs ) , as in  F ig . 54. Right panel : C o n v ers io n  p ro b a b il ity  P  (vM ^  ve) as a  fu n c tio n  

o f energ y  for (i) s in 2 2 0 i3 =  0.07, A m 23 =  2.5 x  10 - 3  eV 2, s in 2 0 23 =  1 /2  a n d  s ta n d a rd  n e u tr in o  in te ra c tio n s  

(sh o rt-d a sh e d  cu rv e ), vs. (ii) s in 2 2 0 i3 =  0, A m 23 =  2.9 x  10 - 3  e V 2, s in 2 023 =  0.36 a n d  eee =  0, eeM =  0.9, 

e-r-r =  0.81 (solid  cu rv e ). T h e  N S I a n d  0 i3 effects a re  n ea rly  co m p le te ly  d eg e n era te .
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M IN O S will also be able to  search for flavour-changing N SI effects using th e  m atte r-in d u ced  

conversion vß ^  v e [649,684]. Schem atically, th is  conversion can  be viewed in tw o steps:

A23,#23 SeT Zoo/A
---- ► Vr -----► Ve. (284)

T h e  first step  has a lready  been observed by M INO S, w ith  th e  largest conversion happen ing  in 

th e  lower energy p a r t of its sp ec tru m  (1.5 — 2 GeV). Correspondingly, ve p ro d u ctio n  according 

to  equation  (284) is also expected  to  peak  a t low energy. T he conversion p robab ility  P (vß ^  ve) 

as a function  of energy is shown in figure 55 (righ t panel). O ne can  see th a t  th e  p robab ility  

indeed peaks a t low energies and , moreover, th e  effects of th e  N SI and  0 \3 are  nearly  com pletely 

degenerate  [664]. T hus, if th e  conversion is observed, it will be necessary to  b reak  th e  degeneracy 

by some o th e r m eans.

4 .5 .5 .3  S u m m a r y

In  sum m ary, th e  least constra ined  NSI param eters , eee, ee r , and  er r  are  p resen tly  being probed  

by b o th  solar- and  a tm ospheric -neu trino  experim ents. Solar n eu trin o  experim ents, by th e m 

selves, a lready  exclude some p a rts  of th e  p a ram ete r space allowed by accelerator-based sca tte r 

ing experim ents. A t th e  sam e tim e, th e  available d a ta  leaves a lot of possibilities open. T his is 

because th e  elec tron -neu trino  survival p robab ility  as a function  of energy is p resen tly  m easured  

well only above th e  S N O /S K  th resho ld  of ab o u t 6 MeV. T he crucial p a r t of th e  sp ec tru m  below

5-6 MeV, w here th e  tra n s itio n  from  th e  m a tte r-d o m in a ted  to  th e  vacuum  oscillation regim e 

occurs, is m easured  very poorly. T his s itu a tio n  should change in th e  nex t decade, as Borexino, 

K am LA N D  (solar m easurem ent), and  o th e r experim ents com e on line.

We have seen th a t  a tm ospheric  neu trinos, co n tra ry  to  naive expec ta tions, also allow large NSI, 

com parab le  to , or even exceeding, th e  s tren g th  of th e  S tan d a rd  M odel in teractions. T his happens 

because th e  effects of th e  NSI can  be com pensa ted  by changing th e  oscillation p aram eters . T his 

degeneracy is som ew hat am eliora ted , b u t no t elim inated , by th e  inclusion of th e  K 2K  d a ta . 

M oreover, th e  first d a ta  released by M INO S does no t e lim inate  th is  degeneracy. A gain, th is  

s itu a tio n  is expected  to  be significantly im proved in th e  fu tu re , as M IN O S collects m ore d a ta .

O n th e  theo re tica l side, a lo t of work on th e  im plications of th e  cu rren t d a ta  on N SI rem ains 

to  be  done. For exam ple, a com bined s tu d y  of th e  atm ospheric- and  so lar-neu trino  d a ta  has not 

yet been perform ed.

4 . 5 . 6  C o m p l e m e n t a r i t y  o f  l o n g -  a n d  s h o r t - b a s e l i n e  e x p e r i m e n t s  f o r  n o n - s t a n d a r d  

i n t e r a c t i o n s

T h e com bination  of long- and  short-baseline experim ents is effective in d istingu ish ing  th e  oscil

la tions due to  0 \3 and  those due to  th e  NSI. To see th is, consider for sim plicity th e  tw o-flavour 

scenario  w here th e  oscillation p robab ility  can  be expressed analytically. T h e  H am ilton ian  for
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th is  case is:

I l i H T
ee ^er 

6t t
(285)

w here A  =  \ / 2 G p n e . T h e  effective m ass-squared  difference A m 2M , th e  m ixing 9 m  an d  th e  

oscillation  p ro b ab ility  P (v e ^  vr ) a t d is tan ce  L in m a tte r  are given by:

4 E  

sin 29 m  =

P(Ve ^  Vr) =

/  A m 2L A L (  A m 2L
V A E  COS2^ +  £ee — £ r r ) J  4£;

A m 2 sin 29 +  4E A eer
-----  ; and

sin 29 +  A Lee

A m M

sin2 29m  s in2
\  4E

(286)

(287)

(288)

To have a large value of th e  oscillation p ro b ab ility  P(V e ^  v t ), large values for b o th  sin2 29m  

an d  sin2 (A m M L /4 E ) are  requ ired . E q u a tio n  (288) im plies: th a t  th e  effect of th e  new  physics in 

s in2 (A m M L /4 E ) ap p ea rs  in a form  A L (eee — er r ) o r A Lee r , so a large dev ia tion  of A m M L /4 E  

from  th e  s ta n d a rd  value A m 2L /4 E  requires th a t  A Leaß be  non-negligible irrespective of th e  

n eu trin o  energy E ; and  th a t ,  for th e  experim en ts  w ith  |A m 2|L / E  — O (1), m u ltip ly ing  by 

L b o th  th e  n u m e ra to r and  th e  d en o m in a to r of equa tion  (287), to  o b ta in  a non -triv ia l new- 

physics co n trib u tio n  to  th e  m ixing angle 9m  again  dem ands th a t  A Leaß be non-negligible. T hese 

cond itions im ply th a t  th e  baseline leng th  has to  be re la tively  large for th e  new -physics effect 

to  affect b o th  of th e  facto rs in th e  oscillation  probability , since A can  be  roughly  e s tim a ted  as 

A —1/(2000km ) w ith  p —3 g /c m 3. T hese fea tu res hold also in th e  case w ith  th re e  flavours.

T h e  p resen t and  fu tu re  genera tion  of neu trino -osc illa tion  experim en ts  are designed m ain ly  to  

p ro b e  n eu trin o  oscillations w ith  th e  a tm o sp h eric -n eu trin o  m ass-squared  difference |A m atm | —

2.5 x 10- 3 eV 2 and  th e  typ ical n eu trin o  energy, E , of each experim en t satisfies |A m 2tm |L / E  — 

O (1). T h e  baseline lengths, L, of these  experim en ts, however, a re  q u ite  different and , w hen eaß ~  

O (1), only th e  experim en ts  for w hich A L is non-negligible will have sensitiv ity  to  new  physics. 

R eac to r experim en ts, for w hich A L ^  1, are insensitive to  eaß . O n th e  o th e r hand , a reac to r 

experim en t has th e  advan tage  of hav ing  no backgrounds due  to  new  physics in m easurem ents of 

th e  s ta n d a rd  oscillation p aram eters . For th e  T 2K  experim en t, A L — 3 /20 , so it has p o ten tia l to  

see th e  new  physics effect. M IN O S, N O vA , T 2K K , and  a N eu trin o  Factory, since A L is larger, 

have g rea te r p o ten tia l to  see th e  signal of eaß [685,686]. T hese effects can  be seen in figure 56.

2 2

5  P e r f o r m a n c e  o f  p r o p o s e d  f u t u r e  l o n g - b a s e l i n e  n e u t r i n o  o s c i l 

l a t i o n  f a c i l i t i e s

5 . 1  I n t r o d u c t i o n

T h e  precision w ith  w hich th e  p a ram ete rs  of th e  S ta n d a rd  N eu trin o  M odel have been  dete rm ined  

in fits to  neu trino -osc illa tion  d a ta  is show n in figure 6 and  sum m arised  in ta b le  2 . O ver th e
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F ig u re  56: E ffec ts  o f $13 v e rsu s  th o se  o f th e  N S I [684,687]: T h e  o sc illa tio n  p ro b a b ilitie s  w ith  (red  lines) o r w ith o u t 

(b lue , g reen  a n d  lig h t b lu e  lines) th e  N SI a re  p lo tte d  for ty p ic a l b ase lin e  le n g th s . T h e  red  lines a re  p lo tte d  for 

v ario u s values o f eee, eeT, eTT w h ich  a re  in  th e  allow ed reg io n  o b ta in e d  b y  [682].
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Year

F ig u re  57: P ro je c te d  e v o lu tio n  o f th e  w orld  lim it o n  s in 2 2013 a t  90%  CL. T h e  a n tic ip a te d  im p a c t o f th e  M I 

N O S , O P E R A , T 2 K , a n d  N O v A  lo n g -b ase lin e  n e u tr in o -o sc illa tio n  ex p e r im e n ts  a re  sh o w n  to g e th e r  w ith  t h a t  of 

th e  D o u b le  C hooz re a c to r -n e u tr in o  e x p e r im e n t a re  show n. F ig u re  ta k e n  from  [68 8 ]. F o r a  d iscu ssio n  o f th e se  

e x p e r im e n ts  see se c tio n  2 .

com ing decade, th e  various long-baseline, reac to r, solar, and  a tm ospheric  n eu trin o  experim en ts 

th a t  a re  in o p era tio n  or in p rep a ra tio n  will im prove upo n  these resu lts. In  p a rticu la r, th e  s trong  

p u sh  to  d e te rm in e  th e  sm all m ixing angle will yield a m easurem en t of $ 13 if sin2 $ 13 >  0 .1  and  

a  su b stan tia lly  im proved lim it o therw ise. F igu re  57 shows th e  evo lution  of th e  u p p e r lim it on 

sin2 $13 th a t  m ay be expected  based  on th e  perform ance claim ed for th e  various experim en ts 

[6 8 8 ]. T h e  sensitiv ity  to  th e  sm all m ixing angle im proves significantly  as th e  d a ta  from  each 

of th e  new  experim en ts  becom es available. B y aro u n d  2016, th e  ra te  of im provem ent in th e  

sensitiv ity  of th e  neu trino -osc illa tion  p rogram m e slows dow n and  a new  genera tion  of high-flux 

facilities is required .

T h e  new  facility  m ust offer th e  best possib ility  of observ ing lep ton ic-C P  v io lation  and  of 

d e te rm in in g  th e  m ass h ie ra rchy  (sgnA (m 32)). T h e  o p tim isa tio n  of th e  facility  depends on th e  

value of $13. If $ 13 is large (such th a t  sin2 2$ 13 >  0.01) th e n  it will have been  m easured , 

a lb e it w ith  po o r precision. In  th is  case, th e  h igh-sensitiv ity  facility  is requ ired  to  offer th e  best 

sensitiv ity  to  ö and  (sg n A (m |2)). If $ 13 is sm all (such th a t  sin2 $ 13 <  0 .0 1 ) it is unlikely to  have 

been  m easured  and  th e  facility  will, in add ition , be required  to  have th e  b est possible sensitiv ity  

to  $13.

A t th e  sam e tim e, th e  new  facility  m ust aim  a t prov id ing  m easurem en ts of sufficient precision 

to  inform  th e  developm ent of th e  th e o ry  of th e  physics of flavour. T h e  s ta tu s  of th e  th e o re t 

ical descrip tion  of flavour is discussed in d e ta il in section 3. G rand-un ified  theories typ ically  

provide re la tionsh ip s betw een th e  neu trino -m ix ing  p a ram ete rs  and  those  of th e  quarks. For 

such re la tionsh ips to  be te s ted  requires th a t  th e  precision w ith  w hich th e  neu trino -m ix ing  p a 

ram eters  are d e te rm ined  m atches th a t  w ith  w hich th e  quark -m ix ing  p a ram ete rs  are  know n. A t 

p resen t th e  quark -m ix ing  p a ram ete rs  are know n a t th e  percen t level. T h is  sets th e  s tan d a rd ; 

th e  high-precision neu trino -osc illa tion  p rogram m e m ust deliver m easurem ents of th e  neu trino - 

oscillation  p a ram ete rs  a t th e  p ercen t level. To achieve th is  goal requ ires h igh-energy electron- 

an d  m uo n -n eu trin o  beam s and  highly sensitive n eu trin o -d e tec tio n  system s.
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T h ree  types of facility  have been  proposed  to  provide th e  n eu trin o  beam s requ ired  to  serve 

th e  h igh -sensitiv ity  program m e. T h e  N eu trin o  F ac to ry  gives th e  b est perfo rm ance over m ost of 

th e  p a ram ete r. S econd-generation  super-conventional-beam  experim en ts  m ay be an  a ttra c tiv e  

o p tion  in ce rta in  scenarios. A b e ta -b eam  [24], in w hich electron  n eu trinos  (or an ti-neu trinos) 

a re  p roduced  from  th e  decay of s to red  rad ioactive-ion  beam s, in com bination  w ith  a second- 

genera tion  super-beam , m ay be com petitive  w ith  th e  N eu trin o  Factory. T h e  pu rpose  of th is  

c h ap te r  is to  evaluate  th e  physics perfo rm ance of a  second-genera tion  super-beam s, a be ta -b eam  

facility, and  th e  N eu trin o  F ac to ry  and  to  p resen t a critica l com parison  of th e ir  perform ance.

5 . 1 . 1  D e f i n i t i o n  o f  o b s e r v a b l e s

T h e  observables th a t  will be exam ined  in sections 5 .2 , 5 .3 , and  5 .4 , and  com pared  in section  5.5 

a re  defined below:

•  N um ber o f degrees o f freedom: T h e  nu m b er of degrees of freedom  th a t  are  used to  convert 

A%2-values in to  confidence levels m ust be  clearly  defined. In  th e  lite ra tu re  several different 

approaches can  be found, for exam ple: in [217,220] th e  C P -v io la tion  discovery p o ten tia l is 

defined as th e  sm allest (largest) value of “tru e ” |ö| (as a  function  of “tru e ” $13) for w hich th e  

3ct con tou r in th e  ($13,ö) p lane of any of th e  degenera te  solu tions does reach e ith er ö =  0 

(ö =  n ; w hile in [208], th e  A%2 is m arginalised  over all p a ram ete rs  except ö an d  one degree of 

freedom  is used. For definiteness, unless o therw ise s ta ted , we will use one degree of freedom  

th ro u g h o u t;

•  $13-sensitiv ity  and  $13 discovery potential: T h e  $13-sensitiv ity  as a function  of “tru e ” ö is th e  

largest value of $13 th a t  fits th e  “tru e ” value $13 =  0, a fte r m arg inalisa tion  over all pa ram ete rs  

o th e r th a n  $13, once all possible w rong choices of sgn (A m 31) and  of th e  $23-o c ta n t are  taken  

in to  account.

For th e  $13 discovery p o ten tia l, d a ta  are  sim ulated  for non-vanish ing  “tru e ” $13 an d  a given 

“tru e ” ö. A fter m arg inalisa tion  over all p a ram ete rs  o th e r th a n  $13 an d  ta k in g  in to  account 

all possible w rong choices of sgn(A m 31) an d  of th e  $23-o c tan t, if A%2($13 =  0) >  9, th e  

“tru e ” $13 is “discovered a t 3ct ” ;

•  C P  discovery potential and sensitiv ity  to m axim al C P -vio la tion: To o b ta in  th e  ö-discovery 

p o ten tia l, d a ta  are  s im ulated  for “tru e ” ö d ifferent from  0 and  n  an d  a given “tru e ” $13. A fter 

m arg ina lisa tion  over all p a ram ete rs  o th e r th a n  ö and  ta k in g  in to  account all possible w rong 

choices of sgn (A m 31) an d  of th e  $23-o c tan t, if A%2(ö =  0) and  A%2(ö =  n) are  b o th  larger 

th a n  9, com pu ted  w ith  respect to  th e  abso lu te  x 2 m inim um , th e  “tru e ” ö is “discovered a t 

3ct” .

S ensitiv ity  to  m axim al C P -v io la tion , refers to  th e  possib ility  th a t  a  “tru e ” ö =  ± n / 2  from  

ö =  0 o r  ö =  n  a t a  given CL as a function  of som e o th e r p a ram e te r [206,208];

•  Sen sitiv ity  to the sign o f the atm ospheric m ass difference: W e have sensitiv ity  to  th e  “tru e ” 

m ass h ierarchy  if, w hen perfo rm ing  an  hypo thesis te s t, a fte r m arg ina lisa tion  over all p a 

ram eters  and  ta k in g  in to  account all possible choices of th e  $23-o c tan t, we can  exclude th e
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w rong hierarchy  a t a  given CL. T h e  p rocedu re  is to  d raw  a con tou r in th e  “tru e ” ($13,ö) 

p lane  for th e  m ass h ierarchy  u n d e r considera tion . In  m ost cases, a  “tru e ” no rm al h ierarchy 

will be discussed, since th e  inverted  h ierarchy  gives qu a lita tiv e ly  sim ilar resu lts. N ote th a t ,  

for th e  “tru e ” inverted  h ierarchy  an ti-n eu trin o s  are m a tte r  enhanced , th u s  com pensa ting  for 

th e  sm aller cross-section w ith  respect to  n eu trinos  (see, for exam ple, reference [689]);

•  $23- n o n - m a x i m a l i t y  discovery potent ia l  and  sens i t i v i ty  to the $23-octant:  D a ta  are sim ulated  

for “tru e ” $23 d ifferent from  n /4  an d  a given “tru e ” A m 21 . A fter m arg ina lisa tion  over all 

p a ram ete rs  b u t $23, and  ta k in g  in to  account all possible w rong choices of th e  sign of A m 2^  

if A%2($23 =  n /4 )  >  9, th e  co rrespond ing  dev ia tion  from  m ax im ality  is “discovered a t 3ct” .

If  $23 =  n /4 ,  we have sensitiv ity  to  th e  “tru e ” $23-o c ta n t if, w hen perform ing  an  hypothesis 

te s t, a fte r m arg ina lisa tion  over all p a ram ete rs  and  ta k in g  in to  account all possible choices 

of th e  m ass hierarchy, we can  exclude th e  w rong o c ta n t a t a  given CL. T h e  p rocedu re  is to  

d raw  a con tou r in th e  “tru e ” ($13, ö) p lane for th e  “tru e ” o c ta n t u n d er consideration;

•  Prec is ion  on  $13 and ö: T h e  precision on $13 (ö) is th e  p ro jec tion  of th e  (m arginalised) 

A%2 o n to  th e  sin2 2$13 (ö) axis a t a  given CL. R em em ber th a t ,  for d ifferent choices of th e  

h ie rarchy  and  of th e  $23-o c tan t, several so lu tions can  arise. In  section 5 .5 , we also show ou r 

resu lts  as tw o -p aram eter con tours in th e  (sin2 2$13,ö) p lane for a  set of “tru e ” in p u t pairs; 

and

•  Prec is ion  on  A m jjj and  s in2 $23: T h e  precision on A m 31 ($23) is th e  p ro jec tion  of th e  

(m arginalised) A x 2 o n to  th e  A m ^  (sin2 $23) axis a t a  given CL. R em em ber th a t ,  for different 

choices of th e  hierarchy, several so lu tions can  arise.

W e will, in som e cases, refer to  th e  “F raction  of (tru e) ö” (or th e  “C P -frac tio n ” ). T h is  is th e  

frac tion  of th e  ö -p aram eter space, i.e. of 0 <  ö <  2n) over w hich a facility  has sensitiv ity  

to  a given observable. For a g raph ical ex p lan a tio n  of th is  p rocedure, see e.g. figure 3 of 

reference [690].

5 . 2  T h e  p h y s i c s  p o t e n t i a l  o f  s u p e r - b e a m s

5 . 2 . 1  T h e  s u p e r - b e a m  c o n c e p t

C onventional n eu trin o  beam s from  n-decay  have, up  to  now, m ain ly  been  tu n e d  for th e  s tu d y  of 

d isap p ea ran ce  [10,11] or ^  v t  ap p ea ran ce  [12]. Such beam s can be op tim ised  for ^  ve 

searches. T h e  design of such a facility, p roducing  h igh in tensity , low energy and  beam s, 

requ ires th e  developm ent of new, high-pow er, p ro to n  accelera tors delivering m ore in tense p ro to n  

beam s on ta rg e t. In  th e  following, a  su per-beam  is tak en  to  be a conventional n eu trin o  beam  

driven  by p ro to n  d river w ith  a beam  pow er in th e  range 2 -5  M W .

T h e  technology requ ired  for th e  super-beam  is a developm ent of th a t  used to d a y  in long- 

baseline neu trino -osc illa tion  experim en ts. C om pared  to  b e ta -b eam  facilities o r th e  N eu trin o  

Factory, super-beam s have th e  advan tage th a t  th e  requ ired  technology is re la tively  well know n.
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T he  n eu trin o  beam  con ta ins th e  d o m in an t n eu trin o  flavour (v m if th e  ca p tu re  system  focuses 

in to  th e  decay channel) to g e th e r w ith  a sm all b u t unavoidab le  ad m ix tu re  of î^ ,  ve and  z/e . 

T he  presence of ve and  / e in th e  p rim ary  beam  lim its th e  su per-beam  sensitiv ity  to  ^  ve 

oscillations. T h e  in trinsic  ve co n tam in a tio n , w hich grows w ith  increasing  n eu trin o  energy, m ust 

therefo re  be kep t as low as possible. O ne way to  achieve th is  is to  a rran g e  th a t  th e  neu trino - 

beam  axis is ti lte d  by a few degrees w ith  respect to  th e  vector p o in ting  from  th e  source to  th e  

far d e tec to r (an  off-axis beam ). T h e  k inem atics of th e  tw o-body  n-decay ensures th a t  all pions 

above a given m om en tum  produce  n eu trinos  of sim ilar energy a t a  given angle $ =  0, w ith  

respect to  th e  d irec tion  of th e  p a ren t pion. T h e  off-axis techn ique yields a low -energy beam  of 

neu trinos  w ith  a sm all energy spread . Such n eu trin o  beam s have several advan tages over th e  

co rrespond ing  b ro ad -b an d  on-axis beam s; th e  narrow -band  low -energy beam  allows energy cu ts  

to  be applied  to  reduce backgrounds and  allows th e  L / E  of th e  experim en t to  be tu n e d  to  th e  

oscillation m axim um . However, th e  off-axis n eu trin o  flux is significantly  sm aller th a n  th e  on-axis 

flux. A n o th er way of reducing  th e  ve background  is suppressing  th e  K  + an d  K 0 p ro d u c tio n  in 

th e  ta rg e t.

5 . 2 . 2  T 2 K  a n d  T 2 H K

T he T2K  facility  consists of a  conventional n e u trin o  beam  driven  by 50 GeV pro tons from  th e  

J-PA R C  p ro to n  synch ro tron  a t a  beam  pow er of 0.75 M W . T h e  n eu trin o  beam  will illum inate  

th e  S uper-K am iokande d e tec to r a t a baseline of L  =  295 km . T h e  facility  is p resen tly  under 

construc tion , d a ta  ta k in g  is scheduled to  s ta r t  in 2009 [13]. In  th e  first year, th e  num ber of 

‘p ro to n s-o n -ta rg e t’ (po t) is expec ted  to  be ~  10% of th e  design value. T h e  T 2K  n eu trin o  beam  

line has been  designed so th a t  th e  off-axis angle can  be varied betw een 2° and  3°. T h e  off-axis 

angle will be chosen to  m axim ise th e  sensitiv ity  of th e  experim en t to  $13 in th e  light of th e  m ost 

recent m easurem ents of A m 3 1.

A n u p g rad e  to  th e  pow er of th e  J-PA R C  p ro to n  synch ro tron  to  provide a 4 M W , 50 GeV p ro to n  

b eam  is p lanned . T his, to g e th e r w ith  th e  co n stru c tio n  of a  m ega-Tonne (M ton) class, w ater 

Cerenkov d e tec to r (H yper-K am iokande) could provide enough events to  com pete  w ith  b e ta - 

b eam  an d  N eu trin o  F ac to ry  facilities if th e  m ixing p a ram ete rs  are  favourable. T h is  upg raded  

version of T 2K , T 2H K  or T 2K -II, is considered  below. F igu re  58(left) shows th e  n eu trin o  fluxes 

expec ted  a t H yper-K am iokande assum ing  a 2° off-axis angle.

I t has been  p roposed  to  exploit th e  J-P A R C  n e u trin o  beam  w ith  a second 100 K to n  [20,21] 

or 0 .5M ton [19,22] w ater Cerenkov d e tec to r in K orea. T he  second d e tec to r w ould be placed a t 

a 0.5° [20,21] o r a t a  2.5° [19,22] off-axis angle for a  baseline of L =  1000 km . T h is  com bination  

of tw o baselines w ould give significant sensitiv ity  to  th e  neu trino -m ass hierarchy, reducing  th e  

degeneracy  p rob lem  p resen t in searches for lep tonic C P -v io la tion  (see section 2 .4 .1 ).
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F ig u re  58: L eft p anel: T 2 H K  fluxes a t  th e  K am io k a  lo c a tio n  (295 k m  base lin e); R ig h t p an e l: S P L  fluxes a t  th e  

F ré ju s  lo c a tio n  (130 k m  base line).

5 . 2 . 3  T h e  S P L

In  th e  C E R N  su per-beam  p ro jec t [14,625,691,692], th e  p lanned  4 M W  S uper-conducting  P ro to n  

L inac (SPL) will deliver a  2.2 GeV p ro to n  beam  on a m ercury  ta rg e t to  genera te  an  in tense 

(n - ) beam  focused by a m agnetic  ho rn  in to  a sh o rt decay tu n n e l. As a resu lt, an  in tense 

( / u ) beam  will be p roduced , p rovid ing  a flux 0  ~  3.6-10n vu /y e a r /m 2 (2.3-1011 / u /y e a r /m 2), 

w ith  an  average energy of 0.27 (0.25) GeV aim ed a t a  M ton-class, w ater Cerenkov d e tec to r a t 

th e  M odane la b o ra to ry  in th e  F rejus a rea  (a baseline of L =  130 km ). T h e  ve co n tam in a tio n  

from  kaons will be suppressed  by th resh o ld  effects and  th e  resu lting  ve/v u ra tio  ( ~  0.4%) will 

b e  know n to  w ith in  2%.

New developm ents show th a t  th e  SPL  p o te n tia l could be im proved by raising  th e  SPL energy 

to  3.5 G eV  [15], to  p roduce m ore copious secondary  m esons and  to  focus th e m  m ore efficiently. 

T h is  seems feasible if s ta te -o f-th e -a rt R F  cavities are  used in place of th e  L E P  cavities assum ed 

in th e  2.2 GeV design [693]. In  th is  upg raded  configuration  th e  n eu trin o  flux could be increased 

by a fac to r of 3 w ith  respect to  th e  2.2 G eV  configuration , w ith  a slightly  h igher energy of 0.28 

GeV. T h e  fluxes th a t  th e  2.5 GeV configuration  will p roduce  are  show n in figure 58(righ t).

5 . 2 . 4  N O v A

T h e  N O vA  experim en t was proposed  recen tly  a t FN A L to  m easure ^  ve oscillations w ith  a 

sensitiv ity  10 tim es b e tte r  th a n  M IN O S [16]. I t  consists of an  upg rad ed  N uM I Off-Axis n eu trin o  

b eam  w ith  ~  2 G eV  and  a ve co n tam in a tio n  of less th a n  0.5%. T h e  baseline is L  =  810 km 

w ith  th e  d e tec to r sited 12 km  ( ~  0.85°) off-axis. If approved, th e  experim en t could s ta r t  d a ta  

ta k in g  in 2011. T h e  N uM I ta rg e t will receive a 120 G eV /c  p ro to n  beam  w ith  an  expected  

in ten sity  of 6.5-1020 p o t/y e a r . T h e  beam  will be m easured  a t a  near and  a t a  far detec to r, 

b o th  ‘to ta lly  ac tiv e’ liqu id -sc in tilla to r detec to rs . W ith  and  a five-year ru n  and  a d e tec to r m ass
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~  30 K to n , N O vA  will achieve a sensitiv ity  to  sin2 2013 com parab le  to  th a t  w hich T 2K  can 

achieve. T h e  long baseline allows N O vA  to  m ake a m easurem ent of |A m |1|.

T h e  possib ility  of exp lo iting  N O vA  to g e th e r w ith  a second d e tec to r a t a  d ifferent baseline to  

d e te rm in e  th e  m ass h ierarchy  has been  discussed [17,18]. T h e  p o te n tia l of th e  increased d a ta  

volum e provided by th e  N uM I beam  in s tru m en ted  w ith  yet larger detec to rs , o r d e tec to rs  w ith  

larger de tec tion  efficiency, in con junction  w ith  a possible N uM I upg rade  has been  stud ied  [694]. 

However, as yet th e re  is no w ell-developed p roposal for a  N O v A upgrade  th a t  is ab le to  com pete 

w ith  o th e r second genera tion  super-beam s such as T 2H K  or th e  SPL.

5 . 2 . 5  W i d e - b a n d  s u p e r - b e a m

A w ide-band  beam  has been  proposed , sited  a t BN L and  serving a very  long baseline experim en t 

[23,36,37,690]. In  th is  p roposal, th e  28 G eV  AGS w ould be upg rad ed  to  1 M W  and  a n eu trin o  

b eam  w ith  n eu trin o  energies in th e  range 0 — 6 GeV could be sent to  a M ton  w ater C erenkov 

d e tec to r a t th e  H om estake m ine a t a  baseline of 2540 km.

W ide-band  beam s possess th e  advantages of a  h igher on-axis flux and  a b road  energy spec 

tru m . T h e  la tte r  allows th e  first and  second oscillation  nodes in th e  d isap p ea ran ce  channel 

to  be observed, prov id ing  a s tro n g  too l to  solve th e  degeneracy problem . O n th e  o th e r hand , 

experim en ts  served by w ide-band  beam s m ust d e te rm in e  th e  inciden t n e u trin o  energy w ith  good 

reso lu tion  and  e lim inate  th e  background  from  high energy ta il of th e  spec trum .

U pgrades to  th e  FN A L m ain  in jec to r a fte r th e  end of th e  T evatron  p rogram m e are also under 

s tu d y  and  could provide a sim ilar w ide-band  n eu trin o  beam . T he  baseline in th is  case w ould be 

1290 km. In  th e  following, th e  flux o b ta in ed  using 28 G eV  pro tons and  a 200 m eter long decay 

tu n n e l will be used. For deta ils  of th is  sp ec tru m  see reference [37].

T h e  com bination  of channels and  sp ec tra l in fo rm ation  of a  long baseline w ide-band  beam  

experim en t offers a  prom ising  m eans of solving p a ram e te r degeneracies. However, th e  very long 

baseline decreases th e  event ra te  a t th e  fa r d e tec to r and  reduces th e  sensitiv ity  of th e  experim en t 

to  013 and  C P -v io la tion ; th e  sensitiv ity  of th e  experim en t to  013 and  ö is som ew hat sm aller th a n  

th a t  of T 2H K  or th e  SPL. Therefore , th e  following sections will focus on th e  perfo rm ance of 

T 2H K  and  th e  SPL. T h e  perfo rm ance of th e  w ide-band  beam  will be d iscussed w hen considering  

th e  d e te rm in a tio n  of th e  m ass hierarchy, w here th e  long baseline m eans th a t  th e  w ide-band  

beam  ou t-perfo rm s T 2H K  and  th e  SPL. T he  w ide-band  beam  is a  very in te res tin g  o p tion  to  

search for lep tonic C P -v io la tion , solving m ost of th e  degeneracies, if 013 is large enough, i.e. 

sin2 2013 >  5 x 10-3  (013 >  2°).

5 . 2 . 6  P h y s i c s  a t  a  s u p e r - b e a m  f a c i l i t y

T he first genera tion  of n eu trin o  super-beam s, T 2K  and  N O vA , will s tu d y  th e  vu ^  ve channel 

w hich is sensitive to  013 and  ö. T he  experim en ts  will s ta r t  by ru n n in g  in n eu trin o  m ode. T h is
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has th e  advan tage  th a t  a large d a ta  set can  be accum ula ted  rela tively  rap id ly  since th e  n eu trin o  

cross section is larger th a n  th e  a n ti-n eu trin o  cross section. N eu trin o  ru n n in g  alone, however, 

im plies th a t  th e  experim en ts  have no sensitiv ity  to  ö. A second genera tion  of upg rad ed  su p er 

beam s, such as T 2H K  or th e  SPL, could follow. T h e  ex trem ely  large d a ta  sets p rovided  by these 

experim en ts  w ould yield sensitiv ity  to  m uch sm aller values of 013. T hese experim en ts  could also 

search for C P -v io la tion  by ru n n in g  w ith  an ti-neu trinos, if 013 is large enough. In  th e  rest of th is  

section, th e  sensitiv ity  to  013 an d  ö of th is  second genera tion  of super-beam s will be considered.

T h e  search for sm all 013 in th e  ^  ve channel suffers from  p aram etric  degeneracies (see 

section 2 .4 .1 ). To allev ia te  th is  problem , and  to  im prove significantly  th e  m easurem en t of th e  

a tm ospheric  p a ram ete rs  023 an d  A m 31 a t these facilities, it is ex trem ely  useful to  s tu d y  

d isap p ea ran ce  as well. Such m easurem ents are also of im p o rtan ce  in o rder to  estab lish  w h eth er 

023 is m axim al in o rder to  d iscrim ina te  betw een different m ass m odels. T h e  m axim al-m ixing- 

exclusion p o ten tia l of th e  various super-beam s will there fo re  also be  investigated  below.

5 . 2 . 7  T h e  W a t e r  C e r e n k o v  D e t e c t o r

For sm all values of 013, a  very large d a ta  set is requ ired  for th e  sub-lead ing  ^  ve oscillation  

to  be observed. T he  w ater Cerenkov is an  ideal d e tec to r for th is  ta sk  since it is possible to  

co n s tru c t a  d e tec to r of very large fiducial m ass in w hich th e  ta rg e t m a teria l is also th e  active 

m edium . T h e  Cerenkov light is collected by pho to -de tec to rs  d is tr ib u te d  over th e  surface of th e  

d etec to r; th e  cost of in s tru m en tin g  th e  d e tec to r, therefore, scales w ith  th e  surface area  ra th e r  

th a n  th e  fiducial m ass. M ton-class, w ater Cerenkov d e tec to rs  are therefo re  ideal w hen charge 

iden tification  is no t requ ired  and  have been  chosen for T2H K , th e  SPL, and  th e  w ide-band  

b eam  long-baseline experim en t. Such a device could also be th e  u ltim a te  too l for p ro ton-decay  

searches and  for th e  de tec tion  of a tm ospheric , solar, and  supernovæ neu trinos.

C harged  lep tons are  identified th ro u g h  th e  d e tec tio n  of Cerenkov light in pho to -m u ltip lie r 

tu b e s  (P M T s) d is tr ib u te d  aro u n d  th e  vessel. T h e  fea tu res of th e  Cerenkov rings can  be ex 

p lo ited  for partic le  identification . A m uon sca tte rs  very little  in crossing th e  d e tec to r, therefore, 

th e  associated  Cerenkov ring  has sh a rp  edges. Conversely, an  electron  showers in th e  w ater, 

p roducing  rings w ith  ‘fuzzy’ edges. T h e  to ta l m easured  light can  be  used to  give an  es tim ate  

of th e  lep ton  energy, w hile th e  tim e m easurem ent p rovided  by each P M T  allows th e  lep ton  

d irec tion  and  th e  position  of th e  n eu trin o  in te rac tio n  vertex  to  be de te rm ined . B y com bining 

all th is  in form ation , it is possible to  reco n stru c t th e  energy, th e  d irec tion , and  th e  flavour of th e  

incom ing neu trino . I t  is w orth  no ting  th a t  th e  p rocedu re  discussed above is su itab le  only  for 

quasi-elastic  events (v^n ^  1- p). Indeed , for non-quasi-elastic  events m ore partic les are p resen t 

in th e  final s ta te  th a t  are e ith er below th e  Cerenkov th resh o ld  or are neu tra l, resu lting  in a poor 

m easurem ent of th e  to ta l event energy. F u rtherm ore , th e  presence of m ore th a n  one partic le  

above th resh o ld  p roduces m ore th a n  one ring, spoiling th e  partic le  iden tification  capab ility  of 

th e  detec to r.

T h e  w ater Cerenkov is a m a tu re  technology th a t  has been  d em o n stra ted  to  be cost effective 

an d  to  give excellent perfo rm ance a t low n eu trin o  energies. A d e tec to r w ith  a fiducial m ass as
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large as 20 tim es th a t  of S uper-K am iokande could be b u ilt and  w ould be an  o p tim al d e tec to r for 

n eu trin o  beam s w ith  energies aro u n d  or below  1 G eV  [695]. T here  are  th re e  d ifferent p roposals 

for such a d e tec to r, each of th em  exploited  by a different super-beam . H yper-K am iokande [13] 

could be located  a t th e  K am ioka m ine, a t a  d is tance  of 295 km  from  J-PA R C  facility  in Tokai. 

M E M PH Y S [696], in th e  F rejus area, could receive th e  SPL beam  p roduced  130 km  away a t 

C E R N . T h e  w ide-band  beam  produced  a t BN L (FN A L ) could aim  a t a  d e tec to r in th e  H om estake 

m ine [23] a t 2540 km  (1290 km ).

5 . 2 . 8  B a c k g r o u n d s  a n d  e f f i c i e n c i e s

In  a conventional su per-beam  experim en t, th e  search for ^  ve ( / u ^  / e) is com plica ted  by 

th e  ve ( / e) co n tam in a tio n  of th e  beam . In  a w ater (Cerenkov d e tec to r, th e  appearance , ve( / e), 

signal is d e tec ted  by explo iting  th e  high efficiency and  high  p u rity  of th e  d e tec to r in identify ing  

electrons and  m uons in low m ultip lic ity  in teractions. In  ad d itio n  to  th e  ve( / e) co n tam in a tio n  of 

th e  beam , th e  m ain  sources of background  are  th e  charged -cu rren t in terac tions of vu ( / u ) and  

th e  p ro d u c tio n  of n 0s in n eu tra l-cu rren t in teractions. Even th o u g h  th e  perform ance of w ater 

C erenkov d e tec to rs  is very  well stud ied , th e re  are few analyses of th e  efficiencies and  backgrounds 

expected  in th e  various super-beam s considered  here.

For T 2H K , th e re  is only th e  s tu d y  rep o rted  in th e  le tte r  of in ten t [13]. T h e  expected  signal

an d  background-even t ra te s  for th e  ^  ve channel are p resen ted  in ta b le  2 of reference [13]. 

T h e  expected  efficiencies and  frac tional backgrounds have been ex tra c ted  for several analyses 

from  th is  ta b le  [27 ,38,218,340,697-699]. T h e  signal efficiency, assum ed to  be co n stan t, is 0.505. 

T h e  various co n trib u tio n s  to  th e  background  (N bg), from  th e  ve( / e) co n tam in a tio n  in th e  beam  

(N ,FC), n 0 p ro d u c tio n  in n eu tra l-cu rren t events ( N ), and  charged -cu rren t in teractions 

( N p c  have th e  following w eights:

=  7.5 ■ 10- 2 N eCC +  5.6 ■ 10- 3 N n c  +  3 .3 ■ 10- 4 n C c  (289)

T h e  sam e efficiencies and  backgrounds have been  assum ed for th e  ^  / e channel since no 

fu rth e r  in fo rm ation  on th is  channel is available. T he  efficiencies and  backgrounds are assum ed 

to  be flat since no energy dependence is p resen ted . T h is  is only an  app rox im ation  and  a m ore 

d eta iled  descrip tion  in te rm s of m ig ra tion  and  background  m atrices as in [25, 341] w ould be 

desirable. For th e  sp ec tra l in form ation , 20 bins of 40 M eV  betw een 0.4 G eV  and  1.2 GeV have 

been  considered , convoluted w ith  a G aussian  w ith  a  =  85 M eV to  account for th e  Ferm i m otion  

as in reference [340].

T h e  s itu a tio n  is very sim ilar in th e  case of th e  SPL. T h e  only  available s tu d y  is th a t  of 

reference [625], from  w hich flat efficiencies and  backgrounds can  be ex trac ted . T h e  efficiencies 

quo ted  in [625] are 0.707 for th e  ^  ve channel and  0.671 for ^  / e . T h e  backgrounds, in 

a n o ta tio n  consisten t w ith  th a t  used above, are:

=  4.4 ■ 10-1  N ec c  +  2.7 ■ 10- 3 N n c  +  4 .6 ■ 10- 4 n C c  ; and  (290)

=  6.8 ■ 10-1  N ec c  +  4.4 ■ 10- 4 N n c  +  1.3 ■ 10- 3 n C c  . (291)
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T hese num bers have been  used in several different stud ies [27 ,214 ,217 ,218 ,220]. T h e  fluxes 

o b ta in ed  w ith  th e  2.2 G eV  SPL  p ro to n  beam  have been  assum ed. N o new  analysis has been 

perform ed  to  o b ta in  th e  fluxes of th e  upg raded  3.5 G eV  SPL  [15]. A gain, an  u p d a ted , and  

energy-dependen t, descrip tion  of th e  efficiencies and  backgrounds w ould be desirable.

T h e  SPL  events have been  d iv ided  in to  5 bins of 200 M eV up  to  1 GeV. For b o th  th e  SPL and  

T 2H K , a 440 K to n  fiducial m ass for th e  d e tec to r and  10 years ru n n in g  tim e have been  assum ed. 

T he  ru n n in g  tim e has been  d iv ided  betw een th e  n eu trin o  and  a n ti-n eu trin o  m ode in such a 

way as to  p roduce  a roughly  equal num ber of events for each channel. For b o th  experim ents, 

th e  ra th e r  op tim istic  value of 2% has been  ad o p ted  for th e  system atic  uncerta in ty . T h e  less 

o p tim istic  case of 5% system atic  u n ce rta in ty  is also presen ted . T hese erro rs  are assum ed to  be 

unco rre la ted  betw een th e  various signal channels (neu trinos and  an ti-n eu trin o s), and  betw een 

th e  signal and  background  sam ples.

For th e  w ide-band  beam  long-baseline experim en t, m ig ra tion  m atrices for b o th  th e  signal and  

th e  background  channels have been  com pu ted  [690] from  a M onte C arlo  sim ulation  from  th e  

d e tec to r described  in [700]. Following reference [690], a  300 K to n  fiducial m ass d e tec to r, 5 years 

n eu trin o  ru n n in g  w ith  1 M W  pro to n -b eam  pow er, and  5 years an ti-n eu trin o  ru n n in g  w ith  a 

p ro to n -b eam  pow er of 2 M W  have been  considered.

5 . 2 . 9  T h e  s u p e r - b e a m  p e r f o r m a n c e

In  th e  following, th e  perform ance of T 2H K  and  th e  SPL  super-beam s is p resen ted  in te rm s of 

th e  013 an d  th e  C P -v io la tion  discovery p o ten tia l, th e  sensitiv ity  of th e  facility  to  th e  m ax im ality  

of 023, th e  m ass hierarchy, and  th e  o c ta n t of 023. T he  precision w ith  w hich th e  atm ospheric  

p a ram ete rs  can  be m easured  is also presen ted . To sim ulate  th e  ‘d a ta ’, th e  following set of ‘tru e  

values’ for th e  oscillation p a ram ete rs  are adop ted :

Am31 =  + 2 .5  x 10-3  eV 2 ; sin2 023 =  0.5 ;

A m 21 =  8.0 x 10-5  eV 2 ; sin2 012 =  0.3 ;

an d  we include a p rio r know ledge of these  values w ith  a 1a accuracy  of 5% for 012 and  A m ^ .  

023 and  A m 21 can  be m easured  by these experim en ts  and  have been  left free in th e  fits. T hese 

values and  accuracies are  m o tivated  by recent global fits to  n eu trin o  oscillation d a ta  [67,114], 

an d  th e y  are  always used except w here exp lic itly  s ta te d  o therw ise.

5 . 2 . 1 0  T h e  013 d i s c o v e r y  p o t e n t i a l

If  th e  first genera tion  of super-beam  experim en ts  do  no t d em o n stra te  th a t  013 is non-zero, th e n  

th e  second genera tion  facility  will be requ ired  to  have a significantly  im proved sensitiv ity  to  th is  

p a ram ete r. To assess th e  sensitiv ity  of th e  p roposed  second-genera tion  super-beam s to  013, th e  

following defin ition  of th e  discovery p o te n tia l is used. D a ta  are  s im ulated  for a  non-zero ‘t r u e ’ 

value of sin2 2013 an d  for a given tru e  value of ö. If  th e  A%2 of th e  fit to  these  d a ta  w ith  013 =  0
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3 a  d is c o v e r y  o f  a  n o n -z e r o  0 13

true  §Cp fraction  o f  true  §Cp values

F ig u re  59: 3 a  d iscovery  se n s itiv ity  to  s in 2 2013 for th e  S P L  a n d  T 2 H K  as a  fu n c tio n  o f th e  t r u e  v alue o f S (left 

p an e l) a n d  as a  fu n c tio n  o f th e  fra c tio n  o f all p o ssib le  va lu es o f S ( rig h t p an e l) . Solid (d ash e d ) lines a re  for 2% 

(5% ) sy s te m a tic  e rro rs . F ig u re  a d a p te d  from  [27].

(m arginalised  over all p a ram ete rs  except 013) is larger th a n  9, th e  co rrespond ing  tru e  value of 

013 is taken  to  be ‘d iscovered’ a t 3a . In  o th e r w ords, th e  3a-discovery lim it as a function  of th e  

tru e  ö is given by th e  tru e  value of sin2 2013 for w hich A%2(013 =  0) =  9. In  general, te s ts  m ust 

also be  m ade for degenera te  so lu tions in sign (A m 31) and  th e  o c ta n t of 023.

T h e  discovery lim its for th e  SPL  super-beam  and  for T 2H K  are show n in figure 59. T h e  

perfo rm ance of th e  tw o facilities is ra th e r  sim ilar, and  a discovery p o te n tia l dow n to  sin2 2013 ~

4 x 10-3  is w ith in  reach for all possible values of ö. For ce rta in  values of ö (around  ö =  n /2  

or 3 n /2 )  th e  sensitiv ity  is significantly  im proved, and  discovery lim its below  sin2 2013 ~  10-3  

are possible for a  large frac tion  of all possible values of ö. T h e  w ide-band  beam  long-baseline 

experim en t has a slightly  lower sensitiv ity  rang ing  from  sin2 2013 ~  2 x 10-3  to  sin2 2013 ~

5 x 10-3  (see figure 5 of reference [690]).

F igu re  59 also illu s tra tes  th e  effect of sy stem atic  u n certa in ties  on th e  013 discovery reach. T h e  

lower (solid) b o u n d a ry  of th e  b and  for each experim en t co rresponds to  a sy stem atic  e rro r of 2%, 

w hereas th e  u p p e r  (dashed) b o u n d a ry  is o b ta in ed  for a  sy stem atic  u n certa in ty  of 5%. T hese 

u ncerta in ties  include th e  (unco rre la ted ) no rm alisa tion  u ncerta in ties  on th e  signal as well as th e  

background; th e  d o m in an t u n ce rta in ty  is th e  u n ce rta in ty  on th e  background . For th e  SPL, 

system atic  u ncerta in ties  have a ra th e r  sm all im pact on th e  sensitivity, w hereas for th e  larger 

d a ta  set acquired  by T2H K , th e  lim it is m ore strong ly  affected.
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5 .2 .1 1  C P - v i o l a t i o n  d i s c o v e r y  p o t e n t i a l

If 013 is show n to  be non-zero, th e n  it becom es im p o rta n t to  assess th e  lep tonic C P -v io la tion  

(C P V ) discovery p o te n tia l quan tita tive ly , i.e. to  assess th e  ex ten t to  w hich th e  p roposed  second- 

g enera tion  super-beam  experim en ts  can  estab lish  th a t  ö differs from  0 or n . T h e  C PV -discovery 

p o ten tia l is evaluated  as follows. S im ulated  d a ta  sets w ere p roduced  for a  range of assum ed 

‘t r u e ’ values of sin2 2013 and  ö. T hese d a ta  were th e n  f itted  using th e  C P -conserv ing  values 

ö =  0 and  ö =  n , all o th e r p a ram ete rs  being  m arginalised  and  th e  sign and  o c ta n t degeneracies 

being  taken  in to  account. If no fit w ith  A%2 <  9 is found, C P  conservation  can  be excluded a t 

3 a  confidence level for th e  chosen values of ötrue and  sin2 20 t3ue.

T h e  C P V  discovery p o ten tia l for th e  SPL super-beam , and  for T 2H K  is show n in figure 60 . 

As in th e  case of th e  013 discovery p o ten tia l, th e  perfo rm ance of th e  tw o facilities is com parab le . 

For an  assum ed system atic  u n ce rta in ty  of 2%, m axim al C P V  (for ötrue =  n /2 ,  3 n /2 )  can  be 

discovered a t 3 a  dow n to  sin2 2013 ~  6 x 10-4  for T2H K , and  sin2 2013 ~  8 x 10-4  for th e  SPL 

super-beam . T he  C P V  discovery p o ten tia l of th e  w ide-band  long-baseline super-beam  would 

be lim ited  to  sin2 2013 ~  4 x 10-3  (see th e  righ t panel of figure 7 in reference [690]). T h e  best 

sensitiv ity  to  C P V  is o b ta in ed  for sin2 2013 >  10- 2 , w here, for a  sy stem atic  u n ce rta in ty  of 2%, 

C P V  can be estab lished  for 75% of all possible values of ö. T h e  figure shows th e  expected  

perform ance for sy stem atic  u n certa in ties  of 2% and  5%. A gain, T 2H K  is m ore s trong ly  affected 

by th e  sy stem atic  uncerta in ties , ou t-perfo rm ing  th e  SPL  su per-beam  for a 2% u n ce rta in ty  b u t 

being  ou t-perfo rm ed  by it for a  5% uncerta in ty .

T h e  sensitiv ity  m axim um  aro u n d  sin2 2013 ~  10-2  can  easily be u n d ers to o d  from  th e  oscillation 

probability . T h e  in terference te rm  th a t  allows th e  m easurem en t of ö is suppressed  by s in 2 0 13 

and  A m 21L /4 E  (see, for exam ple eq u a tio n  (7) of reference [206]). T h ere  are  tw o o th e r leading 

te rm s in th e  p robability , one suppressed  by sin2 2013 and  th e  o th e r suppressed  by ( A m l ^ E ) 2. 

For s in 2 0 13 ~  A m 2 1L /4 E , th e  th re e  te rm s in th e  oscillation p ro b ab ility  will be of th e  sam e 

o rder of m ag n itu d e  and  th e  C P -v io la tion  signal will no t be h idden  by th e  o th e r tw o te rm s. O n 

th e  o th e r hand , if s in 2 0 13 becom es to o  large o r to o  sm all, one of th e  tw o C P -conserv ing  te rm s 

d om inates th e  in terference te rm  resu lting  in a loss of sensitiv ity . Indeed , for experim en ts  bu ilt 

a t th e  first peak  of th e  a tm ospheric  oscillation, s in 2 0 13 ~  A m ^ L ^ E  for sin2 2013 ~  10- 2 . 

If th e  experim en t op era tes  a t th e  second oscillation  peak  th e  larger A m 21L /4 E  will sh ift th e  

m axim um  of th e  C P -v io la tion  sensitiv ity  to  larger values of sin2 2013, as can  be seen in th e  righ t 

panel of figure 3 of reference [209].

5 . 2 . 1 2  M a x i m a l  023 e x c l u s i o n  p o t e n t i a l

E x p erim en ts  able to  s tu d y  th e  ^  oscillation  can  address th e  issue of th e  m ax im ality  of 

023 w hich is crucial to  d iscrim ina te  betw een d ifferent m odels of n eu trin o  m ass. T h e  p o ten tia l to  

exclude m axim al 023 has been com pu ted  in th e  following way: d a ta  are  s im ulated  for different 

tru e  values of sin2 023, if th e  A%2 of th e  fit to  these  d a ta  w ith  sin2 023 =  0.5 (m arginalised  over 

all p a ram ete rs  except sin2 023) is larger th a n  9, th e n  m axim al m ixing can  be excluded a t 3a.
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S en sitiv ity  to C P V  at 3a: Ax (8CP = 0, n ) = 9

2 2 2 2 
s in  0 12 =  0 .3 ,  s in  0 23 =  0 .5 ,  A m  21 =  8 e -5 , A m  31 =  2 .5 e -3

2

F ig u re  60: C P V  d iscovery  p o te n tia l  th e  S P L , a n d  T 2 H K : for p a ra m e te r  values in sid e  th e  e llip se -sh ap ed  cu rv es 

C P  co n serv in g  va lu es o f S c a n  b e  ex c lu d ed  a t  3 a  ( A x 2 >  9). Solid  (d ash ed ) lines a re  for 2% (5% ) sy s te m a tic  

e rro rs . F ig u re  a d a p te d  from  [27].
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2
true value of sin 023

F ig u re  61: 3<r m a x im a l m ix in g  ex c lu sion  p o te n tia l  for th e  S P L  a n d  T 2 H K . T h e  A x 2 for m a x im a l 0 23 is show n 

as  a  fu n c tio n  o f th e  t r u e  v alue o f s in 2 023. F ig u re  a d a p te d  from  [27].

F igu re  61 shows th a t  b o th  T 2H K  and  th e  SPL  super-beam  can  m easure a t any dev ia tion  

from  m axim al m ixing larger th a n  10%. However, T 2H K , w ith  its b e tte r  spec tra l in form ation , 

ou t-perfo rm s th e  SPL, going dow n in sensitiv ity  to  dev iations of 6% from  m axim al m ixing. T h e  

im p o rtan ce  of energy reso lu tion  in th e  d isap p earan ce  channel to  exclude m axim al m ixing is 

discussed in reference [218].

5 . 2 . 1 3  S e n s i t i v i t y  t o  t h e  a t m o s p h e r i c  p a r a m e t e r s

T he d isap p earan ce  channel available in su per-beam  experim en ts  allows th e  a tm ospheric  p a 

ram eters  |A m 311 and  sin2 023 to  be d e te rm ined  precisely (see, e.g., references [216,218,701] 

for recent analyses). F igu re  62 illu s tra tes  th e  im proved precision w ith  w hich these  pa ram ete rs  

will be d e te rm ined  in fu tu re  super-beam  experim en ts. T h e  figure shows th e  allowed regions 

a t 99% CL for T 2K , th e  SPL, and  T 2H K , w here, in each case, five years of n eu trin o  d a ta  are 

assum ed. Table 9 gives th e  co rrespond ing  rela tive accuracies a t 3ct  for |A m 311 and  sin2 023.

From  th e  figure and  th e  ta b le  it is ev iden t th a t  T2K  and  T 2H K  are  very good a t m easuring  

th e  a tm ospheric  p aram eters , only  a m odest im provem ent is possible w ith  SPL w ith  respect to  

T 2K . T 2H K  provides excellent sensitiv ity  to  these  param eters : for te s t-p o in t 2, for exam ple, 

sub -percen t accuracies are o b ta in ed  a t 3ct . T h e  d isadvan tage  of th e  SPL w ith  respect to  T2H K  

is th e  lim ited  spec tra l in form ation . B ecause of th e  lower beam  energy, nuclear Ferm i m otion  

is a  severe lim ita tio n  for energy reco n stru c tio n  in th e  SPL super-beam , w hereas in T 2H K  th e  

som ew hat h igher energy allows an  efficient use of sp ec tra l in fo rm ation  in quasi-elastic  events. 

T he  effect of sp ec tra l in fo rm ation  on th e  d isap p ea ran ce  m easurem en t is d iscussed in d e ta il in 

reference [218].
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■ 2q sin 6.

F ig u re  62: A llow ed reg io n s o f A m 3 1 a n d  s in 2 023 a t  99%  CL (2 d .o .f.) a f te r  5 y rs  o f n e u tr in o  d a ta  ta k in g  for th e  

S P L , T 2 K , a n d  T 2 H K  p ro je c ts , a n d  th e  c o m b in a tio n  o f th e  S P L  w ith  5 y ea rs  o f a tm o sp h e ric -n e u tr in o  d a t a  in  th e  

M E M P H Y S  d e te c to r . F o r th e  t r u e  p a ra m e te r  values we u se  A m 3 1 =  2.2 (2.6) x  10 - 3  eV 2 an d  s in 2 023 =  0.5 (0.37) 

for th e  te s t  p o in t 1 (2), a n d  0 13 =  0 an d  th e  so la r p a ra m e te r s  as g iven  in  e q u a tio n  (2 92 ). T h e  sh a d e d  reg ion  

co rre sp o n d s  to  th e  99%  C L  reg io n  from  p re se n t SK a n d  K 2K  d a ta  [67]. T h e  figu re  is ta k e n  from  referen ce  [27].

T rue values T2K SPL T 2H K

A m 3i

sin2 023

2.2 ■ 10-3  eV 2

0.5

4.7%

20%

3.9%

22%

1.1%

6%

A m 3i

sin2 023

2.6 ■ 10-3  eV 2

0.37

4.4%

8.9%

3.0%

4.7%

0.7%

0.8%

T ab le  9: A ccu rac ies  a t  3 a  o n  th e  a tm o sp h e ric  p a ra m e te r s  |A m 3 1| a n d  s in 2 023 for 5 y ea rs  o f n e u tr in o  d a t a  from  

T 2 K , S P L , an d  T 2 H K  for th e  tw o te s t  p o in ts  sh o w n  in  figu re  62 (0 i3ue =  0). T h e  ac cu rac y  for a  p a ra m e te r  x  is 

d efin ed  as (x upper -  x lower) / ( 2x true), w h ere  x upper (x lower) is th e  u p p e r  (low er) b o u n d  a t  3 a  for 1 d .o .f. o b ta in e d  

b y  p ro je c tin g  th e  c o n to u r  A x 2 =  9 o n to  th e  x -ax is . F o r th e  accu rac ie s  for te s t  p o in t 2 th e  o c ta n t-d e g e n e ra te  

so lu tio n  is n eg lec ted .
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F ig u re  63: S en s itiv ity  of th e  w ide b a n d  b e a m  long  b ase lin e  e x p e r im e n t to  th e  m a ss  h ie ra rc h y  a t 3 a  ( A x 2 =  9) as 

a  fu n c tio n  o f th e  t r u e  v a lues of s in 2 2013 a n d  J . T h e  b lu e  (d a rk ) cu rv es  a re  for L  =  1300 k m  a n d  th e  red  (ligh t) 

cu rv es for L  =  2500 km . T h e  figu re  is ta k e n  fro m  reference [23].

For te s t p o in t 1 (m axim al m ixing for 023), ra th e r  poo r accuracies are o b ta in ed  for s in 2 023 for 

T 2K  and  th e  S P L  ( ^  20%), and  only 6 % for T2H K . T he  reason is th a t  in th e  d isap p earan ce  

channel s in 2 2023 (ra th e r  th e n  sin 2 023) is m easured . T h is  tra n s la te s  in to  ra th e r  large erro rs for 

s in 2 023 if 023 =  n /4  [216]. For th e  sam e reason it is difficult to  solve th e  o c ta n t degeneracy. I t 

can  be seen th a t  for te s t p o in t 2, w ith  a  non-m axim al value of s in 2 023 =  0.37, th e  degenerate  

so lu tion  is s till p resen t aro u n d  sin 2 023 =  0.63 in each of th e  th ree  experim ents.

5 . 2 . 1 4  S e n s i t i v i t i e s  t o  t h e  m a s s  h i e r a r c h y  a n d  t h e  #23 o c t a n t

T he d e te rm in a tio n  of th e  m ass h ie rarchy  is a  secondary  goal for su p er-b eam s such as T 2H K  and  

th e  SPL  w hich have to o  sh o rt a  baseline to  explo it th e  m a tte r  effects requ ired  to  solve these 

degeneracies. Indeed , th e  sensitiv ity  to  th e  h ierarchy  of T 2H K  is lim ited  to  som e favourable 

values of £, w hile th e  SPL  has no sensitiv ity  w hatsoever. However, th e  long baseline of th e  

w ide-band  beam  experim en t gives significant sensitiv ity  to  th e  m ass hierarchy. In  figure 63 , th e  

discovery p o ten tia l for a  no rm al m ass h ierarchy  is show n for tw o d ifferent baselines: 2500 km , 

roughly  th e  baseline betw een BN L and  H om estake; and  1300 km  th e  d istance  betw een FN A L  and  

H om estake. I t  can  be seen th a t ,  for th e  1300 km  baseline, if s in 2 2013 >  10- 2 , th e  m ass h ierarchy  

can  be m easured  for any  value of £. T he  sensitiv ity  is fu rth e r increased to  s in 2 2013 >  8 x 10- 3  

for th e  longer baseline.

As was show n above, n e ith e r experim en t is sensitive to  th e  o c ta n t of 023. However, as po in ted  

o u t in references [702,703], a tm o sp h eric -n eu trin o  d a ta  m ay allow th e  o c ta n t of 023 to  be d e te r 

m ined. If  5 years of a tm o sp h eric -n eu trin o  d a ta  in M E M PH Y S are  added  to  th e  S P L  su p er-b eam  

d a ta , th e  degenera te  so lu tion  for te s t po in t 2 can  be excluded a t m ore th a n  5a , as can be seen

D iscov ery  reach for A m > 0  at 3cr

177



in figure 62, and  hence th e  o c ta n t degeneracy  is solved in th is  exam ple. O f course, th is  way of 

m easuring  th e  o c ta n t works even b e tte r  if a tm ospheric  d a ta  taken  w ith  H yper-K am iokande are 

com bined w ith  T 2H K  d a ta , see below.

5 . 2 . 1 5  C o m b i n a t i o n  w i t h  a t m o s p h e r i c  n e u t r i n o  m e a s u r e m e n t s

C om bining a tm o sp h eric -n eu trin o  events to  th e  long-baseline n eu trin o -b eam  d a ta  is an  a t t r a c 

tive m ethod  of resolving degeneracies [38]. If  013 is sufficiently large, E a r th  m a tte r  effects in 

m ulti-G eV , e-like a tm o sp h eric -n eu trin o  events are  sensitive to  th e  m ass h ierarchy  [100,102,704]. 

M oreover, sub-G eV , e-like events provide sensitiv ity  to  th e  o c ta n t of 023 [702, 703, 705] due  to  

oscillations d riven  by A m ^1 (see also reference [706] for a  d iscussion of a tm ospheric  n eu trinos  in 

th e  con tex t of H yper-K am iokande). Following reference [38], th e  p o ten tia l of th e  various second- 

g enera tion  super-beam  experim en ts  is investigated  w ith  th e  com bined beam - and  a tm ospheric- 

n eu trin o  d a ta  set below. A general three -flavour analysis of a tm ospheric  d a ta  is perform ed  

based on reference [703] and  references the re in . Fully -con tained  e-like and  ^-like events (fu r 

th e r  d iv ided  in to  sub-G eV  p  ̂ <  400 MeV, sub-G eV  p  ̂ >  400 MeV, and  M ulti-G eV  events) 

are included. In  add ition , partia lly -con ta ined  ^-like events, s topp ing  m uons, and  th rough-go ing  

m uons are considered. E ach  of these  d a ta  sam ples is d iv ided  in to  10 zen ith  angle bins.

F igu re  64 shows how th e  com bination  of a tm ospheric  plus long-baseline yields sensitiv ity  to  

th e  sign of A m 21. For th e  long-baseline d a ta  alone, th e  SPL  super-beam  has no sensitiv ity  

(because of th e  very sm all m a tte r  effects th a t  arise in th e  re la tively  sh o rt baseline) and  th e  

sensitiv ity  of T 2H K  depends strong ly  on th e  tru e  value of 5. However, by including  d a ta  from  

a tm ospheric  neu trinos  th e  m ass h ierarchy  can  be d e te rm ined  a t th e  3 a  CL provided  sin2 2013 >  

0.05 — 0.09 for th e  SPL, and  sin2 2013 >  0.03 — 0.05 for T2H K . B o th  experim en ts  have th e  w orst 

sensitiv ity  aro u n d  5 =  n /2 ,  w here th e  enhancem en t of th e  n eu trin o  signal and  th e  suppression  

of th e  an ti-n eu trin o  signal typ ica l of th e  no rm al h ierarchy  is m asked by th e  opposite  effect of 

th e  C P -v io la ting  phase. H ere, T 2H K  w ould only be able to  exclude an  inverted  h ierarchy  if 

sin2 2013 >  0.1 and  th e  SPL loses its sensitiv ity  a ltogether. C onversely th e re  are  m axim um s 

of th e  sensitiv ity  aro u n d  5 =  3 n /2 , w here 5 enhances th e  n eu trin o  signal and  suppresses th a t  

of th e  an ti-n eu trin o . C om paring  figure 64 w ith  figure 63 it is clear th a t ,  even w hen com bined 

w ith  a tm ospheric  d a ta , th e  sensitiv ity  of T 2H K  and  th e  SPL to  th e  m ass h ierarchy  is ra th e r  

poor, being  ou t-perfo rm ed  by th e  longer baseline w ide-band  beam  experim en t by an  o rder of 

m agn itude .

F igu re  65 shows th e  p o ten tia l of a tm ospheric  plus long-baseline d a ta  to  exclude th e  o c tan t-  

degenera te  so lu tion . Since th is  effect is based  m ain ly  on oscillations d riven  by A m ^1, th e re  is 

very good sensitiv ity  even for 013 =  0; a non-zero value of 013 im proves th e  sensitiv ity  in m ost 

cases [38]. F rom  th e  figure one can  see th a t  b o th  experim en ts  can  identify  th e  tru e  o c ta n t a t 3 a  

for | s in2 023 — 0 .51 >  0.05.
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3 a  s e n s it iv ity  to  n o r m a l h ie r a r c h y  fr o m  L B L  +  A T M  d a ta

F ig u re  64: S en s itiv ity  to  th e  m ass  h ie ra rc h y  a t  3 a  ( A x 2 =  9) as a  fu n c tio n  o f th e  t r u e  values o f s in 2 2013 an d  

J  (left p an e l) , a n d  th e  f ra c tio n  o f t r u e  values o f J  ( rig h t p an e l) . T h e  solid  cu rv es a re  th e  se n s itiv itie s  fro m  th e  

co m b in a tio n  o f th e  su p e r-b e a m s  a n d  a tm o sp h e ric  n e u tr in o  d a ta ,  th e  d a s h e d  cu rv es co rre sp o n d  to  su p e r-b e a m  

d a t a  only. F ig u re  a d a p te d  fro m  [27].

2
true value o f sin 623

F ig u re  65: A x 2 o f th e  so lu tio n  w ith  th e  w ro n g  o c ta n t  o f 023 as a  fu n c tio n  o f th e  t r u e  v alue o f s in 2 023. A  t ru e  

value o f 0 13 =  0 h as  b e e n  assu m ed . F ig u re  a d a p te d  fro m  [27].
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5 . 2 . 1 6  S u p e r - B e a m  a s s o c i a t e d  w i t h  a  b e t a - b e a m

A b e ta -b eam  could explo it th e  in tense p ro to n  d river requ ired  to  d rive a super-beam  and  b o th  

facilities could illum inate  th e  sam e far d e tec to r. T h e  SPL in p a rticu la r  could be com plem ented  

by a low-Y b e ta -b eam  in th e  C E R N  design (see section 5 .3 ). I t  is there fo re  in te res tin g  to  s tu d y  

possible com plem entarities  betw een th e  tw o facilities. T h e  m ain  difference betw een th e  tw o 

n eu trin o  beam s is th e  d ifferent in itia l n eu trin o  flavour, ve (z/e) for a b e ta -b eam  and  (z/^) for a 

super-beam . T h is  im plies th a t  a t th e  near d e tec to r all relevant cross-sections can  be m easured . 

In  p a rticu la r , th e  near d e tec to r exposed  to  th e  b e ta -b eam  will m easure th e  cross section for 

th e  SPL  appea ran ce  search, and  vice versa. If b o th  experim en ts  ru n  w ith  neu trinos  and  a n ti 

n eu trinos  th e  following tra n s itio n  p robab ilities  can  be m easured: , and  

. Tests of th e  T  and  C P T  sym m etries w ould th u s  be possible, in ad d itio n  to  C P -v io la tion , 

since m a tte r  effects are very sm all because of th e  re latively  sh o rt baseline.

However, if C P T  sym m etry  is assum ed, th e  b e ta -b eam  channels are  red u n d an t: th e  only gain  

in com bining th e  tw o facilities is an  increase in th e  size of th e  d a ta  set w hich does no t help  to  

solve th e  degeneracies [214]. N evertheless, th is  also m eans th a t  in princip le  all in fo rm ation  can  

be o b ta in ed  from  n eu trin o  d a ta  alone because of th e  re la tions and  =

. T h is  im plies th a t  (tim e consum ing) a n ti-n eu trin o  ru n n in g  can  be avoided. T h is is 

illu s tra ted  in figures 66 and  67 . In  figure 66 th e  013 discovery p o te n tia l is show n for 5 years of 

n eu trin o  d a ta  from  th e  y  =  100 b e ta -b eam  and  th e  SPL super-beam . L um inosities of 5.8 ■ 1018 

(2.2 ■ 1018) decays p e r year for 6He ( 18Ne) have been  assum ed. F rom  th e  left panel it can  be seen 

how each experim en t plays th e  role an  a n ti-n eu trin o  ru n  w ould have played th e  single-facility 

case. C om bining  these  tw o d a ta  sets resu lts  in a slightly  b e t te r  sensitiv ity  th a n  10 years (2 v+ 8v) 

of T 2H K  d a ta . In  add ition , figure 67 shows th a t  th e  com bination  is also effective in searching 

for C P V , 5 years of n eu trin o  d a ta  from  th e  b e ta -b eam  and  th e  SPL  leads to  a b e t te r  sensitiv ity  

th a n  10 years of T 2H K  alone.

5 . 2 . 1 7  S u p e r - B e a m  a s s o c i a t e d  w i t h  t h e  N e u t r i n o  F a c t o r y

As described  in th e  section 5 .4 , th e  N eu trin o  F ac to ry  suffers acu te ly  from  th e  degeneracy  problem  

because its energy and  baseline are such th a t  it op era tes  far from  th e  oscillation m axim um . 

W ith  its h igh energy and  long baseline, th e  N eu trin o  F ac to ry  is ideal to  tack le  th e  prob lem  of 

th e  sign degeneracies th ro u g h  m a tte r  effects. However, th e  fact th a t  th e  oscillation  peak  occurs 

in th e  lowest energy b in  w ith  rela tively  low efficiency, causes th e  in trinsic  degeneracy to  spoil 

its sensitiv ity  to  C P -v io la tion . S uper-beam s, w ith  a com pletely  d ifferent L / E  and  o p era tin g  a t 

th e  first oscillation  m axim um , do  no t suffer as bad ly  from  th is  degeneracy. O n th e  o th e r hand , 

th e  sh o rt baselines and  lower energies favoured by super-beam s s trong ly  lim it th e ir  ab ility  to  

solve th e  sign degeneracy  by exp lo iting  m a tte r  effects. T h e  com bination  of d a ta  from  these  two 

facilities can  therefo re  be a very effective too l to  solve th e  degeneracy  problem . F u rtherm ore , 

th e  in tense pion beam  th a t  w ould p roduce th e  m uons required  for th e  N eu trin o  F ac to ry  beam  

m ight also be exp lo ited  as a super-beam  source. Indeed , th e  2.2 GeV SPL beam  was originally  

conceived and  op tim ised  as th e  first stage of a  N eu trin o  F ac to ry  p ro jec t. T hus, in a N eu trin o
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3 a  d isc o v e r y  o f  a  n o n -z e r o  0 13 w ith in  5 y r s

tru e  8 CP fra c tio n  o f  tru e  8 CP valu es

F ig u re  6 6 : D iscovery  p o te n tia l  o f a  fin ite  v alue o f s in 2 2013 a t  3 a  ( A x 2 >  9) for 5 y rs  n e u tr in o  d a t a  fro m  ß B , S P L , 

a n d  th e  c o m b in a tio n  o f ß B  +  S P L  co m p a re d  to  10 y rs  d a t a  from  T 2 H K  (2 y rs  n e u tr in o s  +  8  y rs  a n ti-n e u tr in o s ) . 

F ig u re  a d a p te d  fro m  [27].

F ig u re  67: S en s itiv ity  to  C P V  a t  3 a  ( A x 2 >  9) for co m b in in g  5 y rs  n e u tr in o  d a t a  fro m  ß B  a n d  S P L  co m p ared  

to  10 y rs  d a t a  from  T 2 H K  (2 y rs  n e u tr in o s  +  8 y rs  a n ti-n e u tr in o s ) . F ig u re  a d a p te d  fro m  [27].

181



F acto ry  a su per-beam  com es ‘for free’. A M ton  class w ater (Cerenkov d e tec to r w ould still be 

needed to  fully explo it its p o ten tia l, though .

D etailed  stud ies of th e  ab ility  to  solve th e  eightfold degeneracy  by com bining th e  N eu trin o  

F acto ry  and  th e  SPL super-beam  can  be found in references [610,707,708]. A n im pressive 

synergy betw een th e  tw o facilities is found, lifting all th e  degenera te  so lu tions for large fractions 

of th e  p a ram e te r space. However, a  m ore deta iled  s tu d y  fully inc luding  th e  system atics in th e  

considered d e tec to rs  is still required .

5 . 3  T h e  p h y s i c s  p o t e n t i a l  o f  b e t a - b e a m  f a c i l i t i e s

A b e ta -b eam  [24] is p roduced  from  boosted , rad ioactive-ion  decays and  therefo re  is a p u re  Ve or 

Ve beam . T h e  flavour tran s itio n s  th a t  can, in princip le, be s tud ied  in th is  facility  are:

Ve ^  Ve ^  Ve Ve ^  Vr

Ve ^  Ve ^  Ve Ve ^  Vr.

T here  are  th re e  variables th a t  d e te rm in e  th e  p ro p erties  of th e  facility: th e  ty p e  of ion used, and  

in p a rtic u la r  th e  th e  end -po in t k inetic  energy of th e  electron  in th e  ß-decay, E o ; th e  rela tiv istic  

Y (energy d iv ided  by m ass) of th e  ion; and  th e  baseline, L. O nce these  p a ram ete rs  are  fixed, 

th e  n eu trin o  flux can  be ca lcu la ted  precisely since th e  k inem atics of ß  decay is very well know n. 

In  th e  la b o ra to ry  fram e, th e  n eu trin o  flux, $ lab, is given by [25]:

lab

dSdy

N,ß Y

nL2 g (ye)
y ;(!  - y ) V ( 1 - y ) 2 - V e (293)

w here N ß is th e  num ber of ion decays p e r u n it tim e, m e is th e  m ass of th e  electron , dS  is th e  

elem ent of solid angle, 0 <  y  =  <  1 — y e , and  y e =  m e/E o ; and:

1
g (y e) =  gjj < \ / l  — y |( 2  -  9y 2e -  8y i )  +  15y Ae log

ye

1 -  V 1 ~ V e
(294)

N ote  th a t  th e  shape  of th e  flux, and  in p a rtic u la r  th e  average (an ti-)n eu trin o  energy, is essentially  

co n stan t for a p a r tic u la r  y E 0 and  th a t ,  if th e  num ber of decaying ions and  th e  baseline are  kept 

fixed, th e  flux increases w ith  y .

5 . 3 . 1  B e t a - b e a m  s e t u p s

T h e  choice of iso tope is a  com prom ise betw een p ro d u c tio n  yield, E o, and  lifetim e. Iso topes 

should  be sufficiently long-lived to  avoid s tro n g  losses in th e  accelera tion  phase, b u t m ust decay 

fast enough to  genera te  a n eu trin o  beam  of sufficient flux. L ifetim es of th e  o rd er of 1 s are 

considered  reasonable.

T h e  following isotopes have been  identified as good cand idates: 6He w ith  E o =  3506.7 keV 

to  p roduce Ve and  18Ne w ith  E o =  3423.7 keV to  p roduce  Ve [24]. M ore recen tly  tw o ions w ith
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larger E o have been also considered: 8Li (E o =  12.96 M eV) and  8B (E o =  13.92 M eV) [209,709]. 

A t th e  sam e y / L ,  th e  n eu trin o  beam s p roduced  by th e  ions L i/B  are  typ ically  a t th re e  to  four 

tim es m ore energetic th a n  those  of H e/N e.

O p tim isa tio n  of th e  y  fac to r and  th e  baseline should take  in to  account th e  following physics 

requirem ents:

•  L / ( E V) should be n ear th e  first a tm ospheric  m axim um  so th a t  oscillation  signals are as large 

as possible. For a p a rtic u la r  ion, th is  m eans th a t  L and  y  have a co n s tan t ra tio  and  therefore  

th a t  th e  n eu trin o  flux is constan t;

•  T h e  n e u trin o  energy should  be above ^ -p ro d u c tio n  th resho ld ;

•  T h e  n e u trin o  energy should be large enough for a  m easurem ent of th e  sp ec tra l d is to rtio n  to  

be used to  resolve th e  in trin sic  degeneracy;

•  T h e  baseline should be as long as possible to  all th e  m ass h ierarchy  to  be d e te rm ined  th ro u g h  

th e  observation  of m a tte r  effects; and

•  E ven t ra te : increasing  y  a t fixed ion flux increases th e  n eu trin o  energy and  therefo re  th e  

num ber of events since th e  n eu trin o  cross sections increase w ith  energy.

All these  requ irem en ts  p o in t in th e  sam e d irec tion : increasing  th e  y  fac to r as m uch as possible 

and  tu n in g  th e  baseline to  sit near th e  a tm ospheric-oscilla tion  peak. P rac tica l issues will lead 

to  co n s tra in ts  on th e  m axim um  y  th a t  can  be achieved. If  an  ex isting  accelera tor in fra s tru c tu re  

was developed to  host a  b e ta -b eam , th e  y s  w hich could be achieved for He and  Ne are:

•  C E R N - S P S :  YHe =  150, YNe =  250;

•  Refurbished S P S :  YHe =  350, YNe =  580;

•  Tevatron:  YHe =  350, YNe =  580; and

•  L H C :  YHe ~  2500, YNe ~  4000.

T he  y s  th a t  could be achieved for L i/B  are  YLi/B =  8/9YHe/ Ne.

For YHe =  150, bend ing  m agnets  of 5 T  and  a useful decay leng th  of 36%, th e  decay ring 

leng th  is ~  6 880 m. If  y  is increased  and  th e  bend ing  m agnets  are th e  sam e, th e  decay ring 

should be scaled p ro p o rtio n a lly  to  m a in ta in  th e  sam e frac tion  of useful ion decays. T he  ions in 

th e  decay ring  should be kept in sm all bunches in o rder to  keep th e  m achine du ty-cycle small; 

th is  is requ ired  to  keep th e  background  from  a tm ospheric  neu trinos  a t a  negligible level (see th e  

discussion in section 5 .3 .8 ).

A n a p p ro p ria te  long baseline site  is also required . To reduce th e  background  from  cosmic 

m uons, an  u n d erg round  location  is preferable. Therefore, an  ad d itio n a l co n s tra in t for th e  choice 

of baseline w ould be th e  availab ility  of an  a p p ro p ria te  site, p referab ly  w ith  an  ex isting  and
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u n d erg round  labora to ry . I t  should be no ted  th a t  a d e tec to r for a  b e ta -b eam  could be versatile  

enough to  allow o th e r d a ta  sam ples to  be s tud ied  (for exam ple: a tm ospheric  neu trinos; supernova 

neu trinos; e tc .). F o rtu n a te ly  a num ber of a lte rn a tiv es  exist th a t  roughly  m atch  th e  y s  no ted  

above.

5 . 3 . 2  T h e  l o w - e n e r g y  b e t a - b e a m :  L E ß ß

A low -energy be ta -b eam , w ith  average n e u trin o  energies in th e  sub-G eV  range, m atches th e  

d is tance  from  C E R N  to  th e  M odane la b o ra to ry  in th e  F rejus tu n n e l, L =  130 km . T he  nice 

fea tu re  of th is  o p tion  is th a t  th e  a p p ro p ria te  y  could be achieved w ith  th e  p resen t C E R N  SPS. 

In  th e  first p roposal along these  lines [710,711], a  YHe =  60,YNe =  100 was chosen so th a t  th e  

baseline w ould sit near th e  first a tm ospheric  peak. I t  was th e n  realised, in reference [25], th a t  

th is  was n o t op tim al. T h e  new  s ta n d a rd  choice is YHe =  YNe =  100 [26]. In  reference [341], 

a scan in Y was perform ed for th is  baseline, assum ing  a fixed ion flux, and  th e  o p tim al Y was 

found to  be y  >  90 — 100 and  w ith  little  im provem ent for larger y . T h e  average n eu trin o  energy 

is ~  0.4 GeV, a little  above th e  a tm ospheric  peak  a t th e  C E R N -F rejus baseline.

5 . 3 . 3  H i g h - e n e r g y  b e t a - b e a m s :  H E ß ß

N eu trin o  beam s w ith  average energies in th e  1 — 1.5 GeV range could reach th e  atm ospheric  

peak  a t L  ~  700 km, m atch ing  th e  d is tance  betw een C E R N -C anfranc , C E R N -G ran-S asso  or 

F erm ilab-S oudan . Such a beam  could be achieved in tw o ways:

(a) by using  m ore pow erful accelera tors, such as a refurb ished  SPS or th e  T evatron  to  increase 

YHe =  YNe =  350 [25]

(b) by using h igher E o ions such as L i/B  a t m o d era te  y  ~  100 th a t  could be achieved also 

w ith  th e  Ferm ilab  M ain In jec to r, b u t increasing  significantly  th e  num ber of decaying ions to  

com pensa te  for th e  loss of flux [709, 712]

E ven  h igher energy b e ta -b eam s have also been  considered  [25,689]. If it were possible to  

accelera te  th e  ions in LH C  w ith o u t significant ad d itio n a l losses, it w ould be  possib le to  p roduce 

a  beam  w ith  y  =  0 (1 0 0 0 ). In  th is  case, w ith  a baseline of a few th o u san d  kilom eters, b e tte r  

sensitiv ity  to  m a tte r  effects and  th e  sign of A m 21 w ould be achieved [25,689]. T h e  perform ance 

of such a se tu p  will be p resen ted  below. However, such an  increase in Y looks ra th e r  far-fetched a t 

p resen t and  it is m ore likely th a t  a  greenfield scenario  for th e  b e ta -b eam  w ould end up  providing 

a h igher in tensity  of ions [712] ra th e r  th a n  larger boosts.

5 . 3 . 4  I o n  p r o d u c t i o n  a n d  v  f l u x e s

T h e  only  deta iled  stud ies on ion -p roduction  and  accelera tion  perform ed  up  to  now have con 

c en tra ted  on using th e  IS O L D E  techn ique for ion p ro d u c tio n  and  th e  C E R N  P S  and  SPS for
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x 10 9

F ig u re  6 8 : (solid) an d  ve (d ash ed ) fluxes as a  fu n c tio n  o f th e  n e u tr in o  en e rg y  for H e a n d  N e a t  7  =  100, 350 

(left) a n d  for Li a n d  B  a t  7  =  100 (r ig h t) , assu m in g  th e  n u m b e r  o f d ecay in g  ions to  b e  th e  s ta n d a r d  one in  all 

cases. T h e  v e r tic a l lines co rre sp o n d  to  th e  en erg y  p o s it io n  o f th e  a tm o sp h e ric  p e a k  for A m 1 3 =  0.0025 e V 2.

acceleration  [713]. T h e  E U R IS O L  b e ta -b eam  group  baseline assum es y  =  100 and  a flux corre 

spond ing  to  2.9 x 1018 He an d  1.1 x 1018 Ne decays p e r year [714]. T h e  goal is to  achieve th is  

perform ance w ith o u t assum ing  m odifications to  th e  p resen t C E R N  accelerators. N o s tu d y  has 

yet been  perform ed  for th e  L i/B  op tion , so th e  ion flux assum ed in th is  case should be considered 

as a goal. Since th e  ion p ro d u c tio n  system  w ould be com m on, it is reasonab le  to  assum e th a t  

a refurb ished  SPS could be used to  accelera te  ions to  h igher y  w ith o u t fu r th e r  loses. M ore ions 

m ust be sto red  in th e  decay ring  a t h igher y  since th e  ion lifetim e is d ila ted , th is  m ay lim it 

th e  n e u trin o  flux. O n th e  o th e r hand , a t h igher y  th e  d u ty  cycles th a t  have been  used in th e  

baseline scenario  to  reduce th e  a tm ospheric  background  can  be relaxed. Therefore, th e  fluxes 

no ted  above will be used for b o th  th e  low- and  th e  high-Y setups.

T h e  n eu trin o  fluxes a t th e  d e tec to r location  for th e  L E ß ß  and  th e  H E ß ß  and  th e  s ta n d a rd  

ion fluxes are  show n in figure 68. As exp lained  above, th e  shape  of th e  flux depends only on th e  

com bination  2y E 0, w hich defines th e  end -po in t of th e  sp ec tru m  and  therefo re  it is ra th e r  sim ilar 

for th e  tw o H E ß ß  op tions. O n th e  o th e r hand , th e  abso lu te  flux depends on th e  com bination  

(y / L ) 2 and  is therefo re sm aller for lower y  as can  be  seen by com paring  th e  left and  th e  righ t 

p lo ts of figure 68 ; a lthough  th e y  are  very sim ilar in shape, th e y  differ by a fac to r 10 in abso lu te  

value. T he  p ro p erties  of th e  various b e ta -b eam  se tups are  sum m arised  in ta b le  10.

G iven th e  fact th a t  p roposals for new  techn iques by w hich th e  ion yield m ay be increased [712] 

have no t yet been  fully explo ited , and  on th e  assu m p tio n  th a t  a  num ber of im provem ents to  th e  

p resen t P S  and  SPS a t C E R N  are likely to  occur in th e  L H C -upgrade  program m e, it does no t 

seem un reasonab le  to  consider a  greenfield scenario  in w hich th e  num ber of ions is increased  up  

to  a fac to r 10 w ith  respect to  th e  baseline defined above. W e will consider th e  reach of such an 

aggressive facility  in section 5.3.19.
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Ion 7 L ( k m ) ve CC ve CC ( E v ) ( G e V )

H e/N e 100 130 28.9 32.8 0 .39/0 .37

H e/N e 350 700 62.0 55. 1.35/1.3

L i/B 100 700 5.0 4.9 1 .3 /1 .4

T ab le  10: N u m b e r  o f c h a rg e d -c u rre n t ev e n ts  p e r  k to n -y e a r  a n d  av erage n e u tr in o  energy , in  th e  ab sen ce  of 

o sc illa tio n , for th e  d iffe ren t o p tio n s  a n d  a  n u m b e r  o f d ecay in g  ions o f N He/ Li =  2.9 x  1018 y e a r -1  a n d  N Ne/ B =  

1.1  x  1018 y e a r - 1 .

5 . 3 . 5  D e t e c t o r  t e c h n o l o g y

T h e  golden signals a t a b e ta -b eam  facility  are: a  m uon from  th e  ap p ea ran ce  channel; and  an 

electron  from  th e  d isap p ea ran ce  channel. T he  silver channel (t  p ro d u ctio n ) is no t open  for m ost 

of th e  se tups considered  and  has no t been  stud ied  in any detail.

Since th e  beam , a t source, is a  p u re  flavour e igenstate , th e  p rincipal u ncerta in ties  in th e  m ea 

su red  oscillation p robab ilities  arise from  u ncerta in ties  in th e  background  ra te s  and  th e  precision 

w ith  w hich th e  efficiencies can  be de te rm ined . T h e  m ain  requ irem en ts for an  o p tim al d e tec to r 

are, therefore, good partic le  iden tification  (i.e. ß / e / n  separa tion ) and  good neu trino -energy  

reso lu tion . Several types of m assive d e tec to r can  be op tim ised  to  identify  m uons and  electrons 

in th e  G eV  range.

T h e  fact th a t  th e  b e ta -b eam  produces a p u re  ve (or ve) beam  m eans th a t  th e  golden (m uon 

appearance) channel is free from  th e  beam -genera ted  ’w rong-sign m u o n ’ background  th a t  is 

p resen t a t th e  N eu trin o  Factory. T h is  m eans th a t  it is no t necessary to  m agnetise  th e  b e ta - 

beam  d etec to r; a  significant advan tage th a t  th e  b e ta -b eam  has over th e  N eu trin o  Factory. Since 

m agnetisa tion  is no t requ ired , a very m assive, w ater C erenkov d e tec to r is an  a p p ro p ria te  techno l 

ogy choice for th e  be ta -b eam . Such a d e tec to r has a b road  physics p o te n tia l beyond oscillation 

physics: p ro to n  decay; d e tec tio n  of neu trinos  from  supernovas; etc. I t  is h a rd  to  im agine th a t  

one can  achieve m egaton  d e tec to r m asses w ith  a d ifferent ty p e  of technology.

D etec to rs  th a t  have been  considered  for th e  b e ta -b eam  to  d a te  include:

•  A 500 k ton  fiducial w ater Cerenkov [25,710,711];

•  A 50 k to n  N O vA -like d e tec to r [689]; and

•  A 40 k to n  Iron  ca lo rim eter [715].

W e will give som e deta ils  of th e  perfo rm ance of th e  first tw o op tions. Very recen tly  a liquid 

argon  T P C  has also been  discussed in th e  con tex t of th e  b e ta -b eam  in reference [712]. W e refer 

to  th is  w ork for details.
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F ig u re  69: S ignal to  no ise  (i.e. sq u a re  ro o t o f th e  s ig n a l p lu s  b ac k g ro u n d  ev e n ts  a d d  in  q u a d ra tu re  for th e  

d iffe ren t en erg y  b in s) for th e  a p p e a ra n c e  s ig na l from  N e in  u n its  o f one M to n -y e a r  as a  fu n c tio n  o f 7 , h o ld in g  

7 / L  ~  0.5 fixed. T h e  th re e  cu rv es co rre sp o n d  to  6 1 3  =  8 ° , 3° a n d  1°.

5 . 3 . 6  W a t e r  ( C e r e n k o v

W ater C erenkovs are  op tim ised  to  search for th e  quasi-elastic  (Q E ), charged cu rren t (C C ) events; 

it is no t possible to  m easurem ent th e  hadron ic  energy and  therefo re  it is possible to  reco n stru c t 

th e  n eu trin o  energy only for Q E events. F igu re  69 shows th e  signal-to-noise ra tio  for a m egaton- 

year exposure  as a function  of 7  (for fixed 7 /L  ~  0.5) for a  n eu trin o  beam  from  Ne decays. T h e  

signal-to-noise ra tio  is defined in each energy b in  (seven bins are  considered  in all se tups  betw een 

200M eV and  th e  en d -po in t), th e  resu lts  for all bins are th e n  added  in q u a d ra tu re . T h e  expected  

im provem ent w ith  7  slows dow n above 7  ~  400, because events a t h igher energies are  likely to  

give m ore th a n  one ring  and  therefo re  are  no t likely to  be selected, w hile th e  background-selection  

efficiency continues to  increase. T h e  figure shows th a t  th e re  is little  benefit from  increasing  7  

above 300-400 using  a w ater Cerenkov [341]. O n th e  o th e r hand , for lower 7  th is  technology is 

p ro b ab ly  close to  o p tim al given th e  large m ass th a t  one could envisage for th is  ty p e  of detec to r.

D etailed  M onte C arlo  stud ies of a  S uper-K am iokande-like d e tec to r have been  perform ed  to  

q u an tify  th e  efficiencies and  backgrounds for th e  ^ -a p p e a ra n c e  signal. T h e  signal selection cu ts 

a re  essentially  th ree:

•  Single ring, con tained  events; and

•  ^ -like ring;

•  D elayed ring: M ichel electron  from  ^-decay.
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F ig u re  70: R e c o n s tru c te d  en e rg y  in  a  w a te r  C erenkov  p e r  M e g a to n  y ea r for s ig n a l a n d  N C  a n d  C C  b a c k g ro u n d  

(h a tc h ed )  for th e  L E  s e tu p  (left) a n d  th e  H E  one (r ig h t). T h e  tr u e  va lu es assu m ed  a re  0 1 3  =  3° a n d  5 =  90°.

T h e  energy reso lu tion  for Q E events is q u ite  good, m ain ly  lim ited by Ferm i m otion . However, 

th e  co n tam in a tio n  from  non-Q E  events, w hich increases w ith  energy, in troduces a shift betw een 

th e  tru e  and  reco n stru c ted  n eu trin o  energies. In  o rder to  tak e  in to  account th is  fact properly, 

m ig ra tion  m atrices for efficiencies and  backgrounds th a t  allow for th e  ‘m ig ra tio n ’ from  tru e  

to  reco n stru c ted  n eu trin o  energy are used as first described  in reference [25]. In  th e  analysis 

presen ted  below, reco n stru c ted  energy bins of 100 M eV for th e  L E ß ß  and  200 M eV  for th e  

H E ß ß  will be considered.

T h e  m ain  source of background  are n eu tra l cu rren t (N C) events w ith  one positively-charged 

pion being  p roduced  th ro u g h  th e  A  resonance. N egatively-charged pions are very m uch su p 

pressed  by th e  delayed-ring  cu t, because of th e  large abso rp tio n  cross section for negative pions. 

For th e  H E ß ß  se tup , m ulti-p ion  events are  also a significant source of background . In  th ird  

place, a  few charged cu rren t (C C ) events, in w hich th e  electron  ring  goes u n d e tec ted  and  a 

single p ion is m is-identified as a m uon, also survive th e  selection cu ts. A m ore deta iled  analysis 

w ould be needed to  see w h e th er th e  presence of a low -energy electron  in these  events could be 

revealed by m eans of a  m ore soph istica ted  reco n stru c tio n  algorithm .

F igu re  70 shows a com parison  of th e  expected  signal for 0\ 3 =  3° and  ö =  n /2  (near th e  

sensitiv ity  reach of T 2K -I) to g e th e r w ith  th e  d ifferent background  co n trib u tio n s  for each setup . 

T h e  level of N C background  is ra th e r  large, especially  for th e  H E  se tup , b u t, owing to  th e  very 

d ifferent k inem atics of Q E and  N C events, th e  reco n stru c ted  n eu trin o  energy for th e  N C events 

is s trong ly  peaked a t m uch lower values [25], m aking th is  background  easily d istingu ished  from  

th e  signal.

In  th e  com parison  p lo ts w hich follow, a global no rm alisa tion  u n ce rta in ty  of 2% will be con 

sidered. T h is no rm alisa tion  u n ce rta in ty  is tak en  to  include th e  fiducial-volum e uncerta in ty . In 

ad d itio n , a  1% u n ce rta in ty  in th e  ra tio  of n eu trin o  to  an ti-n eu trin o  cross sections, an  o p tim istic
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A ppearance  D isappearance

V VV V VV

Signal efficiency 0.8 0.8 0.2 0.2

B ackground  rejection 0.001 0.001 0.001 0.001

Signal e rro r 2.5% 2.5% 2.5% 2.5%

B ackground  erro r 5% 5% 5% 5%

T ab le  11: T h e  s ig n a l efficiencies a n d  b ac k g ro u n d  re je c tio n  resp e c tiv e ly  a n d  th e  sy s te m a tic a l e rro rs  for th e  v ariou s 

signa ls a n d  b a c k g ro u n d s  u sed  in  [689].

assum ption  if th e  p resen t know ledge of th is  ra tio  is tak en  in to  account. A ded ica ted  n eu trin o  

cross-sec tion-m easurem ent p rogram m e using a n ear d e tec to r a t th e  sam e facility  w ould be re 

qu ired  to  reach such a precision. For th e  d isap p ea ran ce  signal th e  u n ce rta in ty  on th e  global 

no rm alisa tion  is th e  m ost im p o rta n t, so we neglect background  u ncerta in ties  and  considered 

only th e  no rm alisa tion  error.

5 . 3 . 7  N O v A - l i k e  d e t e c t o r

A to ta lly -ac tive , liqu id -sc in tilla to r d e tec to r (TA SD ) a la N O v A  has been considered in [689] for

Y >  500. T h e  m ain  advan tage of th is  technology is th a t  th e  n eu trin o  energy can  be reco n stru c ted  

for non -Q E  events, w hich becom e dom in an t a t h igher energies, as well as for Q E  events. O n th e  

o th e r hand , it m ay be difficult to  bu ild  a d e tec to r of th is  ty p e  w ith  a m ass m uch larger th a n  a 

few tens  of kilo tons. A fiducial m ass of 50 k to n  will be assum ed.

T h e  d e tec to r perfo rm ance has been  stud ied  in th e  N O v  A proposal. Since th e  d e tec to r has 

been proposed  for th e  conventional N U M I beam , th e  s tu d y  considered  only efficiencies and  

backgrounds for e-like events. T hese efficiencies and  backgrounds are sum m arised  in ta b le  11. 

W hile assum ing  th e  sam e efficiencies and  backgrounds for th e  ß  signal m ight be conservative, 

as argued  in [689], th e  physics is q u ite  different and  a deta iled  s tu d y  of th is  d e tec to r for th e  

b e ta -b eam  is essential for a reliab le com parison  to  o th e r technologies to  be m ade.

T h e  energy reso lu tion  is assum ed to  be a G aussian  w ith  a w id th  of 3% /y /Ë  for m uons and  

6 % /y fË  for e lectrons and  th e  background  is conservatively  assum ed to  have th e  sam e energy 

sp ec tru m  as th e  signal.

5 . 3 . 8  A t m o s p h e r i c  b a c k g r o u n d s

A very im p o rta n t source of background  for all d e tec to r technologies are  a tm o sp h eric -n eu trin o  

events. A d e tec to r like S uper-K am iokande will record  app rox im ate ly  120 v m +  VM in teractions 

p e r k ilo ton-year (including  th e  d isap p earan ce  of vß in to  v t ).

T h ere  a tm ospheric  background  m ay be reduced in tw o ways. F irstly , th e  energy is often 

poorly  reco n stru c ted  for these  events since th e y  com e from  all d irec tions w hile th e  signal comes
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F ig u re  71: R a tio  o f v  b a c k g ro u n d  ev en ts  co m in g  from  th e  d e te c to r  m is id en tific a tio n  to  th o se  com ing  from  

a tm o sp h e ric  n e u tr in o s  for th e  L E  (u p ) a n d  H E  (dow n) se tu p s . T h e  s ta tis t ic s  c o rre sp o n d s  to  a  m e g a to n  y ea r (107 

sec).

from  th e  d irec tion  of th e  beam . T h e  c u t on th e  reco n stru c ted  energy to  be w ith in  th e  range 

of energies p roduced  by th e  b e ta -b eam  significantly  reduces th e  background  w ith o u t affecting 

th e  signal efficiency. Secondly, selecting events for w hich th e  reco n stru c ted  n eu trin o  d irec tion  

is consisten t w ith  th e  beam  also preferen tia lly  selects beam -induced  events. W hile th e  n eu trin o  

d irec tion  can n o t be m easured  directly , it is increasingly co rre la ted  w ith  th e  observable lep ton  

d irec tion  a t h igh energies. A d irec tiona l cu t is m ore effective as y  increases, b u t is never perfectly  

efficient. For a sim ilar signal efficiency, background  rejection  for th e  H E ß ß  was e s tim a ted  in 

reference [341] to  be  a fac to r th re e  b e t te r  th a n  for th e  L E ß ß .

W ith o u t im posing  any d irec tiona l cu t, we show th e  ra tio  of th e  d e tec to r to  a tm ospheric  back 

g rounds in reconstruc ted -energy  bins for th e  L E  and  H E  se tups  in figure 71. Since th e  a tm o 

spheric background  can  be m easured  w ith  very good accuracy, th e  system atics  associated  to  

its  su b tra c tio n  are  very sm all and  therefo re  it w ould be sufficient if th is  ra tio  could be m ade 

of O (1). Such a re jection  fac to r can  be achieved by tim in g  th e  p a ren t ion bunches. I t  was 

es tim ated  [711] th a t  a  re jection  fac to r of 5 x 10-5  p e r bunch  is feasible w ith  bunches 10 ns in 

leng th . As a lready  ind icated  in reference [341], th is  re jection  pow er is an  m ore th a n  sufficient 

given th e  ra tios show n in figure 71 w hich ind ica te  th a t  a  global rejection  of 10-2  is p ro b ab ly  

sufficient for th e  L E  op tion  and  could be even relaxed fu rth e r  for th e  H E  op tion . In  th e  analysis 

p resen ted  below, th e  a tm ospheric  background  is assum ed to  be negligible.

5 . 3 . 9  A n a l y s i s  o f  p e r f o r m a n c e  a n d  o p t i m i s a t i o n

T he following ‘s ta n d a rd ’ se tups will be com pared  directly :
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F ig u re  72: 3 a  se n s itiv ity  to  Ô1 3  for th e  L E ß ß , H E ß ß -a ,  H E ß ß -b . T h e  le ft p lo t d o es n o t in c lu d e  th e  d isc re te  

a m b ig u itie s  a n d  th e  r ig h t one does.

•  L E ß ß  w ith  a 500 M ton  fiducial W ater Cerenkov;

•  H E ß ß  w ith  a 500 M ton  fiducial W ater Cerenkov: H E-a; and

•  H E ß ß  w ith  a 50 k to n  fiducial TASD: H E-b.

F u r th e r  deta ils  of th e  experim en ta l analyses can  be found in references [26 ,27 ,341,689]. T h e  

perfo rm ance of these  se tups  will be com pared  assum ing  th e  SvM  and  using  th e  following cen tra l 

values for th e  know n oscillation  param eters:

sin2 023 =  0.44 A m 2 3 =  + 2 .5  x 10- 3 eV 2

sin2 012 =  0.3 A m ?2 =  0.8 x 10- 4 eV 2 . (295)

All th e  p lo ts labeled  I S S 2006 assum e these  ‘t r u e ’ values, however th is  is no t th e  case for all 

p lo ts show n below.

5 . 3 . 1 0  S e n s i t i v i t y  t o  013

In  figure 72 we com pare  th e  sensitiv ity  to  013 =  0 for th e  L E ß ß  an d  th re e  H E ß ß  op tions 

using  th re e  types of d e tec to r. O n th e  left p lo t only th e  in trinsic  degeneracy  is included, w hile 

th e  righ t p lo t also takes in to  account d iscre te  am biguities. C om parison  of th e  left and  righ t 

panels ind icates th a t  th e  effect of th e  d iscre te  am bigu ities is q u ite  sm all. For th e  H E  options, 

th e  bigger m ass yields im proved sensitiv ity  as expected , w hile th e  L E  o p tion  w ith  a 500 k ton  

d e tec to r slightly  ou t-perfo rm s th e  H E -b  op tion  w ith  a d e tec t for w hich th e  fiducial m ass is a 

fac to r 10 sm aller.

191



-5 -4.5 -4 -3.5 2  ~3  -2-5 -2 -1.5 -1 

l o g , 0 ( s in  2 d 13)

F ig u re  73: 3 a  se n s itiv ity  to  Ô1 3  for th e  L E ß ß , H E ß ß -a ,  H E ß ß -b  n eg lec tin g  th e  d isc re te  am b ig u itie s  (left) a n d  

in c lu d in g  th e m  (rig h t).

5 . 3 . 1 1  S e n s i t i v i t y  t o  C P  v i o l a t i o n

T h e  sensitiv ity  to  C P  v io lation  for th e  sam e se tups  is com pared  in figure 73. A gain, th e  d iscrete  

am biguities are no t p resen t in th e  left panel, b u t are  tak en  in to  account in th e  th e  righ t panel. 

In  th e  case of C P -v io la tion  sensitivity, th e  H E -a  o p tion  ou t-perfo rm s th e  o thers, w hile th e  LE  

o p tion  is sim ilar o r slightly  worse th a n  H E-b. T h e  sign am bigu ity  is d irec tly  responsib le for 

th e  loss of sensitiv ity  in a b and  a t negative ö for th e  H E  setups. T h is  is a  w ell-know n effect 

th a t  has also been  observed in T 2H K  analyses (see for exam ple reference [19]). A com bination  

w ith  an o th e r ex p e rim en t/m ea su re m en t to  resolve th e  co rre la tion  betw een ö an d  th e  h ierarchy 

is necessary. T h e  different a lte rn a tiv es  by w hich th is  can  be done have no t yet been  explored.

5 . 3 . 1 2  S e n s i t i v i t y  t o  t h e  d i s c r e t e  a m b i g u i t i e s

T h e  sensitiv ity  to  th e  sign of A m |3 for th e  H E  op tions is com pared  in figure 74 (the  sensitiv ity  

of th e  L E  op tion  is no t show n since th e  sh o rt baseline m akes fives it little  or no sensitiv ity ). T h e  

H E -a  o p tion  again  ou t-perfo rm s th e  H E -b  op tion . T h e  dependence on ö is very strong . O nly 

for values of sin2 2013 >  0.03 can  th e  norm al h ierarchy  be estab lished  a t 3 a  for any  value of ö. 

A significant im provem ent can  be m ade by com bining th e  b e ta -b eam  d a ta  w ith  a tm ospheric- 

n eu trin o  d a ta , th is  will be discussed in th e  nex t section.

T h e  sensitiv ity  to  th e  o c ta n t of d23 is ex trem ely  w eak for th e  choice we have m ade of d23 for 

all th e  setups. However, as we will see below th is  does no t in terfere  w ith  th e  m easurem en t of 

d13 and  ö.
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sign(Am23ß) measured at 3g

F ig u re  74: 3 a  se n s itiv ity  to  th e  n o rm a l m ass  h ie ra rc h y  assu m in g  for th e  H E ß ß - a  a n d  H E ß ß -b  se tu p s .

5 . 3 . 1 3  M e a s u r e m e n t  o f  013 a n d  5

T he resu lts  from  fittin g  th e  ap p ea ran ce  and  d isap p earan ce  signals to  e x tra c t th e  p a ram ete rs  (013 

and  ö), for th e  tru e  values ind icated  by th e  s ta rs  (013 = 3 ° ,  ö =  90, - 9 0 ,0 )  are  show n in figure 

75. T h e  left panels co rrespond  to  th e  LE se tu p  and  th e  righ t panels to  th e  H E -a  op tion . T h e  

u ncerta in ties  on ö and  d13 a re  significantly  larger for th e  L E ß ß  and  in p a rticu la r  th e  eight-fold 

degeneracy  is fully p resen t in th is  case. T h e  in trinsic  degeneracy  is resolved for th e  H E -a  se tup  

for all values of ö. T h e  o c ta n t degeneracy rem ains in all cases for th e  H E -a  se tup , w hile th e  

h ierarchy  and  m ixed degeneracies are  resolved for ö =  90°.

5 . 3 . 1 4  T o w a r d s  a n  o p t i m a l  b e t a - b e a m  s e t u p

W hile th e  sensitiv ity  of th e  se tups considered  above to  C P  v io lation  and  013 is com parab le  to  

th e  sensitiv ity  th a t  m ay be achieved a t th e  N eu trin o  Factory, th e  ab ility  to  resolve th e  d iscrete  

degeneracies is ra th e r  lim ited . A num ber of ideas have been  considered  to  im prove th e  physics 

reach of b e ta -beam s, p a rticu la rly  as regards th e  d iscre te  am biguities, these  ideas will be discussed 

below.

5 . 3 . 1 5  C o m b i n a t i o n  w i t h  a t m o s p h e r i c  d a t a

A ny large d e tec to r th a t  could be used for a b e ta -b eam  can provide m ore precise m easurem en ts 

of th e  a tm o sp h eric -n eu trin o  flux. T h is  is ce rta in ly  th e  case for th e  w ater Cerenkov considered 

in se tups L E ß ß  and  H E ß ß -a  for w hich th e  fiducial m ass considered  is tw enty  tim es larger th a n  

th a t  of Super-K am iokande. A lso in th e  case of a m uch sm aller d e tec to r, such as a m agnetised
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F ig u re  75: 3 a  CL c o n to u rs  o b ta in e d  in  th e  L E ß ß  (left) a n d  H E ß ß -a  s e tu p  (rig h t)  for th re e  values o f th e  t ru e  

p a ra m e te r s  in d ic a te d  by  th e  s ta rs . T h e  solid  b la ck  ellipses show  th e  th e  in tr in s ic  d eg en eracy , th e  p in k  ellipses 

th e  o c ta n t  degen eracy , th e  red  e llipses show  th e  m a ss-h ie ra rch y  d eg eneracy , a n d  th e  b lu e  e llipse is th e  co m b in ed  

m a ss-h ie ra rc h y / o c ta n t  degeneracy .
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sign(Am22  measured at 3a

F ig u re  76: 3 a  se n s itiv ity  to  th e  n o rm a l m ass  h ie ra rc h y  assu m in g  for th e  H E ß ß - a  a n d  th e  L E ß ß  in  c o m b in a tio n  

w ith  a tm o sp h e ric  d a ta .

iron  calorim eter, th e  m easurem en t of th e  n eu trin o  and  an ti-n eu trin o  fluxes could add  valuable 

in fo rm ation  on th e  oscillation  p a ram ete rs  [716].

T h e  physics p o te n tia l th a t  resu lts from  th e  com bination  of these  m easurem ents w ith  those  in a 

long-baseline experim en t w ere first stud ied  in reference [38], w here th e  case of th e  T 2H K  su p e r 

beam  was considered . M ore recently, th e  sam e analysis has been  perform ed  for th e  L E ß ß  [27]. 

In  b o th  cases, it has been  found th a t  for sufficiently large values of $13, th e  com bination  w ith  

a tm ospheric  d a ta  is ex trem ely  helpful in resolving th e  d iscre te  degeneracies re la ted  to  th e  m ass 

h ierarchy  and  th e  d23 o c tan t. As we have seen, th e  L E ß ß  se tup  has no sensitiv ity  to  e ither, 

while th e  H E ß ß  op tions have some, ö-dependent, sensitivity.

T h e  regions in w hich th e  s g n A m ^  can  be estab lished  a t 3 a  by com bining a tm o sp h eric -n eu trin o  

d a ta  w ith  th e  L E ß ß  and  th e  H E -a  se tu p  are  show n in figure 76. T h e  com bination  of th e  

LE  se tu p  w ith  a tm ospheric  d a ta  resu lts  in a significant sensitiv ity  to  th e  hierarchy, a lthough  

th e  com bination  does no t im prove th e  sensitiv ity  of th e  H E -a  se tup . T h e  com bination  w ith  

a tm ospheric  d a ta  is also possible for all H E  setups, th is  analysis has no t yet been done. I t  is 

expected , however, th a t  inc lud ing  th e  a tm ospheric  d a ta  in th is  case will im prove th e  sensitiv ity  to  

th e  sg n A m 21 for those  values of ö for w hich th e  sensitiv ity  is poor and  to  im prove th e  sensitiv ity  

to  C P  v io lation  in th e  negative ö region in th e  righ t panel of figure 73.

C oncern ing  th e  o c ta n t am biguity, th e  com bination  of a  L E ß ß  w ith  a tm ospheric  d a ta  has been 

show n no t to  im prove th e  sensitiv ity  th a t  can  be achieved using th e  a tm ospheric  d a ta  alone [27]. 

I t  will be in te res tin g  to  see w hether, in th e  case of th e  H E ß ß  for w hich th e  sensitiv ity  to  th e  

o c ta n t is b e t te r  [341], th e  s itu a tio n  changes and  th e re  is som e im provem ent as is in th e  case for 

th e  com bination  of th e  a tm ospheric  d a ta  w ith  o th e r super-beam s such as T 2H K  or th e  SPL.
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3a d is c o v e r y  o f  a  n o n -z er o  0 13 w ith in  5 y r s

tru e  8Cp frac tio n  o f  true  8 Cp valu es

F ig u re  77: 3 a  se n s itiv ity  to  s in 2 2013 for 5 y ea rs  o f ru n  w ith  a  L E ß ß  (w ith  tw ice  th e  s ta n d a rd  io n  flux) an d  th e  

S P L  su p e r-b e a m , co m p a re d  w ith  a  10 y ea r ru n  w ith  T 2 H K  (2 y ea rs  n e u tr in o s  an d  8 a n ti-n e u tr in o s . F ig u re  ta k e n  

fro m  referen ce  [27]. T h e  p a ra m e te rs  a re  n o t th e  sam e as th o se  in  e q u a tio n  (2 9 5 ).

5 . 3 . 1 6  A n  a s s o c i a t e d  s u p e r - b e a m

In  th e  first b e ta -b eam  scenario  considered a t C E R N , th e  com plex also included a conventional 

n eu trin o  beam , th e  SPL super-beam , using th e  sam e baseline (C E R N -F rejus) and  d e tec to r 

(w ater Cerenkov) (see section 5.2. T h e  advan tage of hav ing  th e  tw o types of beam , is th a t ,  

in ad d itio n  to  C P -con juga te  tran s itio n s , T -con juga te  and  C P T -co n ju g a te  tran s itio n s  could also 

be  m easured  [710]. In  p a rticu la r, th e  com parison  of th e  ve ^  an d  ^  ve oscillation  

probab ilities  is a  T -odd  observable and  is therefo re  sensitive to  5.

Besides th e  th eo re tica l in te res t of these  m easurem en ts in th e  search for new  physics, th e  

d e te rm in a tio n  of 5 th ro u g h  such a T -o d d  m easurem en t is advan tageous from  th e  experim en ta l 

p o in t of view because several sy stem atic  u n certa in ties  w ould be cancelled. For exam ple, th e  

e rro r on th e  E a r th  m a tte r  density  is no t relevant for th is  m easurem ent.

T h e  first analysis of th e  perform ance of a  super-beam  and  b e ta -b eam  com bination  [710,711] 

d id  no t include sp ec tra l in fo rm ation  and  in th is  s itu a tio n , given th a t  th e  tw o {Ev) /L  are  very 

sim ilar, it was clear th a t  degeneracies, in p a r tic u la r  th e  in trinsic, one w ould rem ain  [214]. L a te r, 

th e  sp ec tra l in fo rm ation  has been  included and  it has been  show n th a t  th e  SPL on its own is 

able to  resolve th e  in trin sic  degeneracy  [27], however th is  is n o t th e  case for th e  L E ß ß  as we 

have seen.

A real synergy of b o th  types of experim en t has been  explored recen tly  [27]. T h e  idea is to  use 

only n eu trin o  runs in b o th  beam s, w hich has th e  advan tage  th a t  th e  cross sections are larger 

th a n  for an ti-n eu trin o s. In  figure 77, th e  sensitiv ity  to  d \ 3 for th is  com bination  w ith  a five-year 

ru n  of b o th  th e  SPL and  b e ta -b eam  is show n to  ou tp e rfo rm  a ten -year ru n  of T2H K .
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F ig u re  78: 90%  c o n to u rs  for a  L E ß ß  w ith  7  =  120 (left) an d  a n  a l te rn a t in g  ion  scen ario  (rig h t)  b o th  a t  L  =  630 k m  

(C E R N -C a n fra n c ). T h e  t r u e  p a ra m e te r s  a re  d e n o te d  w ith  a  th ic k  b lack  sq u a re . F ig u re  ta k e n  from  referen ce  [209]. 

T h e  p a ra m e te r s  a re  n o t th e  sam e as th o se  in  e q u a tio n  (2 9 5 ).

5 . 3 . 1 7  C o m b i n a t i o n  o f  d i f f e r e n t  i o n s

In  reference [209], a  com bination  of th e  beam s p roduced  by th e  four ions H e /N e /L i/B  (the  

‘a lte rn a tin g -io n ’ scenario) w ith  a y  below  th e  p resen t SPS lim it has been  considered . In  th is  case, 

th e  baseline chosen was 630 km  (C E R N -C anfranc), w hich co rresponds to  th e  first a tm ospheric  

peak  for th e  L i/B  beam  a t 7  ~  100, w hile th e  H e /N e  beam  is close to  th e  second peak  for a 

sim ilar 7 . T h e  ion fluxes are  assum ed to  be th e  s ta n d a rd  ones for L i/B  as for H e/N e ,  so th e  

to ta l  n eu trin o  and  a n ti-n eu trin o  fluxes from  all th e  ions are  sim ilar, b u t th e  shapes are qu ite  

d ifferent since th e  en d -p o in t values, E 0, differ (see section 5 .3 .1 ).

T h e  m ain  advan tage of th is  com bination  over th e  L E ß ß  se tu p  is th e  use of tw o different L / ( E v) 

w hich is a  very pow erful way of resolving degeneracies. In  p articu la r, th e  in trinsic  degeneracy 

w hich severely lim its a precise d e te rm in a tio n  of ö in th e  L E ß ß  se tu p  is absen t in th e  com bination . 

T h is, however, is a t th e  expense of hav ing  larger s ta tis tic a l u ncerta in ties  due to  th e  sm aller flux. 

F its  for (013, ö) for a  L E ß ß  w ith  a slightly  larger 7  =  120 a t L =  130 k m  an d  th e  com bination  

of four ions a t L  =  630 k m  a re  com pared  in figure 78. T h e  eight-fold degeneracy of th e  form er 

is reduced to  a tw o-fold degeneracy  in th e  la tte r  a t 90% CL, only th e  o c ta n t am bigu ity  rem ains 

unresolved. T h e  sensitiv ity  of th is  com bination  to  th e  h ierarchy  has also been  show n to  be very 

significant and  m uch less d ep en d en t on ö th a n  in th e  case of th e  H E -a  se tup . We therefore  

conclude th a t  th is  com bination  o u tpe rfo rm s th e  L E ß ß  if 013 is no t to o  sm all, w ith in  th e  reach 

of T 2K  phase I.

5 . 3 . 1 8  H i g h e r  7 ?

T h e  possib ility  of using  m ore pow erful accelera tors such as th e  LH C  to  achieve even h igher 7  

has also been  discussed. T he  increase in 7  allows sm aller de tec to rs , op tim ised  for events in 

th e  m ulti-G eV  range, to  be considered. T he  physics p o ten tia l of a very  h igh 7  b e ta -b eam  w ith

Y >  1000, b u t assum ing  th e  sam e ion flux, has been  considered  in [25,689]. In  th e  first reference
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T rue value o f  sin22013 T rue  value o f  s in22013

F ig u re  79: 3a  s e n s itiv ity  to  th e  n o rm a l m ass  h ie ra rc h y  for d iffe ren t b e ta -b e a m  se tu p s  in c lu d in g  one w ith  7  =  1000 

co m b in ed  w ith  th e  sam e d e te c to r  as in  th e  H E -b  s e tu p  d iscu ssed  in  th e  te x t .  T h e  N e u tr in o  F a c to ry  s e tu p s  a re  

also in c lu d ed  for co m p ariso n . F ig u re  ta k e n  from  reference  [689]. T h e  p a ra m e te rs  a re  n o t th e  sam e  as th o se  in  

e q u a tio n  (2 9 5 ).

a ~  50kton idealised sc in tilla to r d e tec to r was assum ed, w hile in th e  second th e  N O vA  ty p e  

d e tec to r discussed above was considered . T h e  d a ta -sam p le  size is there fo re  im proved very m uch 

w ith  respect to  th e  H E ß ß -a  se tu p  since th e  gain  in 7  is com pensa ted  by a decrease in th e  d e tec to r 

m ass. T h e  sensitiv ity  to  sgnA m 3 1 is com pared  for th re e  b e ta -b eam s se tups and  th e  N eu trin o  

F ac to ry  in figure 79. T h e  conclusion of these  stud ies is th a t  going to  such high  7  im proves 

th e  sensitiv ity  to  th e  h ierarchy  and  therefo re  resolves th e  co rre la tion  of ö w ith  s g n A m ^ , so 

im proving  th e  sensitiv ity  to  C P  violation.

A re la ted  idea has been  proposed  m ore recen tly  in [717]. T h e  goal is to  arrive to  th e  m agic 

baseline (L ~  7 500 km  [43] using  8B an d  8Li ions w ith  7  in th e  range 250-500; th is  could be 

achieved w ith  a refurb ished  SPS a t C E R N  po in ting  a t th e  In d ian  N eu trin o  O bservato ry  (IN O ) 

w here a large m agnetised  iron ca lo rim eter in th e  50-100 k to n  range (IC A L) could be used as th e  

far d e tec to r. For deta ils  of th e  p o ten tia l of th is  se tu p  see [717].

5 . 3 . 1 9  H i g h e r  f l u x e s  ?

T he s ta n d a rd  ion fluxes th a t  have been  used in th is  s tu d y  are based on th e  C E R N  design for a 

L E ß ß , using  th e  p resen t C E R N  SPS and  P S  and  requ iring  a d u ty  cycle of a  few 10- 3 . In  th e  

p resen t design, a  large frac tion  of th e  ions being  p roduced  are lost in th e  accelera tion  process 

and  it is likely th a t  a  refurb ished  P S  or SPS could e lim inate  som e of th e  p resen t losses. T he 

refu rb ish ing  of these  old m achines is likely to  be requ ired  to  serve th e  LH C p rogram m e and , 

therefore, it is likely th a t  fu r th e r  op tim isa tions to  increase th e  n eu trin o  flux can  be considered. 

F u rtherm ore , an  en tire ly  new  approach  to  p roducing  th e  requ ired  u n s tab le  ions, using ion isa tion
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D ecay T\/2 E v (keV) E C //3+  (%)

148D y -»■ 148T b 3.1 m 2062 96 /4

150D y ^  150T b 7.2 m 1397 99.9/0 .1

152T m  2-  ^  152E r 8 . 0  s 4400 45/55

150H o 2“  ->■ 150D y 72 s 3000 77/33

T ab le  12: Decay properties o f som e rare-earth nuclei.

cooling, has been  recen tly  proposed  in reference [709]. A lthough  th e re  rem ain  m any deta ils  to  

w ork ou t, th is  novel approach  offers th e  possib ility  of increasing  th e  ion -p roduction  yield by 

several o rders of m agn itude . T h e  physics reach of such a b e ta -b eam  w ith  such h igh fluxes would 

b e  o u ts ta n d in g  and  it is therefo re  of th e  upm ost im p o rtan ce  to  explore possible op tim isa tions 

th a t  could be achieved w ith  realistic  im provem ents in th e  accelera to rs o r /a n d  th e  ion -p roduction  

techn ique.

5 . 3 . 2 0  M o n o c r o m a t i c  e - c a p t u r e  b e a m s

Triggered by th e  b e ta -b eam  concept, a different ty p e  of n eu trin o  beam  has been  proposed  in 

reference [718]. T h e  idea is to  p roduce  neu trinos  from  boosted  ions th a t  undergo  an  e -cap tu re  

tra n s itio n , th a t  is an  atom ic electron  is c ap tu red  by a p ro ton , a n ti-n eu trin o  beam s can n o t be 

p roduced  th is  way. K inem atica lly  it is a  tw o-body  decay and  therefo re  th e  n eu trin o  energy is 

well-defined and  given by th e  difference betw een th e  in itia l and  final nuclear m ass energies m inus 

th e  exc ita tion  energy of th e  fin a l-sta te  nucleus. Such tran s itio n s  are usually  dis-favoured, b u t 

th e re  are  a few nuclei (see ta b le  1 2 ) for w hich th e  decay ra te  is significant.

T h e  n eu trin o  flux can  easily be show n to  be [718]:

d  N u 1 d  T u T u N io n s  2  T7  o  p  I'nnr^

dSdE  =  f « * “  =  S{E -  2 7 E o )- (296)

w here 7  is th e  b oost fac to r of th e  p a ren t ion, E 0  is th e  n eu trin o  energy in th e  la b o ra to ry  fram e, 

and  r v/ r  is th e  e -cap tu re  b ranch ing  fraction . T h e  n eu trin o  energy in th e  d e tec to r will be 

peaked a t 2 7 E 0 and  th e  requ irem en t th a t  th e  n eu trin o  energy be reco n stru c ted  accu rate ly  in 

th e  d e tec to r can  be  relaxed. O ne can  easily d isen tang le  th e  different oscillation  p a ram ete rs  by 

perfo rm ing  coun ting  experim en ts  a t different values of 7 .

As in th e  case of th e  b e ta -b eam , a possible im plem en ta tion  of th e  concept w ould involve th e  

use of E U R IS O L  to  p roduce  th e  u n s tab le  ions, th e  SPS to  accelera te  them , and  a decay ring. 

However, to  allow electron  ca p tu re  to  occur, we need to  keep one electron  b o u n d  to  th e  io n ’s 

nucleus, p a r tly  ionised partic les  have a sh o rt vacuum  life-tim e (even in a very good vacuum  

collisions w ith  th e  few rem ain ing  a tom s suffice to  cause th em  rap id ly  to  lose th e  rem ain ing  

e lectron). T h e  ion th a t  has been  p roposed  as o p tim al is 1 5 0Dy, w hich could be accelera ted  in 

th e  C E R N  SPS u p  to  a m axim um  7  of 195.

T h e  m ain  advan tage of an  e lec tro n -cap tu re  beam  over a ‘conven tional’ b e ta -b eam , for a  sim ilar
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013 (d e g )

F ig u re  80: C o m b in ed  fits  o f 6 1 3  a n d  5 for d iffe ren t c e n tra l  values o f th e  p a ra m e te rs . T h e  k n o w n  p a ra m e te rs  a re  

n o t th e  sam e  as th o se  o f e q u a tio n  (2 9 5 ). F ig u re  ta k e n  from  [719].

num ber of ion decays, is th a t  all th e  in tensity  is peaked a t th e  energy(ies) of in terest. In  a b e ta -  

beam  th e  b road  sp ec tru m  im plies th a t  m any  n eu trinos  will be p roduced  a t energies for w hich 

th e  dependence on ö is less p ronounced , a n d /o r  th e  cross section is to o  low. I t  is also a excellent 

too l to  d iscrim ina te  aga in st backgrounds of various types.

E ven  th o u g h  no realistic  s tu d y  of th e  expected  ion flux has yet been  perform ed, an  analysis 

of th e  perfo rm ance of such a beam  assum ing  an  in tensity  of 1 0 18 io n s /y e a r has been p resen ted  

in [718,719]. U sing a 440 k ton  fiducial m ass w ater Cerenkov located  a t a  d is tance  of 130 km 

(C E R N -F rejus baseline), 5 years ru n n in g  tim e for each of 7  =  195 and  7  =  90, th e  precision in 

th e  d e te rm in a tio n  of 013 an d  ö th a t  could be o b ta in ed  is illu s tra ted  in figure 80. D ue to  th e  lack 

of a  C P -con juga te  observable, such as one w ould have w ith  an  an ti-n eu trin o  beam , all sensitiv ity  

to  th e  C P  phase  is lost a t a  given 7 . However, it is rem arkab le  th a t  th e  m easurem ent of th e  

oscillation  p robab ilities  a t tw o energies resu lts  in a significant sensitiv ity  to  ö. A n a lte rna tive , 

th a t  w ould im prove th e  sensitiv ity  to  ö, w ould be to  com bine an  e -cap tu re  beam  w ith  a s ta n d a rd  

b e ta -b eam  from  6He using  th e  sam e detec to r.

5 . 4  O p t i m i s a t i o n  a n d  p h y s i c s  p o t e n t i a l  o f  a  N e u t r i n o  F a c t o r y  o s c i l l a t i o n  e x 

p e r i m e n t

In  a N eu trin o  F ac to ry  [28,29] m uons are accelera ted  from  an  in tense source to  energies of several 

ten s  of GeV and  in jected  in to  a sto rage ring  w ith  long s tra ig h t sections. T h e  m uon decays 

ß + —> e+ ve Vfj, and  ß~  —> e~ Ve p rovide a very well know n flux of n eu trinos  w ith  energies up  

to  th e  m uon energy itself. N eu trin o  F ac to ry  designs have been  p roposed  in E u ro p e  [33,720], 

th e  US [30-32,34,35], and  J a p a n  [721]. T h e  conclusion of these  stud ies is th a t  an  accelera to r 

com plex capab le  of prov id ing  ~  1021 m uon decays p e r year can  be b u ilt. O ne of th e  m ost s trik ing  

fea tu res of th e  N eu trin o  F ac to ry  is th e  precision w ith  w hich th e  characteristics  of all com ponents
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H+ -► e+vevß fj, —> e Ve

v ß -► Vß vß -►  vß d isap p ea ran ce

Vß -► Ve Vß Ve ap p ea ran ce  (challenging)

v ß -► VT v ß -► vT ap p ea ran ce  (a tm . oscillation)

Ve -► Ve Ve -► Ve d isap p ea ran ce

Ve Vß Ve Vß appearance: “golden” channel

Ve -► VT Ve -► VT appearance: “silver” channel

T ab le  13: O sc illa tio n  p rocesses  in  a  N e u tr in o  F acto ry . 

of th e  beam  w ould be know n. T h e  following effects were considered in reference [722]:

•  B eam  po larisa tion : w ith  a po larim eter, th e  beam  energy and  energy sp read  can  be m easured  

an d  th e  degree to  w hich th e  po la risa tio n  dependence  of th e  n eu trin o  flux affects th e  m easured  

ra te s  can  be te s ted  to  h igh precision [723];

•  B eam  divergence and  rad ia tiv e  corrections in m uon decay [724];

•  A bsolu te  norm alisa tion  of th e  flux to  be o b ta in ed  from  a beam  m onitor; and

•  A bsolu te  cross-section no rm alisa tion  using  th e  inverse-m uon-decay reaction , Vß e-  ^  ^ - Ve, 

in th e  near d e tec to r. In  princip le, a  no rm alisa tion  of fluxes and  cross-sections w ith  a precision 

of 10-3  can  be achieved.

Some of these fea tu res should  also be p resen t for a b e ta -b eam , and  for any facility  in w hich a 

sto red  beam  of well-defined op tica l p ro p erties  is used to  p roduce  neu trinos. T h is  is an  im p o rta n t 

difference w ith  respect to  super-beam s for w hich th e  precision w ith  w hich th e  n eu trin o  and  

an ti-n eu trin o  cross sections and  fluxes are  know n is d e te rm ined  by th e  degree to  w hich th e  

pa rtic le -p ro d u c tio n  sp e c tra  are  know n.

Tw elve oscillation  processes can  be stud ied  using  th e  N eu trin o  F ac to ry  w hich and  sto re  beam s 

of b o th  positive and  negative m uons (see ta b le  5 .4 ). N eu trinos p roduced  from  th e  decay of 

positive and  negative m uons m ust no t be confused. T h e  required  sep ara tio n  can  be achieved by 

ru n n in g  th e  tw o po larities  in tu rn  or by careful tim in g  if th e  tw o po larities  are  s to red  s im u lta 

neously. In  o rder to  take  full advan tage of th is  flavour-richness, th e  o p tim al d e tec to r should  be 

able to  perfo rm  b o th  appea ran ce  and  d isap p earan ce  experim en ts, p rovid ing  lep ton  iden tification  

and  charge d iscrim ination .

T h e  search for Ve ^  Vß tran s itio n s  (th e  ‘golden ch an n e l’) [206] ap p ears  to  be p articu la rly  

a ttra c tiv e  a t th e  N eu trin o  Factory. I t  can  be stud ied  in appea ran ce  m ode, by looking for m uons 

w ith  charge opposite  to  th a t  of th e  sto red  m uon beam  (‘w rong-sing m uons’), th u s  strong ly  

reducing  th e  dom in an t background  (‘right-sign  m uons’). T h e  w rong-sign-m uon channel yields 

an  im pressive sensitiv ity  to  sin2 013 and  sensitiv ity  to  th e  lep tonic C P -v io la ting  phase, 5, dow n 

to  very  sm all values of 013 [43,205,206]. For exam ple, w ith  tw o 40 K to n  M IN O S-like m agnetised- 

iron d e tec to rs  a t tw o different baselines, exposed to  beam s of b o th  p o la rity  and  1021 m uon decays,
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it will be possible to  explore 013 dow n to  sin2 2013 >  1 x 10-5  (013 >  0.1°) and  to  m easure 5 for 

m ost of th e  p a ram e te r space [205]. T he  relatively  high  energy of th e  n eu trinos  p roduced  th ro u g h  

th e  decay of high-energy sto red  m uons im plies th a t  baselines of several th o u sa n d  kilom eters are 

needed for N eu trin o  F ac to ry  experim en ts. For such baselines, C P  asym m etries are dom inated  

by m a tte r  effects [588, 725, 726] th a t  can  be used to  d e te rm in e  unam biguously  s ig ^ A m ^ )  for 

large enough 013.

T h e  d e te rm in a tio n  of (013,5) a t th e  N eu trin o  F ac to ry  is no t free of am biguities; up  to  eight 

d ifferent regions of th e  p a ram e te r space can  fit th e  sam e experim en ta l d a ta  in th e  (013, 5) plane. 

In  o rder to  solve these  am biguities, a  single experim en ta l m easurem en t for a  single n eu trin o  

b eam  is no t enough. O ne possible so lu tion  to  th is  prob lem  is to  com bine d e tec to rs  looking for 

‘go lden’ m uons a t different baselines (i.e., d ifferent L /E ) .  A second possib ility  is to  m ake use 

of th e  rich flavour con ten t of th e  N eu trin o  F ac to ry  beam . T h e  t  appea ran ce  channel ( ‘silver 

ch an n e l’) [44,727] has been  advoca ted  as a pow erful m eans of resolving am biguities, if a  d e tec to r 

capab le  of t  iden tification  can  be used. T h is  can  read ily  be u n d ers to o d  since th e  5-dependence 

of th e  silver and  th e  golden channel are different, w hile th e  dependence of th e  tw o channels 

on m a tte r  effects and  013 is sim ilar. O n th e  o th e r hand , th e  Vß-d isap p earan ce  channel is ra th e r  

effective for large values of 013 in m easuring  th e  023 o c ta n t [218]. A d e tec to r capab le  of m easuring  

th e  charge of th e  e lectrons has been  show n to  allow th e  reso lu tion  of am bigu ities by sep ara tin g  th e  

events in to  several classes (right-sign  m uons, w rong-sign m uons, electrons, and  n eu tra l cu rren ts) 

and  perfo rm ing  a fine energy b inn ing  dow n to  low energies. Such a possib ility  was first s tud ied  

assum ing th e  feasibility  of a  m agnetised  liqu id-argon  d e tec to r [728], and  recen tly  u p d a te d  in 

reference [208]. R & D  efforts for a  liqu id-argon  d e tec to r em bedded  in a m agnetic  field are  ongoing 

[729] (th e  first curved track s  w ere recen tly  observed in a 10 litre  liqu id-argon  T P C  em bedded  

in m agnetic  field [730]). A th ird  possib ility  is an  im proved d e tec to r (w ith  a m uch lower m uon 

energy th resho ld ) to  look for ‘golden m uons’ solving a t th e  sam e tim e  all th e  degeneracies.

T h is  section is o rganised  as follows: in section 5.4.1 th e  ‘s ta n d a rd ’ N eu trin o  F ac to ry  se tup  

is in troduced  and  th e  different d e tec to rs  are  described; section 5.4.2 con ta ins a review  of th e  

perfo rm ance of th e  m agnetised  iron d e tec to r located  a t L  ~  3000 km  from  th e  source (i.e., th e  

‘s ta n d a rd ’ se tup) and  of th e  p roblem s th a t  m ust be faced; in section 5.4.3 possible im provem ents 

to  th is  se tu p  are  considered  com bining d e tec to rs  a t different baselines, channels (following tab le  

5.4) and  im proving  th e  ‘s ta n d a rd ’ d e tec to r; in section 5.4.4 th e  m ain  charac te ristics  th a t  are 

needed to  use th e  N eu trin o  F ac to ry  a t its b est are  addressed .

5 . 4 . 1  T h e  N e u t r i n o  F a c t o r y  s e t u p

In  th e  following, th e  ‘s ta n d a rd ’ N eu trin o  F ac to ry  refers to  a facility  in w hich a 50 G eV  stored- 

m uon beam  delivers a  lum inosity  of 1 x 1021 m uon decays p e r year. T h e  to ta l lum inosity  per 

m uon p o la rity  is tak en  as a given, in dependen t of, for exam ple, th e  specific choice of p ro to n 

d river beam  pow er, sto rage-ring  geom etry, or th e  tim e spen t ru n n in g  w ith  a p a r tic u la r  polarity . 

N otice th a t  in th e  lite ra tu re  several different op tions have been  considered  for each of these  [692]. 

T h ree  d e tec to rs  of d ifferent technologies, each specifically op tim ised  to  d e tec t a  p a r tic u la r  signal,
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have been considered.

5 .4 .1 .1  M a g n e t i s e d  I r o n  D e t e c t o r  ( M I D ) :  t h e  ‘g o l d e n  c h a n n e l ’

T he  m ost im p o rta n t signal a t th e  N eu trin o  F ac to ry  is th e  ‘golden ch an n e l’, i.e. th e  ap pearance  

channel Ve ^  v^. T h e  signal is tagged  by ‘w rong-sign m uons’, m uons in th e  d e tec to r w ith  

charge opposite  to  th a t  of th e  m uons in th e  sto rage ring. In  o rder to  e x tra c t th e  signal from  

th e  d o m in an t source of background , i.e. non-oscillated  VM (giving rise in th e  d e tec to r to  a huge 

n u m b er of ‘right-sign  m uons’), a  m agnetised  d e tec to r is requ ired . T h is  requ irem en t represen ts 

th e  m ost im p o rta n t difference betw een th e  d e tec to rs  ad o p ted  for super-beam  and  be ta -b eam  

facilities and  those  needed to  tak e  full advan tage  of th e  N eu trin o  Factory. As a consequence, 

large, w ater Cerenkov d e tec to rs  are d is-favoured and  m edium  size m agnetised  d e tec to rs  m ust be 

considered.

T h e  reference d e tec to r, a  50 K to n  m agnetised  iron ca lo rim eter of th e  M IN O S type , was o p ti 

m ised in reference [42] for th e  s tu d y  of ve ^  vm oscillations. T igh t k inem atic  cu ts  w ere applied  

to  decrease th e  d o m in an t and  su b -dom inan t backgrounds (right-sign  m uons and  charm ed-m eson 

decays). Such cu ts, a lthough  s trong ly  reducing  th e  background , have th e  d is-advan tage  th a t  a 

significant p ro p o rtio n  of th e  signal w ith  n eu trin o  energy below 10 GeV is rem oved. T h is  can  be 

seen in figure 81 , w here th e  efficiencies of th e  golden channel in th e  m agnetised  iron d e tec to r 

w ith  M IN O S-like perform ance is shown. M easurem ents of th e  energy sp ec tru m  below  10 GeV, 

however, have been  show n to  be ex trem ely  im p o rtan t; th e  first oscillation  peak  for L ~  3000 K m  

lies precisely in th is  energy range. For th is  reason, th e  N eu trin o  F ac to ry  is th e  single facility  

considered in th is  re p o rt m ost affected by degeneracies. T h e  m easurem en t of th e  sp ec tru m  b o th  

below and  above th e  oscillation m axim um  has been  show n to  be crucial in th e  so lu tion  of m any 

of th e  p a ram etric  degeneracies th a t  com prom ise th e  (013, 5)-m easurem ent. T h e  im provem ent in 

perform ance o b ta in ed  by increasing  th e  signal efficiency for n eu trin o  energies below  10 GeV is 

considered in section 5 .4 .3 .3 .

D ifferent tre a tm e n ts  of th e  energy response of th e  d e tec to r can  be found in th e  lite ra tu re . 

For exam ple, in reference [206] th e  energy reso lu tion  was assum ed to  be  0.2 x E v. T h e  effect 

of th is  fin ite  energy reso lu tion  was taken  in to  account by group ing  th e  events in five bins of 

w id th  A E V =  10 GeV. T h is approach  is q u ite  conservative especially  a t low energy w here m ost 

of th e  oscillation signal is found. In  reference [208] a finer b inn ing  was adop ted , w ith  a m ore 

deta iled  tre a tm e n t of reso lu tion  effects. T h ere  are  several differences betw een th e  tre a tm e n t in 

reference [208] and  th a t  of reference [206]. F irs t, th e  energy response of th e  d e tec to r is m odeled 

by folding th e  raw -event d is tr ib u tio n  w ith  a G aussian  reso lu tion  kernel of w id th  aE =  0.15 x E v; 

in th is  way, th e  resu lts  becom e in dependen t of th e  b in  w id th , p rovided  th a t  th e  b inn ing  is fine 

enough. Secondly, 43 bins of variab le  A E V were considered  in th e  energy range E v €  [1, E M] 

GeV. T h e  b ins were defined as follows: 18 bins of £ x 500 M eV; 10 bins of £ x 1 GeV; and  15 bins 

of £ x 2 G eV  from  th e  lowest to  th e  h ighest energy, w here £ =  (E M — 1 )/49  is an  overall scale 

fac to r (£ =  1 co rrespond ing  to  th e  ‘s ta n d a rd ’ 50 G eV  N eu trin o  F acto ry ). T h e  fast oscillations 

th a t  arise a t low energies an d  th a t  can  lead to  ‘a liasing ’ effects are averaged, a t th e  p robab ility
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F ig u re  81: S ig nal efficiency a t  th e  m a g n e tise d  iro n  d e te c to r  for (left p an e l)  a n d  ß  ( rig h t p an e l) as a  fu n c tio n  

o f th e  n e u tr in o  energy. F ro m  referen ce  [206].

level, over a w id th  of 150 M eV [45, 46] for m uon energies up  to  100 GeV an d  baselines up  to  

9000 K m . T h is  p rocedu re  has been  te sted , i.e. it has been  verified th a t  th e  x 2-values do  no t 

change if a  finer b inn ing  is chosen or if a  different averaging p rocedu re  a t th e  p ro b ab ility  level 

is used.

T h e  d ifferent p rocedures th a t  have been  ad o p ted  in th e  lite ra tu re  to  account for th e  energy 

response of th e  d e tec to r could m ake, in princip le, a  significant difference in th e  resu lts. T h is 

is especially  tru e  a t th e  N eu trin o  Factory, w here th e  p a ram etric  degeneracies play such a big 

role. Indeed , som e of th e  degeneracies are energy dep en d en t an d  can  be solved if th e  d e tec to r 

considered  has good energy reso lu tion . For th is  reason th e  resu lts  o b ta in ed  w ith  th e  various 

b inn ing  p rocedures and  efficiencies used in references [206] an d  [208] have been  com pared  using 

G LoB ES [45,46]. A po in t a t sin 2 2013 =  10- 3  [$ 1 3  =  1°] was chosen for th is  com parison  since a t 

these  in te rm ed ia te  values th e  im pac t of degeneracies is, in general, largest. For th e  tru e  so lu tion  

th e  resu lts  o b ta in ed  using th e  d ifferent p rocedures could no t be d istingu ished . In  co n tra st, for 

th e  in trinsic  degeneracy  a ~  30% difference in th e  A % 2 was observed. Such a difference, however, 

w ould also arise in o th e r m odification  of th e  se tup , such as, for exam ple, th e  assum ption  of a 

d ifferent low -energy m uon th resh o ld  or efficiency. T h e  degeneracy  is, nonetheless, always p resen t 

a t th e  5<r level. Therefore , a t th e  cu rren t level of accuracy  in th e  d e tec to r sim ulation , th e re  is 

no q u a lita tiv e  difference. In  th e  con tex t of im proved d e tec to r sim ulations th a t  will becom e 

available, however, it will be ex trem ely  im p o rta n t to  describe accu rate ly  th e  d e tec to r response.

T h e  resu lts  show n in below will be based  on th e  tre a tm e n t of references [208, 340], unless 

o therw ise s ta ted . For th e  w rong-sign m uon signal, flat efficiencies of 0.45 (neu trinos) and  0.35 

(an ti-n eu trin o s) for energies in th e  range E v €  [20, 50] GeV are assum ed. A linear rise of th e  

efficiencies from  th e  lower th resh o ld  (betw een 0  a t 4 GeV) to  th e ir  final value a t 20 G eV  is 

assum ed. T h e  energy reso lu tion  is tre a te d  as described  above. T h e  rela tive ly  high neu trino - 

energy th resh o ld  is th e  resu lt of op tim ising  for th e  p u res t possible sam ple of w rong-sign m uons,

204



th u s  selecting events w ith  th e  h ighest possible energy. Indeed , th e  lower th e  m uon energy, th e  

h igher th e  likelihood to  m is-identify  th e  m uon charge o r th e  n a tu re  of th e  event (charged cu rren t 

versus n e u tra l cu rren t) becom es. As th e  average m uon energy will decrease w ith  th e  n eu trin o  

energy, we m odel th e  to ta l, frac tional background  w ith  th e  function  ß E - 2 , w here ß  =  10- 3 . 

In teg ra tin g  from  4 G eV  to  50 GeV, we fix th e  w eight factor, ß , by m atch ing  roughly  th e  to ta l 

frac tiona l background  o b ta in ed  in reference [42]. T h e  frac tional backgrounds considered  in th e  

following are: 5 x 10- 6  of th e  n eu tra l cu rren t events; and  5 x 10- 6  of th e  right-sign  m uon events.

I t m ust be  no ted  th a t  th is  d e tec to r can  also be used to  look for ^  d is-appearance , 

p rov id ing  a very good m easurem ent of th e  a tm ospheric  pa ram ete rs  d23 and  A m 3 1 and  giving 

som e hand le  on th e  ‘o c ta n t degeneracy’. For th e  right-sign  m uon sam ple th e re  is no need 

to  d e te rm in e  accu ra te ly  th e  charge of th e  m uon, since w rong-signs m uons c o n s titu te  only a 

negligible frac tion  of th e  sam ple. Therefore, th e  efficiencies and  th resh o ld s  rep o rted  by M IN O S 

[192], and  a signal efficiency of 0.9 s ta r tin g  a t 1 G eV  are used. T h e  backgrounds in th is  case are 

10 - 5  of all n eu tra l-cu rren t events and  all w rong sign m uon events. T h e  la tte r  are added  d irec tly  

to  th e  signal.

For b o th  channels we use a 2.5% system atic  e rro r on th e  signal an d  a 20% system atic  e rro r on 

th e  background  norm alisa tion . A different m agnetised -iron  ca lo rim eter d e tec to r for a  N eu trin o  

F ac to ry  experim en t has been  described  in reference [731].

5 .4 .1 .2  E m u ls io n  C lo u d  C h a m b e r  ( E C C ) :  t h e  ‘s i lv e r  c h a n n e l ’

To soften th e  p a ram etric  degeneracy problem , it has been  proposed  to  take  advan tage  of th e  

‘silver ch an n e l’, i.e. ve ^  vT oscillations [44]. T h is  is a  un ique fea tu re  of th e  N eu trin o  Factory, 

w here th e  average n eu trin o  energy is h igh enough to  p roduce  t  CC events; no t even th e  h ighest 7  

b e ta -b eam  discussed above can  look for th is  signal. T h e  signal can  be tagged looking for w rong- 

sign m uons in coincidence w ith  a t-d e c a y  vertex , to  d istingu ish  th em  from  golden channel w rong- 

sign m uons. Therefore, a  d e tec to r w ith  m uon-charge iden tification  and  vertex  reco n stru c tio n  is 

needed. Tw o technologies have been  considered  in th e  lite ra tu re : liqu id-argon  d e tec to rs  [728] 

an d  em ulsion-cloud-cham ber (E C C ) techniques. T h e  la tte r  has been  extensively  stud ied  for 

th e  O P E R A  d e tec to r th a t  is u n d er co n stru c tio n  a t th e  G ran  Sasso labora to ry , and  a ded ica ted  

analysis to  use th is  techn ique a t th e  N eu trin o  F ac to ry  has been  published  in reference [727]. 

In  [727], a  5 K to n  E C C  was considered  and  a d eta iled  s tu d y  of th e  m ain  sources of background  

perform ed. In  th e  following, th e  E C C  will be considered  as th e  s ta n d a rd  d e tec to r to  s tu d y  th e  

silver channel.

T h e  various backgrounds to  th e  silver-channel signal are  p resen ted  in ta b le  14. T he  E C C  

d e tec to r is assum ed to  have a fiducial m ass of 5 K to n  as in reference [727]. In  add ition , an 

overall signal efficiency of app rox im ate ly  1 0 %, chosen to  rep roduce  th e  signal-event num bers 

from  ta b le  4 in reference [727], is assum ed. T he  background  rejection  factors are  taken  from  

reference [727] as well and  are  sum m arised  in ta b le  14.

T h e  energy reso lu tion  is assum ed to  be 20% x E , im plem ented  as in [208]. I t is fu r th e r  assum ed
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B ackground  source R ejection  fac to r

N eu trin o  induced charm  p ro d u c tio n 1CT8 x ( N c c { y e) + N c c ( v ß ))

A n ti-n eu trin o  induced charm  p ro d u c tio n 3.7 ■ 10-6  x N c c (vM)

t  + ^  decays 10-3  x N c c ( ^ t )

ß  m atched  to  h ad ro n  track 7 ■ 10-9  x N c c  (*„)

D ecay-in-flight and  p u n ch -tro u g h  had rons 6.97 ■ 10-7  x N n c  +

+  2.1 ■ 10-8  x N c c  (ve)

L arge-angle m uon sca tte rin g 1CT8 x N c c ( V ß )

T ab le  14: T h e  b ac k g ro u n d  so u rces an d  re je c tio n  fac to rs  for th e  silver c h a n n e l m e a su re m e n t in  th e  ß + -s to re d  

ph ase . F ro m  referen ce  [727].

th a t  silver-channel d a ta - ta k in g  only occurs w hen ß +  are s to red  (ru n n in g  w ith  ß -  will p roduce 

very few silver events, due  to  th e  vTN  cross-section suppression). A 15% system atic  u n certa in ty  

on th e  signal and  a 20% system atic  u n ce rta in ty  on th e  background  no rm alisa tion  are assum ed.

N otice th a t  th is  d e tec to r can  also be used to  look for ^  vT appearance , i.e. precisely th e  

pu rpose  for w hich it is being  b u ilt in th e  fram ew ork of th e  C N G S experim en t. T h is  channel 

can  be  useful to  m easure th e  a tm ospheric  p aram eters , as well as th e  d is-ap p earan ce  channel 

discussed above. O th e r possible t  decay channels, such as decay in to  e lectrons o r in to  hadrons, 

have no t been  considered  as th e y  w ould need a ded ica ted  analysis and  a to ta lly  different de tecto r.

5 .4 .1 .3  L iq u id  A r g o n  D e t e c t o r  ( L A r ) :  t h e  ‘p l a t i n u m ’ c h a n n e l

In  ad d itio n  to  th e  channels d iscussed above, vM(z/M) ^  ve(z/e) oscillations can  be also observed 

a t a  N eu trin o  Factory. T h is  channel, th e  ‘p la tin u m  ch an n e l’ (since th e  observation  of a sm all 

nu m b er of events can  be ex trem ely  valuable) is th e  T -con juga te  of th e  golden channel. I t  is also 

its  C P -con juga te , a lb e it w ith  different m a tte r  effects. C om bined w ith  th e  golden channel, th e  

p la tin u m  channel will help  to  resolve m any of th e  co rre la tions an d  degeneracies.

To tak e  advan tage of th is  channel, a  d e tec to r th a t  can  identify  th e  charge of th e  e lectrons (to  

reduce th e  d o m in an t background  from  non-oscillated  ve) is requ ired . E lec tron  charge identifi 

ca tion  has so far only been  stud ied  for a  m agnetised  liqu id-argon  T P C  [210]. A low er-energy 

d e tec tio n  th resh o ld  of 0.5 G eV  was applied . In  reference [210] it was po in ted  o u t th a t  electrons 

an d  positrons of h igher energy te n d  to  shower early, w hich m eans th a t  th e  trac k  is sh o rt and  

th e  cu rv a tu re  is h a rd ly  m easurab le . Therefore , th e re  m ay be an  u p p e r energy th resho ld  above 

w hich it is no longer possible to  m easure th e  e lectron  charge. T h e  efficiency and  th e  dom in an t 

backgrounds to  th e  p la tin u m  channel in a liqu id-argon  d e tec to r are show n in figure 82 .

In  reference [208], th e  ve-ap p ea ran ce  perfo rm ance of th e  M IN O S d e tec to r (w hich has been 

e s tim a ted  in reference [732]) was ad o p ted . A n e x tra  background  co rrespond ing  to  1% of th e  

non-oscillated  ve was added  to  tak e  in to  account th e  difference betw een th e  N eu trin o  F acto ry  

beam  and  th e  N uM I beam . T h e  frac tional background  of th is  analysis is in agreem ent w ith  th a t  

of reference [210].
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C h a r g e  c o n f u s io n  =  0 .1  %  , E le c t r o n  e f f ic i e n c y  =  2 0  %
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o
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>
W

><D
o
•n

©

>
W

Ev (G e V )

W r o n g  S ign  m u  osc d a ta  (evis)

E v (G e V )

E v (G e V )

W r o n g  sig n  e le  osc  d a ta  (ev is)

Ev (G e V )

W r o n g  S ign  m u  osc d a ta  (evis) W r o n g  sign  e le  osc  d a ta  (ev is)

F ig u re  82: V isib le  en e rg y  d is t r ib u t io n  for w ron g -sign  m u o n s  (left p an e l)  a n d  w ro n g -sig n  e lec tro n s  ( rig h t pan e l) 

n o rm alised  to  1021 m u o n  decays. T h e  e lec tro n  efficiency ee is a ssu m ed  to  b e  20%  a n d  ch arg e  co n fu sio n  p ro b a b il ity  

is se t to  0.1% . T h re e  se ts  o f cu rv es a re  re p re se n te d , c o rre sp o n d in g  to  S =  + n / 2  (d ash e d  line), S =  0 (full line) 

a n d  S =  —n /2  (d o tte d  line). T h e  b ac k g ro u n d  c o n tr ib u tio n  from  ta u  d ecay s is also show n. T h e  o th e r  o sc illa tio n  

p a ra m e te r s  a re  A m 3 2 = 3  x  10 - 3  e V 2, A m ^  =  1 x  10 - 4  e V 2, s in 2 02 3  =  0.5, s in 2 d 1 2  =  0.5 a n d  s in 2 2$ 13 =  0.05. 

F ro m  reference  [210].
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B ackground  source R ejection  facto r

M uon d is-appearance  

T au ap pearance  

N eu tra l cu rren t reactions 

W rong sign e le c tro n /p o s itro n

10-3  x N c c ( v M) (N c c (vm)) 

5 ■ 10-2  x N c c  (v t ) (N c c  (Vt  )) 

10-2  x N n c  

10-2  x N c c  (Ve) (N c c  (ve))

T ab le  15: T h e  b a c k g ro u n d  so u rces  a n d  re je c tio n  fa c to rs  for th e  p la tin u m  c h a n n e l m e a su re m e n t for th e  ß - - 

s to re d  p h ase , w hile th e  b ra c k e ts  re fer to  th e  ß + -s to re d  ph ase . T h e  n u m b e rs , b es id es  th e  b a c k g ro u n d  from  

e le c tro n /p o s itro n  C ID , a re  ta k e n  from  reference  [732].

T h e  ‘s ta n d a rd ’ p la tinum -channel d e tec to r is assum ed to  be liqu id-argon  T P C  w ith  a fiducial 

m ass of 15 K ton . T h e  signal efficiency, w hich is assum ed to  be energy independen t, is tak en  to  

b e  20% [210], and  th e  background-re jec tion  factors are  sum m arised  in ta b le  15. F u rtherm ore , 

th e  energy reso lu tion  is assum ed to  be 15% x E v . T h e  u p p e r  th resh o ld  for th e  e lec tro n /p o sitro n - 

charge iden tification  (C ID ) is assum ed to  be 7.5 GeV. T h e  CID  background  is assum ed to  be 

1% [210] and  th e  o th e r backgrounds are taken  from  reference [732].

In  som e of th e  figures of sections 5.4.3 and  5 .4 .4 , however, th e  im pac t of an  ‘im proved’ 

p la tinum -channel d e tec to r is d iscussed. T h e  ‘im proved’ d e tec to r has th e  following c h a ra c te r 

istics: a 50 K to n  fiducial mass; an  energy-independen t signal efficiency of 40%; background- 

rejection  factors as given in reference [732] e x tra p o la ted  to  h igher energy; and  C ID  background 

as for th e  s ta n d a rd  se tup . T h e  CID  u p p e r energy th resh o ld  is varied continuously  from  7.5 GeV 

to  50 GeV. T h e  perfo rm ance of th is  im proved d e tec to r are  labeled in th e  figures ‘p la tin u m * ’.

B o th  for p la tin u m  and  p latinum * d e tec to rs  a  2.5% system atic  e rro r on th e  signal and  a 10% 

system atic  e rro r on th e  background  no rm alisa tion  have been  assum ed.

5 . 4 . 2  P h y s i c s  p o t e n t i a l  o f  t h e  g o l d e n  c h a n n e l

In  th is  section, th e  physics p o te n tia l of th e  s ta n d a rd  golden-channel d e tec to r is presen ted . T h e  

v^ ^  v^ d is-ap p earan ce  channel will be included in th is  section as well. T h ro u g h  th is  channel, 

an  in d ep en d en t m easurem ent of th e  a tm ospheric  p a ram ete rs  is possible. T h is  serves to  reduce 

significantly  th e  im pact of th e  u ncerta in ties  induced by u ncerta in ties  in these  p a ram ete rs  in th e  

(8 1 3 ,5) m easurem ent [220,340].

R esu lts  will be  p resen ted  following th e  defin itions given in section 2.3. M ost of th e  figures 

in th is  section are taken  from  reference [208], w here th e  following in p u t (or ‘t r u e ’) values were 

used:

Am31 =  2.2-0.8 ■ 10 - 3  eV 2 ; s in 2 8 2 3  =  0.5+0.16 ;

A m 21 =  8.1+1.9 ■ 10- 5  eV 2 ; s in 2 8 1 2  =0.3+0.08 ; (297)

sin 2 8 1 3  =  0 +0 .0 4 7  ; 5 =  0 - £  .

T h e  ranges rep resen t th e  cu rren t 3a allowed ranges (from  reference [67] (see also references 

[77,733,734]), b o th  choices of sgn(A m 31) are  allowed. A 5% ad d itio n a l u n certa in ty  on A m 2 1 and
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P erfo rm ance ind ica to r L  [km] E ß  [GeV]

T h r e e - f l a v o u r  e f f e c t s :

sin 2 2 8 1 3  sensitiv ity — 7 500 ( “m agic baseline” ) 20-50

M ass h ierarchy  sensitiv ity >  6  0 0 0 20-50

M ax. C P  v io lation  sensitiv ity -  3 000 -  5 000 >  30

L e a d in g  a t m o s p h e r i c  p a r a m e t e r s :

A m 3 1 precision >  3 000 >  40

D ev iation  from  m axim al m ixing (8 23  ) >  3 500 +  50 • E ß /  GeV > 2 0

O p t i m i s a t i o n  fo r  la r g e  s i n 2 2613:

M ass h ierarchy  sensitiv ity >  1 0 0 0 >  1 0

C P  v io lation  sensitiv ity  (A p =  1 % p) -  1 500 — 5 500 20-50

C P  v io lation  sensitiv ity  (A p =  5% p) -  1 500 — 2 000 20-50

-  4 500 -  5 500 20-40

T ab le  16: R e q u ire m e n ts  for th e  n e a r -o p tim a l p e rfo rm an ce  o f o u r ‘s ta n d a rd  N e u tr in o  F a c to ry ’ (one in d iv id u a l 

ex p e r im en t)  for A m 3 1 =  0 .0 0 22  eV 2 for d iffe ren t p e rfo rm an ce  in d ic a to rs .

8 1 2  from  solar experim en ts  a t th e  tim e  th a t  d a ta  from  th e  N eu trin o  F ac to ry  becom es available 

is assum ed [734]. M atte r-d en s ity  u ncerta in ties  a t th e  level of 5%, u nco rre la ted  betw een different 

baselines, have been  included [735,736]. W henever d iscussing  th e  o c ta n t degeneracy, th e  ‘tru e  

v a lue’ of th e  a tm ospheric  angle has been  fixed to  8 23  =  0.44 (or 0.56) [114].

T h e  precision w ith  w hich m any of th e  SvM  observables can  be m easured  s trong ly  d epend  on 

th e  tru e  values of sin 2 2813 and  5. H ence, th e  resu lts  are  p resen ted  in te rm s of tw o-dim ensional 

p lo ts in th e  (8 1 3 ,5 ) p lane. E ach  po in t in th e  p lo t co rresponds to  a different in p u t (8 1 3 ,5) 

pair. N otice th a t ,  in all p lo ts, th e  A % 2 is m arg inalised  over th e  ex te rn a l a tm ospheric  and  solar 

p aram eters , as well as over th e  m a tte r  density, to  tak e  in to  account fully th e  correlations am ong 

th e  various p aram eters .

T h e  requ irem en ts for th e  o p tim isa tio n  of th e  s ta n d a rd  N eu trin o  F ac to ry  are sum m arised  in 

ta b le  16. T here  are tw o very im p o rta n t resu lts. N o baseline perform s op tim ally  for all th e  

observables considered , a  ‘sh o r te r’ baseline L — 3 000 — 5 000 km  is needed to  provide good sen 

s itiv ity  to  C P -v io la tion  and  for th e  precise d e te rm in a tio n  of th e  leading a tm ospheric  param eters; 

a longer baseline, L  ~  7 500 km , is requ ired  to  give o p tim al sensitiv ity  to  sin 2 2813, th e  m ass h i 

erarchy, and  for th e  d isen tang lem en t of degeneracies in th e  C P -v io la tion  m easurem ents. For th e  

m uon energies, we find th a t  E ß >  20 GeV is sufficient for m ost app lications, and  E ß — 40 GeV 

should be on th e  safe side. Therefore , we find th a t  th e  m ain  challenge for a  N eu trin o  F acto ry  

will be th e  baseline, w hich can  affect th e  physics p o te n tia l m uch m ore th a n  a m uon energy lower 

th a n  previously  assum ed.
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Fit value of sin22013 True value of sin22013

F ig u re  83: L eft p anel: P ro je c te d  A x 2 for th e  s in 2 2013 s e n s itiv ity  as a  fu n c tio n  o f th e  fit v a lue  o f s in 2 2013 for 

E ß =  50 G eV  a n d  tw o d iffe ren t b ase lin es as g iven  in  th e  p lo t leg en d  (in c lu des d eg en erac ies). R ig h t p an e l: 3a  

0 13-d iscovery ; so lid  lines refer to  th e  L  =  4000 k m  N e u tr in o  F ac to ry ; d a s h e d  lines to  th e  L  =  7500 k m  N e u tr in o  

F acto ry .

5 .4 .2 .1  0 i3 - s e n s i t iv i ty

T he  A%2 function , m arg inalised  over all p a ram ete rs  o th e r th a n  013, for a fit to  d a ta  from  th e  

golden-channel d e tec to r u n d er th e  conditions described  above is show n in figure 83 . T h e  left 

panel of figure 83 shows th a t  th e  A%2 function  has tw o m inim a, th e  first co rrespond ing  to  th e  

in p u t value 013 =  0 and  th e  second for sin2 2013 >  10-3  (th e  in trinsic  degeneracy). If  th e re  is no 

signal (hypothesis sin2 2013 =  0), th e  degeneracy will w orsen th e  sin2 2013 sensitiv ity , since a fake 

so lu tion  w ith  a re la tively  large sin2 2013 will still be consisten t w ith  sin2 2013 =  0. Therefore, it 

is n o t possible to  exclude ra th e r  large sin2 2013 values. I t  m ust be stressed  th a t  resu lts  a t 3 a  are 

s trong ly  d ep en d en t on sm all changes in th e  lum inosities, th e  ex te rn a l p a ram ete rs  o r th e  setup . 

I t  can  be  seen in th e  figure how, for L =  4000 km , th e  A%2 a t th e  second m in im um  increases 

and , a t 3a , th e  013-sensitiv ity  im proves by one o rder of m ag n itu d e  w ith  respect to  th e  case of 

L  =  3000 km . However, a t 5a  th e  degeneracy  is still p resen t for b o th  baselines: these  tw o cases 

will therefo re  be in te rp re te d  as qu a lita tiv e ly  sim ilar, as in fact th e y  are. In  th e  righ t panel of 

figure 83 th e  sin2 2013 discovery p o te n tia l for L  =  4000 km  and  L =  7500 km  a t 3 a  is shown. 

A lthough  th e  perform ance is slightly  worse for th e  longer baseline, th e  ^-dependence is m uch 

weaker.

F igu re  84 shows th e  sin2 2013 sensitiv ity  a t 5a  as a function  of th e  baseline L an d  th e  p a ren t 

m uon energy E M. T h e  d ifferent panels co rrespond  to  ta k in g  in to  account, successively, s ta tis tica l 

uncerta in ties , system atic  uncerta in ties , correlations, an d  degeneracies. T h e  different con tours 

rep resen t th e  region w ith in  a fac to r of 0.5, 1, 2, 5, and  10 above th e  m axim um  sensitiv ity  

in each p lo t. T he  m axim um  sensitiv ity  (ob ta ined  for th e  energies and  baselines m arked by th e  

d iam onds) are: sin2 2013 <  1.4■ 10-5  (s ta tis tic s), 2.8■ 10-5  (system atics), 2.4■ 10-4  (correlations), 

an d  5.0 ■ 10-4  (degeneracies), respectively.

W hen  s ta tis tic a l and  system atic  u n certa in ties  only are  considered (i.e., ö is fixed to  th e  value
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F ig u re  84: S en s itiv ity  to  s in 2 2013 (5 a )  re la tiv e  to  th e  o p tim u m  (w h ite ) w ith in  each  p lo t. T h e  d iffe ren t pan e ls  

co rre sp o n d  to  successively  ta k in g  in to  a c co u n t s ta t is t ic s ,  sy s te m a tic s , co rre la tio n s , a n d  degen erac ies . T h e  d iffe ren t 

c o n to u rs  re p re se n t th e  reg io n  w ith in  a  fac to r  o f 0.5, 1, 2, 5, a n d  10 abo v e  th e  m a x im a l se n s itiv ity  in  each  p lo t. 

T h e  m a x im a l se n s itiv itie s  a re  s in 2 2013 <  1.4 • 10 - 5  ( s ta t is tic s ) , 2.8 • 10 - 5  (sy s te m a tic s ) , 2.4 • 10 - 4  (co rre la tio n s) , 

a n d  5.0 • 10 - 4  (d eg en erac ies), o b ta in e d  a t  th e  energ ies a n d  b ase lin es  m a rk e d  by  th e  d iam o n d s.
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for w hich we get m axim um  sensitiv ity ), figure 84(u p p e r row), baselines from  1000 to  4 000 km 

w ith  as m uch m uon energy as possible give th e  b est sensitiv ity . However, w hen correlations 

and  degeneracies are  tak en  in to  account, th e  benefit of th e  ‘m agic baseline’ [43] becom es m ore 

ap p aren t. A t th e  m agic baseline all dependence  on ö cancels and  m any of th e  degeneracies 

d isap p ea r ‘by m agic’, th u s  im proving th e  sin2 29\3 sen s itiv ity  T h is  h ap p en s for V  = \J2Gpne = 

2 n /L , or, in te rm s of th e  co n s tan t m a tte r  density  p, for app rox im ate ly  tw o nucleons p e r electron, 

equivalent to:

Lmagic [km] ~  32 726 —j—^ ^  . (298)
p [g /cm 3]

N um erically, it can  be show n to  be closer to  L magic ~  7 250 km  for a realistic  P R E M  [737] profile 

by m inim ising  th e  ö-dependence in th e  ap p ea ran ce  ra tes. A t th is  d is tance , th e  op tim al m uon 

energy need no t to  be h igher th a n  40 GeV (or even 30 G eV ). T h e  reason for th is  is th a t  th e  

sin2 2013 te rm  in th e  appea ran ce  p ro b ab ility  does no t d ro p  as a function  of th e  baseline a t th e  

m an tle  resonance energy. Therefore , m a tte r  effects p refer lower energies, w hereas h igher m uon 

energies im ply h igher event ra te s  and  a rela tive decrease of events a t th e  m an tle  resonance. T he 

op tim u m  is d e te rm ined  by a balance betw een these  tw o factors. T h e  m agic baseline has tw o 

obvious draw backs: th e  event ra te  is reduced by th e  large d istance; and  it does no t allow for a 

C P  m easurem ent.

5 .4 .2 .2  C P - d i s c o v e r y  p o t e n t i a l

F ig u re  85 (left panel) shows th e  C P-discovery p o ten tia l for th e  s ta n d a rd  N eu trin o  F ac to ry  defined 

above for a  baseline of L =  4000 km . N o C P-discovery  p o te n tia l has been  evaluated  for th e  

N eu trin o  F ac to ry  and  a baseline of 7000 km; due  to  m a tte r  effects an d  th e  choice of th e  baseline 

(close to  th e  m agic baseline), th e  sensitiv ity  to  ö vanishes. T h e  N eu trin o  F ac to ry  w ith  a baseline 

of 4000 km  is no t as good as one w ould expec t from  its 013-sensitiv ity . T h is  m ay be explained  

as follows: as a general rule, for sm all values of 013 th e  degeneracies flow tow ard  ö =  0° and  

|ö| =  180° (see references [199] and  [610]), th u s  m im icking a non-C P  v io lating  phase. E specially  

p rob lem atic  is th e  case w here th e  d a ta  is f itted  w ith  inverted  m ass hierarchy, in th is  case it is 

possib le to  fit th e  d a ta  w ith  ö =  n  for in te rm ed ia te  tru e  values of sin2 2013 ~  10-3  [1°], th e  so 

called n - tra n s it  [340]. D ue to  a ‘p a ram etric  co nsp iracy ’ betw een th e  chosen energy and  baseline 

an d  th e  m a tte r  effects, a t th e  N eu trin o  F ac to ry  th e  typ ical value of 013 for w hich th is  h ap p en s is 

m uch larger th a n  a t th e  SPL  and  or a t T 2H K . Therefore , a lthough  from  th e  s ta tis tic a l po in t of 

view  th e  N eu trin o  F ac to ry  w ould certa in ly  o u t-perfo rm  b o th  th e  SPL and  T 2H K , in p rac tice  for 

sm all values of 013 a C P -v io la ting  phase  will be difficult to  d is tingu ish  from  a n o n -C P -v io la tin g  

one, if th e  sign- and  octan t-degeneracies are no t solved.

F igu re  85 (righ t panel) shows th e  A%2 for th e  w rong choice of th e  m ass hierarchy, com puted  

for m axim al C P -v io la tion  (i.e. tru e  ö /2  =  n  or 3 n /2 ) , as a  function  of th e  tru e  013. T h e  A%2 is 

m arg inalised  over all p a ram ete rs  o th e r th e n  ö and  com pu ted  for f itted  ö =  0 or n . S ensitiv ity  

to  m axim al C P -v io la tion  is th e n  rep resen ted  (for a  fixed L an d  E M) by th e  region of tru e  013 

for w hich A%2 is bigger th a n  a given (1 dof) confidence level. For 013 ^  0, it becom es m ore
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F ig u re  85: L eft p an e l: 3 a  C P -d isco v e ry  p o te n tia l  for th e  50 G eV  N e u tr in o  F a c to ry  a t  L  =  4000 km . R ig h t panel: 

P ro je c te d  A x 2 for th e  w ro n g  choice o f th e  h ie ra rch y , c o m p u te d  for m a x im a l C P -v io la tio n , S =  n / 2  a n d  S =  3 n /2 ,  

as a  fu n c tio n  o f th e  t r u e  v alue o f s in 2 2013. T h e  a rro w  re p re se n ts  th e  sm a lle s t s in 2 2013 for S =  n /2  (grey  arrow ) 

a n d  S =  3 n /2  (b lack  arrow ) abo v e  w h ich  C P -v io la tio n  c a n  b e  fo u n d  for any  v alue  o f s in 2 2013.

and  m ore difficult to  d is tingu ish  C P -v io la tion  from  C P -conservation . However, it can  be seen 

th a t  for ö =  3 n /2  a second m in im um  ap p ea rs  b o th  a t 3 a  and  a t 5a  for larger $13, no t presen t 

for ö =  n /2 .  T h is  is th e  n - tra n s it  th a t  was no ted  before. If  th e  m ass h ierarchy  is unknow n, no 

sensitiv ity  to  m axim al C P -v io la tion  is possible if sin2 2$13 lies in th is  region.

T h e  largest (righ tm ost) sin2 2$13 value for w hich A%2 >  9 (or 25) rep resen ts  th e  sm allest 

sin2 2$13 for w hich it is possible unam biguously  to  observe m axim al C P -v io la tion , a lth o u g h  th e  

sensitiv ity  m ay be resto red  a t lower values of sin2 2$13. T h is value of sin2 2$13 is labeled  by 

an  arrow  in th e  figure. Conservatively, th is  value is tak en  as th e  b enchm ark  for th e  (L , Eß ) 

op tim isa tion . F igures will be p resen ted  a t 3 a  only since th e  resu lts  do no t depend  on th e  chosen 

confidence level.

F igu re  86 shows th e  sensitiv ity  to  m axim al C P  v io lation  (as defined above) for th e  tw o different 

choices of ö. For ö =  n /2 ,  we find th e  o p tim al perform ance a t a b o u t 3 000 — 5 000 km  for E ß > 

30 GeV, w hereas larger energies are  no t requ ired . W hen  ö =  3 n /2 , th e  abso lu te  sin2 2$13 reach 

is ra th e r  poor, once again  th e  m ost conservative value of sin2 2$13 above w hich C P  v io lation  can  

be d e te rm ined  has been  chosen. In  th is  case, degeneracies affect th e  C P -v io la tion  perform ance. 

I t  has been  d em o n stra ted  in reference [699] th a t  th e  m agic baseline can  be  used to  solve these 

degeneracies in th e  th ird  and  fo u rth  q u a d ra n ts  of ö. If  ö tu rn e d  o u t to  be in th is  region, to  

im prove th e  sensitivity, a second baseline is needed to  solve th e  sign-degeneracy, th u s  a llev ia ting  

th e  effects of th e  n - tra n s it .

5 .4 .2 .3  S e n s i t i v i t y  t o  t h e  m a s s  h ie r a r c h y

T he ve ^  oscillation p ro b ab ility  in m a tte r  depends on th e  sign of A m 31. A change of th is  

sign is equivalent to  a C P  tran sfo rm a tio n , th a t  is, in terchang ing  th e  p ro b ab ility  of neu trinos  and
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^ c p  = n /2 ö q p = 3 n /2

L [km] L [km]

F ig u re  8 6 : S en s itiv ity  to  m a x im a l C P -v io la tio n  (S =  n /2  o r 3 n /2 )  for a  n o rm a l “t r u e ” m ass h ie ra rc h y  as a 

fu n c tio n  o f L  a n d  E M. T h e  se n s itiv ity  is g iven  as m a x im a l rea ch  in  s in 2 2013 a t  th e  3 a  1 d o f CL in c lu d in g  

co rre la tio n s  a n d  degen erac ies . T h e  m in im a , m a rk e d  by  th e  d ia m o n d s , a re  s in 2 2013 =  8 .8  • 10 - 5  (left p an e l) a n d  

s in 2 2013 =  1.3 • 10 - 3  ( rig h t p an e l).

an ti-neu trinos. T hus, m a tte r  effects them selves induce a non-van ish ing  C P -o d d  asym m etry . T h e  

m axim um  sensitiv ity  to  th e  sign of A m 31, using  th e  P R E M  m a tte r-d e n sity  profile, is expected  

a t a  baseline 0 (7 0 0 0 ) km . T h e  asym m etries from  different energy bins, however, peak  a t slightly  

different baselines. Therefore , sp ec tra l in fo rm ation  can  be used to  im prove th e  m easurem ent of 

th e  sign of A m 31.

T h e  discovery p o te n tia l for th e  norm al ‘t r u e ’ m ass h ierarchy  is show n a t th e  3 a  confidence 

level in figure 87, evaluated  for baselines of L =  4000 km  and  L =  7500 km . T h e  sensitiv ity  

of th e  sh o rt and  th e  long baselines are  iden tica l for ö ~  —110°. For th is  p a rtic u la r  p a ram e te r 

set it is also possible to  lift th e  degeneracies a t th e  sh o rt baseline. C om pared  to  figure 19 of 

reference [218], th e  b e t te r  sensitiv ity  of th e  sh o rt baseline for ö ~  100° depends on th e  efficiency 

function  used, see section 5 .4 .1 .1 . For all o th e r values of ö, th e  longer baseline has a b e tte r  

sensitivity.

T h e  norm al m ass-h ierarchy  sensitiv ity  reach in sin2 2$13 as a function  of baseline and  p a ren t 

m uon energy is show n in figure 88 for d ifferent values of ö. T h e  m ass-h ierarchy  sensitiv ity  

increases w ith  th e  baseline because of th e  m a tte r  effects. T h is  m eans th a t  for very sm all tru e  

values of sin2 2$13, a  very long baseline is requ ired . T h e  m uon energy is of secondary  in terest, as 

long as it is la rger th a n  a b o u t 20 G eV . In  fact, for ö =  n /2  o r very long baselines L  >  8 000 km, 

a m uon energy larger th a n  50 GeV is dis-favoured because of th e  m a tte r  resonance a t lower 

energies. In  all cases, th e  m agic baseline L ~  7 500 km  is near th e  op tim um . For ce rta in  

values of ö, th e re  are  ‘g a p s’ in th e  sin2 2$13 axis for w hich no unam biguous m easurem ent of th e  

h ierarchy  is possible, co rrespond ing  to  a second m in im um  in A%2, as was th e  case in figure 85 

(righ t panel). In  figure 88, such gaps occur for ö =  3 n /2 . In  th is  case, only  th e  largest value 

of sin2 2$13 above w hich m ass-h ierarchy  sensitiv ity  can  be achieved unam biguously  is shown.
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True value of sin22013

F ig u re  87: 3 a  se n s itiv ity  to  th e  s ig n (A m 3 1) for n o rm a l ‘t r u e ’ m ass  h ie ra rch y . Solid (d ash ed ) lines refer to  th e  

L  =  4000 k m  (7500 km ) N e u tr in o  F ac to ry .
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F ig u re  8 8 : S en s itiv ity  to  a  n o rm a l ‘t r u e ’ m ass  h ie ra rc h y  for d iffe ren t values o f S (p lo t labels) as a  fu n c tio n  o f L  

a n d  E m. T h e  se n s itiv ity  is g iven  as th e  m a x im a l rea ch  in  s in 2 2013 a t  3 a  in c lu d in g  c o rre la tio n s  a n d  d eg enerac ies. 

T h e  m in im a , m a rk e d  by  th e  d ia m o n d s , a re  s in 2 2013 =  1.8 • 10 - 4  (left p an e l) , s in 2 2013 =  6.7• 10 - 5  (m id d le  p an e l) , 

a n d  s in 2 20 13 =  1.6  • 10 - 4  ( r ig h t pan e l).

Therefore, figure 88 (righ t panel) ac tua lly  shows th e  ranges for th e  ‘gap less’ d e te rm in a tio n  of 

th e  m ass hierarchy. T hus, for very long baselines L >  7 500 km , th e  m ass h ierarchy  can  be 

d e te rm ined  over th e  full range of sin2 2$13. N ote th a t ,  in th is  case, such a baseline itself allows 

th e  degeneracies to  be solved.

5 .4 .2 .4  M e a s u r e m e n t  o f  t h e  a t m o s p h e r i c  p a r a m e t e r s

E x cep t for any  suppressed  three-flavour effects, a  N eu trin o  F acto ry  will be useful for th e  precision 

m easurem en t of th e  leading  a tm ospheric  p a ram ete rs  A m ^  and  $23. For sim plicity, th e  case in 

w hich th e  tru e  sin2 2$13 =  0 is considered  in th is  section, because sin2 2$13 >  0 yields com plica ted  

co rre la tions in th e  d is-ap p earan ce  channel (cf., eq u a tio n  (33) in reference [213]). R esu lts  are 

presen ted  for b o th  hierarchies as a function  of |A m 21| (see section  2.3 and  reference [218] for a
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F ig u re  89: C o m p ariso n  o f (A m 3 1-023)-p re c is io n  b e tw e en  C ID  (left p an e l)  a n d  no  C ID  (rig h t p an e l)  in  th e  d is 

a p p e a ra n c e  c h a n n e l in c lu d in g  all co rre la tio n s  (1 a , 2a, 3a, 2 d .o .f., s in 2 2013 =  0). T h e  a p p e a ra n c e  in fo rm a tio n  is 

a d d e d  as  u su a l w ith  C ID . D ash e d  cu rv es co rre sp o n d  to  th e  in v e rte d  h ie ra rc h y  so lu tion .

discussion  of th e  su b jec t). T h e  so lu tion  for th e  inverted  hierarchy, depend ing  on th e  defin ition  of 

th e  large m ass-squared  sp littin g , always differs som ew hat from  th e  original solution. However, 

th e re  is no q u a lita tiv e  difference to  th e  best-fit so lu tion  for sin2 2d 13 =  0.

T h e  d is-appearance  channel is ex trem ely  useful for th e  d e te rm in a tio n  of th e  a tm ospheric- 

n eu trin o  p a ram ete rs  A m 31 and  sin2 d23. A n im pressive accuracy  can  be a tta in e d , even w ith  th e  

s ta n d a rd  se tup . However, a b e t te r  precision can  be achieved w ith  a lower m uon iden tification  

th resho ld . T h is  can  be achieved by loosening th e  k inem atic  cu ts  needed for a  good m uon 

charge identification . W ith  no-C ID , low -energy bins have a m uch h igher efficiency, w hich in 

tu rn  m axim ises th e  oscilla to ry  signal. T h e  price th a t  m ust be paid  is th a t  n eu trin o  and  a n ti 

n eu trin o  ra te s  have to  be added  in th is  case, w hich is no t a  m a jo r prob lem  for th e  d is-appearance  

channel [588].

T h e  raw  d a ta  set is therefo re  sp lit in to  tw o sam ples: th e  first w ith  charge iden tification  

(C ID ), used for th e  ap p ea ran ce  channel and  m odeled accordingly  to  reference [340]; th e  second 

w ith o u t charge iden tification  (no-C ID ). In  th is  case th e  M IN O S efficiencies and  th resh o ld s  from  

references [192,698] are used. N ote th a t  th is  im plies tw o different energy-th resho ld  functions. 

T h e  fact th a t  th e re  are a lm ost no events below  a b o u t 4 G eV  in th e  ap p ea ran ce  channel is 

ap p ro p ria te ly  m odelled. For d eta ils  of th e  shape  of th e  ap p ea ran ce  channel th resho ld  function , 

th e  efficiencies, and  th e  m odel of th e  energy reso lu tion , see ap p en d ix  B .2 of reference [340]. By 

com paring  th e  tw o panels of figure 89 , it can  be seen th a t  it is ex trem ely  helpful no t to  use th e  

C ID  in fo rm ation  in th e  d is-appearance  channel (cf. reference [738]).

F igu re  90 shows th e  re la tive precision on A m ^  as a function  of L and  E ß (a t 1a CL for 1 

degree of freedom ), inc lud ing  all p a ram e te r correlations, for a norm al ‘t r u e ’ m ass hierarchy. T h e
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F ig u re  90: R e la tiv e  p rec is io n  o n  A m jj1 ( a t 1 a) as a  fu n c tio n  o f L  a n d  , in c lu d in g  all p a ra m e te r  co rre la tio n s  for 

a  n o rm a l m ass  h ie ra rc h y  a n d  s in 2 2013 =  0. T h e  u p p e r  e n d  (left p an e l)  a n d  low er en d  (rig h t p an e l) o f th e  allow ed 

reg io n  a re  g iven  se p a ra te ly  b ec au se  th e  A x 2 is q u ite  a sy m m e tric . T h e  m in im a , m a rk e d  b y  th e  d ia m o n d s , o ccu r 

a t  0.14%  (left p an e l)  a n d  0.18%  (rig h t p an e l) .

u p p e r  end  (left panel) and  lower end  (righ t panel) of th e  allowed region are given separately , 

because th e  A%2 is q u ite  asym m etric  in m any  cases. T h e  first oscillation m axim um  can be found

at:

L m ax  -  ( 564 q ^ )  k m , (299)

w hich explains th e  op tim um  observed for E ß ~  10 GeV a t a b o u t 3 500 km  (rem em ber th a t  th e  

m ean n eu trin o  energy is som ew hat below  E ^ ). For E v >  2 GeV (below  th is  energy no significant 

r a te  is observed), L >  1000 km  is a  necessary  cond ition  to  be able to  d isen tang le  d23 from  A m ^ .  

If  L ^  L max, d23 an d  A m 21 are  highly  co rre la ted . T h e  sep ara te  analysis of th e  d a ta se t w ith o u t 

C ID  yields an  ex trem ely  good (com pared  to , e.g., reference [739]) re la tive precision on A m 31 of 

th e  o rder of 0.2% for L >  3 000 km  and  E ß > 40 GeV. T h is  com es from  th e  ab ility  to  resolve 

th e  oscillation m axim um  a t low energies for long enough baselines and  large enough d a ta  sets 

because of th e  lower th resh o ld  and  th e  h igher overall efficiency of th e  no-C ID  d is-appearance  

channel sam ple. A lthough  th e  to ta l ra te  decreases for longer baselines, m ore oscillation  m axim a 

can  be  resolved. N ote  th a t  we have included sufficiently m any  bins a t low energies to  in co rp o ra te  

these  effects.

I t has been  show n in reference [738] th a t  th e  energy reso lu tion  has a significant influence 

on th e  accuracy  on th e  leading p aram eters . In  figure 91 th e  re la tive 1a (full w id th ) e rro rs  on 

sin2 d23 (left panel) and  A m 31 (righ t panel) as a  function  of th e  baseline are  shown. T h e  different 

coloured lines co rrespond  to  d ifferent values of th e  energy resolu tion , a, and  th e  no rm alisa tion  

e rro r of th e  signal, s. In terestingly , th e  signal e rro r seems to  be q u ite  u n im p o rta n t. T h e  energy 

reso lu tion , on th e  o th e r hand , has a re latively  large im pact, especially  a t th e  sh o rte r baselines. 

T h e  dashed  lines show th e  effect of increasing  th e  u n certa in ty  on th e  so lar p a ram ete rs  to  10%
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F ig u re  91: T h e  re la tiv e  1 a  (full w id th )  e rro rs  o n  s in 2 023 (left p an e l)  a n d  A m 3 1 ( rig h t p an e l) as a  fu n c tio n  o f th e  

b aseline . T h e  re su lt is sh o w n  for v ario u s c o m b in a tio n s  o f en e rg y  re so lu tio n  a  a n d  sy s te m a tic  e rro r  s. T h e  solid  

(d ash e d ) lines assu m e a n  u n c e r ta in ty  o n  A m J i a n d  0 12 o f 5%  (10% ). T h e  re su lts  a re  c o m p u te d  for s in 2 2013 =  0.

(in stead  of 5%), th e  increased u n ce rta in ty  leads to  a considerab le  d e te rio ra tio n  in precision. 

Irrespective  of th e  e rro r on th e  so lar p a ram ete rs  and  th e  energy resolu tion , longer baselines are 

preferred , especially  for sin2 023.

5 .4 .2 .5  S e n s i t i v i t y  t o  m a x im a l  023 a n d  t h e  o c t a n t - d i s c o v e r y  p o t e n t i a l

A n a tu ra l ex p lan a tio n  for m axim al m ixing (023 =  n /4 )  m ight involve a new  sym m etry  betw een 

vß and  vT. T herefore , th e  degree to  w hich 023 differs from  n /4  is a  pow erful too l to  d iscrim inate  

betw een different neu trino -m ass m odels [701,740]. F igu re  92 (left panel) shows th e  sensitiv ity  

to  dev iations from  m axim al 023. T he  curves have been  com pu ted  for 013 =  0. D eviations as 

sm all as 10% of sin2 023 from  m axim al m ixing could be estab lished  a t th e  L =  4000 km  baseline 

for ce rta in  values of A m J ^  A b e tte r  sensitiv ity  m ay be o b ta in ed  for L  =  7500 km, however, in 

th is  case, th e  energy and  baseline m atch  th e  first oscillation peak  in m a tte r . T he  sensitiv ities 

reached are  a t th e  level of sin2 023 €  [0.45 — 0.48] alm ost in d ep en d en t of th e  value of A m ^ ,  

w hich m eans th a t  dev ia tions from  m axim al m ixing of th e  o rder of 4% could be estab lished .

N otice th a t ,  a lthough  th is  sensitiv ity  is ra th e r  good, in general it is very difficult to  de te rm ine  

th e  o c ta n t in w hich th e  a tm ospheric  angle lies. I t is q u ite  difficult to  b reak  th e  023 ^  n /2  — 023 

sy m m etry  induced by th e  leading  te rm  in th e  tra n s itio n  p robab ility ; th e  sub-lead ing  te rm s th a t  

could help  in lifting  th is  degeneracy are  s trong ly  co rre la ted . However, for 013 =  0, full advan tage 

can  be taken  of m a tte r  effects in th e  m uo n -n eu trin o  d is-appearance  signal. T h e  N eu trin o  F acto ry  

shows a ce rta in  (lim ited) capab ility  to  solve th is  degeneracy, irrespective of th e  baseline and  th e  

value of ö. T h e  ab ility  to  resolve th e  o c ta n t is show n in figure 92 (righ t panel); longer baselines 

perfo rm  b e tte r  and  it is easier to  resolve th e  o c ta n t if th e  tru e  023 <  n /4 .
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F ig u re  92: L eft p anel: 3 a  se n s itiv ity  to  d e v ia tio n s  from  m a x im a l $23;. R ig h t p anel: 3a  s e n s itiv ity  to  th e  

0 2 3-octan t. Solid  (d ash e d ) lines refer to  th e  L  =  4000 k m  (L  =  7500 km ) N e u tr in o  F ac to ry .

F igu re  93 shows th e  sensitiv ity  to  dev iations from  m axim al m ixing for a  norm al m ass h ierarchy 

an d  sin2 2913 =  0 as a function  of L  an d  E ß. T h e  sensitiv ity  is given as th e  rela tive dev ia tion  

of sin2 923 from  0.5 in p e r cent a t 3a, inc lud ing  all p a ram e te r co rrelations. N ote  th a t  only  th e  

u p p e r  b ranch  sin2 023 > 0.5 is tak en  in to  account, because th e re  is h a rd ly  any  sensitiv ity  to  th e  

(923,n / 2  — 023) am bigu ity  [211] and  th e  prob lem  is sym m etric  aro u n d  023 =  n /4 .  A very sim ilar 

q u a lita tiv e  and  q u a n tita tiv e  behav iour is found to  th a t  rep o rted  in reference [739]. However, 

th e  low -energy perfo rm ance for very long baselines (L >  6 000 km ) is significantly  im proved as 

th e  efficiencies a t lower energies are  b e t te r  w hen includ ing  d is-ap p earan ce  d a ta  w ith o u t CID. 

M ost im p o rtan tly , it is very h a rd  to  im prove th e  sensitiv ity  to  dev iations from  m axim al m ixing 

w ith  th e  s ta n d a rd  se tup , p ro b ab ly  because of th e  ra th e r  large norm alisa tion  u n certa in ties  th a t  

have been assum ed. In  p articu la r, T 2H K  could achieve a sim ilar q u a n tita tiv e  perform ance [701].

5 .4 .2 .6  O p t i m i s a t i o n  fo r  la r g e  sin2 2 0 13

C onsider now large values of sin2 2913, sin2 2913 ~  0.1 [913 ~  9°], w hich m eans th a t  it will be 

m easured  a t th e  nex t genera tion  of su per-beam  experim en ts. I t  is well know n th a t  for large 

sin2 2913, m a tte r-d e n sity  u ncerta in ties  affect th e  precision m easurem en ts of sin2 2913 and  ö (see, 

e.g., references [340, 736]). Therefore , it is an  in te res ting  question  w h e th er th e  op tim isa tion  

changes for large sin2 2913 d ep end ing  on th e  m a tte r-d e n sity  uncerta in ty , and  if th e  perform ance 

of conventional techniques can  be exceeded.

For th e  m ass hierarchy, th e  o p tim isa tio n  is h a rd ly  affected by th e  m a tte r-d e n sity  uncerta in ty . 

As a general rule, th e  m ass h ierarchy  can  be d e te rm ined  for all values of ö for L >  1000 km  

alm ost in d ep en d en t of m uon energy. D iscovery of non-vanish ing  sin2 2913 is possib le in dependen t 

of ö. T h e  C P -v io la tion  discovery p o ten tia l is show n in figure 94 as a function  of L an d  E M, for
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Deviation from max. mixing (3^)

L [km ]

F ig u re  93: S en s itiv ity  to  d ev ia tio n s  fro m  m a x im a l m ix in g  for a  n o rm a l m ass  h ie ra rc h y  a n d  s in 2 2 $ i3 =  0 as a 

fu n c tio n  o f L  a n d  E M. T h e  se n s itiv ity  is g iven  as re la tiv e  d e v ia tio n  o f s in 2 023 fro m  0.5 in  p e r  ce n t a t  3 a  in c lu d in g  

all p a ra m e te r  co rre la tio n s , w here  on ly  th e  u p p e r  b ra n c h  s in 2 023 >  0.5 is ta k e n  in to  ac co u n t. T h e  m in im u m , 

m a rk e d  by  a  d ia m o n d , is a t  4.2% .
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F ig u re  94: F ra c tio n  o f  ( tru e )  S as fu n c tio n  o f L  a n d  for th e  m e a su re m e n t o f C P -v io la tio n  for s in 2 2 $ i3 =  0.1 an d  

a  n o rm a l m ass  h ie ra rc h y  (3 a , in c lu d in g  all p a ra m e te r  c o rre la tio n s  a n d  d eg en erac ies). T h e  le ft p a n e l c o rre sp o n d s  

to  a  m a t te r  d en s ity  u n c e r ta in ty  o f 5% , a n d  th e  r ig h t p a n e l to  a  m a t te r  d en s ity  u n c e r ta in ty  o f 1%. T h e  m ax im a , 

m a rk e d  by  th e  d ia m o n d s , a re  a t  6 8 % (left) a n d  77%  (rig h t).

sin2 2913 =  0.1 an d  a norm al m ass hierarchy, for tw o different values of th e  m a tte r  density  

u n certa in ty : 5% (left panel); and  1% (righ t panel).

T h e  m axim um  achievable C P -frac tion  depends on th e  m a tte r-d e n sity  uncerta in ty , and  is only 

m arg inally  affected by th e  choice of baseline for baselines betw een 1 500 and  5 500 km  for sm all 

m a tte r-d e n sity  uncerta in ty . A very pecu liar behav iou r of for la rger m a tte r-d e n sity  u n certa in ty  

can  be  observed in th e  left panel of figure 94 . A m a tte r  density  u n ce rta in ty  of ~  5% is m ore 

realistic  w ith  th e  p resen t level of u n d e rs tan d in g  [735,736,741]. In  p a rticu la r , th e  com bination
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L =  3 000 km  and  E ß =  50 GeV, w hich is o ften  considered , perform s especially  badly. I t is 

n o t triv ia l to  exp lain  th is  loss of sensitivity. F irs t, sm aller m uon energies are  p referred  since 

m a tte r  density  u n certa in ties  h a rd ly  affect th e  leading sin2 2913-term close to  th e  m a tte r  resonance 

(w hich is ac ting  as a background  to  th e  ö m easurem ent; see figure 3 of reference [736]). Second, 

sh o rte r baselines are  p referred  since m a tte r  effects are  sm aller th e re  and , therefore, th e  im pact 

of density  u n certa in ties  is reduced. T h ird , th e re  is a  second m axim um  for L ~  5 000 km , w here 

th e  C P -asym m etric  te rm  is enhanced  for E  ~  10 GeV, equation  (299); rem em ber th a t  th e  

m ean  n eu trin o  energy is considerab ly  below th e  m uon energy). T hese facto rs to g e th e r cause th e  

s tru c tu re  in th e  left panel of figure 94.

C om parison  of figure 94 (righ t panel) w ith  figure 86(left) shows th a t  for sm all values of th e  

m a tte r-d e n sity  uncerta in ty , th e  ‘u su a l’ o p tim isa tio n  for C P  v io lation  is qu a lita tiv e ly  recovered. 

T h e  o p tim al perform ance for sm all m a tte r  density  u ncerta in ties  is reached in a w ide range of L 

an d  E ß.

5 . 4 . 3  S o l v i n g  d e g e n e r a c i e s

V arious so lu tions have been  proposed  to  reduce th e  p a ram etric  co rre la tions and  degeneracies 

observed in th e  sim ultaneous m easurem ent of 913 and  ö a t th e  N eu trin o  Factory. T h e  design 

of th e  m agnetised  iron d e tec to r used to  m easure golden-channel w rong-sign m uons and  th e  

tig h t k inem atic  cu ts  app lied  to  reduce th e  background , resu lt in very few events being  collected 

in th e  energy region below 10 GeV. T h is  region, however, is w here th e  first oscillation  peak  

lies for neu trinos  p roduced  in th e  decay of 50 GeV m uons. U nfortunate ly , having  sufficient 

s ta tis tic s  above and  below th e  oscillation peak  has been  show n to  be th e  key to  solve m any  of 

th e  p a ram etric  degeneracies. T h is  is w hy N eu trin o  F ac to ry  experim en ts  suffer from  th is  problem  

m ore th a n  su per-beam  or b e ta -b eam  experim en ts, for w hich th e  resu lts are  lim ited  by sta tis tic s.

T h e  different m e thods th a t  m ay be used to  resolve th e  co rre la tions and  degeneracies will be 

discussed u n d e r th re e  headings:

•  C om bining  d a ta  collected using  several m agnetised  iron detec to rs  of th e  ty p e  described  in 

section 5.4.1.1 placed a t a num ber of baselines;

•  C om bining  different channels collected using  th e  d e tec to rs  described  in sections 5.4.1.2 and  

5 .4 .1 .3; and

•  Im prov ing  th e  perfo rm ance of th e  d e tec to r described  in section 5 .4.1.1.

5 .4 .3 .1  C o m b i n in g  b a s e l in e s

T h e  first o p tion  to  resolve th e  degeneracies is to  com bine golden-m uon signals from  experim en ts 

located  a t d ifferent baselines. I t  was recognised very early  in th e  lite ra tu re  th a t  ce rta in  types 

of co rre la tions are less p ronounced  if d a ta  from  different baselines are analysed  to g e th er, see for
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s in 2 2013 s e n s it ivit y ( r e la t ive  to  op t im um )

L i [km]

F ig u re  95: T h e  s in 2 2 0 n  se n s itiv ity  lim it re la tiv e  to  th e  o p tim u m  v alu e  o f 5.9 • 1CPB a t  L \ =  Ln ~  7 500 km . I t  

is p lo tte d  a t  th e  3a  co n fidence level as fu n c tio n  o f th e  b ase lin es L i  a n d  Ln h ea d in g  from  th e  50 G eV  N e u tr in o  

F a c to ry  to w ard s  tw o  25 K to n  d e te c to rs . T h e  se n s itiv ity  lim it in c lu d es fu ll co rre la tio n s  a n d  degen erac ies . T h e  tru e  

p a ra m e te r s  for th is  figu re  a re  A m ix  =  3 • 10~ 3 eV 2, 023 =  7 t/4 , A  m ix  =  7 • 10 ~ B e V 2 a n d  s in 2 O1 2  =  0.28. F ig u re  

ta k e n  from  [43].

exam ple [205,206]. I t  tu rn s  o u t th a t  th e  m ost useful ad d itio n a l baseline is aro u n d  L  ~  7500 km, 

th e  m agic baseline [43]. A t th is  d istance , m a tte r  effects com pletely  suppress any  th ree-flavour 

effect and  allow for an  unam biguous m easurem en t of sin2 26\s  and  of th e  m ass h ierarchy  (see 

also section 5.4.2.3). In  figure 95, th e  sensitiv ity  to  sin2 2^13 is show n for a N eu trin o  F acto ry  

w ith  tw o baselines as a function  of th e  tw o baselines. Clearly, th e  com bination  of L \  ~  3 000 km  

an d  L -2 =  7500 km  has a very good perform ance (s ta r  labeled ‘(2 )’). T h e  o th e r possible choice, 

i.e. p u tt in g  all th e  d e tec to r m ass a t L  =  7500 km  (s ta r  labeled ‘(1 )’), is very good for sin2 2^13 

m easurem en ts b u t w ould have no sensitiv ity  to  C P -v io la tion  a t all. T h e  th ird  possible so lu tion  

‘(3 )’ is fine tu n e d , as show n in figure 2 of [43].

T h e  com bination , L  ~  3 000 km  an d  L  ~  7 000 km , is very effective; it allows for a  clean 

m easurem en t of sin2 29 \3 and  of th e  sign of A m ^  a t th e  m agic baseline and  for a  good m easure 

m ent of Ö a t th e  sh o rte r baseline, w here th e  ($13, ö) co rre la tion  is strong ly  reduced because $13 is 

a lready  constra ined  by th e  m agic-baseline d a ta . A second d e tec to r a t 3 000 km  in com bination  

w ith  th e  first a t o r aro u n d  th e  m agic baseline significantly  im proves th e  sin 26\s  sensitiv ity , by 

about, an  o rder of m ag n itu d e  (th e  resu lts  do no t change significantly  if th e  d e tec to r is anyw here 

betw een 3 000 km  to  5 000 km ). T h e  sensitiv ity  is n o t strong ly  affected by th e  exac t value of 

th e  location  of th e  first d e tec to r in th e  range 6 000 km  to  9 000 km  e ith e r [742].

5 .4 .3 .2  C o m b i n in g  c h a n n e l s

1. The silver  channel:  In  reference [44] it was noticed  th a t  m uons arising  from  r  decay w hen
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t  s are p roduced  v ia  a ve ^  vT tra n s itio n  show a different (013,ö) co rre la tion  from  those 

com ing from  ve ^  vM tran s itio n s . B y using  an  E m ulsion  C loud C h am b er (E C C ) capab le  

of T-decay vertex  recognition, it is possible to  use th e  com plem en tarity  of th e  in fo rm ation  

from  ve ^  vT and  from  ve ^  vM to  solve th e  in trin sic  degeneracy. T h e  relatively  sm all m ass 

of th e  E C C , th e  sm all vT-nucleon cross section, th e  sm all t  ^  ß  b ranch ing  ra tio , and  th e  

decay-vertex  requ irem en t, cause th e  s ta tis tic a l significance of th e  silver channel to  be m uch 

lower th a n  th a t  of th e  golden channel. Silver m uons, in com bination  w ith  golden m uons, 

are also ex trem ely  helpfu l in dealing  w ith  th e  [0 2 3 , n / 2  — 023] am biguity , since th e  leading 

te rm  in P ( v e ^  vT) is p ro p o rtio n a l to  cos2 023, w hereas th e  analogous te rm  in P (ve ^  vM) is 

p ro p o rtio n a l to  sin2 023. However, th e  sensitiv ity  of th e  silver/go lden  channel com bination  

to  th e  023-o c ta n t strong ly  depends on th e  value of 0 13.

T h e  ad d itio n  of th e  silver-channel d a ta  does no t affect th e  golden-channel baseline op tim i 

sa tion . T h e  golden channel suffers significantly  from  degeneracies a t th e  4 000 km  baseline, 

in p a rtic u la r  for tru e  ö =  3 n /2 . For sin2 2013 ~  3 x 10- 3 , th e  sensitiv ities to  m axim al 

C P -v io la tion  and  to  th e  m ass h ierarchy  are lost, and  a sensitiv ity  gap  appears.

For a golden channel se tu p  fixed to  Eß =  50 GeV and  L MID =  4 000 km , th e  o p tim al E C C  

baseline to  close th e  sensitiv ity  gap  is found betw een 2500 and  5 000 km . I t  will therefore  

be  assum ed in th e  following th a t  th e  E C C  d e tec to r is located  a t th e  second golden-channel 

d e tec to r baseline (3 000 km ).

2. The vß ^  vT channel: U sing th e  E C C  d e tec to r, it is possible to  d isen tang le  th e  (dom i

n an t) v^ ^  vT ap p ea ran ce  oscillation from  th e  vM d isap p ea ran ce  channel. T h is  oscillation 

probab ility , w hich is th e  m ain  goal of th e  CN G S experim en ts, is ex trem ely  sensitive to  th e  

a tm ospheric  p a ram ete rs  023 an d  A m 31. In  princip le, it could be used to  com plem ent th e  

in fo rm ation  from  th e  vM d isap p ea ran ce  channel in th e  M ID  d e tec to r to  solve th e  o c tan t-  

degeneracy.

A d eta iled  s tu d y  of th is  channel a t th e  E C C  is lacking. A p re lim inary  analysis shows th a t  th e  

perfo rm ance of th is  channel is sim ilar to  th e  vM d isap p ea ran ce  channel a t th e  M ID  detecto r.

3. The platinum channel: T h e  p la tin u m  channel is th e  T -con juga te  of th e  golden channel. 

Therefore, th e  (L , E ^ )-o p tim isa tio n  of th e  p la tin u m  channel is th e  sam e as th a t  of th e  golden 

channel. I t  will be assum ed th a t  th e  p la tinum -channel d e tec to r should be sited  a t th e  sam e 

baseline as th e  go lden-channel detecto r.

As for th e  silver channel, th e  p la tin u m  channel is s trong ly  lim ited  by s ta tis tic s . In  th e  

left panel of figure 96, A x 2 (w ith  respect to  th e  abso lu te  x 2 m inim um ) values a t th e  

in trinsic-degeneracy  and  sign-degeneracy  m in im a are  show n as a function  of th e  u p p er 

e lec tro n /p o sitro n -ch arg e  iden tification  th resh o ld  for sin2 2013 =  2.5 x 10- 3 . R ecall th a t ,  

for th e  s ta n d a rd  p la tinum -channel d e tec to r [210], th e  u p p er th resh o ld  has been  fixed to

7.5 GeV. As can  be seen in th e  figure, for a 15 K to n  m agnetised  liqu id-argon  (LA r) d e tec to r 

th e  A%2 a t th e  degenera te  so lu tions does n o t change a lot. T h is  is a  severe lim ita tio n  of th is  

channel due  to  th e  sm all size of th e  available d a ta  set. O n th e  o th e r hand , for a 50 K to n  

m agnetised  L A r d e tec to r, b o th  degeneracies are  lifted if th e  u p p e r  e lectron  C ID  th resho ld

223



Upper CID threshold [GeV]

Platinum threshold and CP violation
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F ig u re  96: L eft p anel: D ep e n d en c e  o f A x 2 v alue  a t  th e  in tr in s ic -  a n d  s ig n -d eg en eracy  m in im a  (lig h t g ra y /g re e n  

a n d  d a rk  g ra y /r e d ,  re sp ec tiv e ly ) o n  th e  u p p e r  e le c tro n  C ID  th re sh o ld , for in p u t  values s in 2 2013 =  2.5 x  10 - 3  

(i.e. 0 13 ~  1.5° ) an d  S =  3 n /2 .  T h e  b ase lin e  is a ssu m ed  to  b e  4 000 k m  an d  E ß =  50 G eV . Solid  (d ash ed ) lines 

s ta n d  for th e  im p ro v ed  ( s ta n d a rd )  p la tin u m  d e te c to r ,  w ith  50 (15) K to n  m ass  a n d  40%  (20% ) efficiency. R ig h t 

panel: T h e  fra c tio n  o f ( tru e )  S for w h ich  C P -v io la tio n  c a n  b e  d iscovered  a t  3a  as a  fu n c tio n  o f th e  u p p e r  e lec tro n  

C ID  th re s h o ld  (for a  n o rm a l m ass  h ie ra rc h y ), co m b in in g  th e  50 K to n  g o ld en  d e te c to r  a t  L  =  4 000 k m  a n d  th e  

im p ro v ed  50 K to n  p la tin u m  d e te c to r  w ith  40%  efficiency, for E ß =  50 G eV . D iffe ren t cu rv es refer to  d iffe ren t 

values o f s in 2 2013. T h e  arrow s refer to  th e  im p ro v e m en t in  th e  p h y sics  p o te n tia l  by  u s in g  th e  p la tin u m  chan nel.

is increased  above 30 GeV. In  th is  case, th e  sensitiv ity  gap  can  be closed com pletely. T h is 

m eans th a t  only  w ith  b o th  a significant increase in th e  d e tec to r m ass and  in th e  e lectron  

CID  th resh o ld  th is  channel can  help  in solving degeneracies for low $13. T h e  15 K to n  LA r 

detecto r, as well as th e  5 K to n  E C C  d e tec to r, can  c o n trib u te  for in te rm ed ia te  values of $13 

b u t no t for such low values.

T h e  p la tin u m  channel m ay be used to  solve degeneracies b o th  for in te rm ed ia te  and  large val

ues of sin2 2$i3. In  figure 96(righ t), th e  C P -frac tion  for w hich C P -v io la tion  can  be discovered 

as a function  of th e  u p p e r C ID  th resh o ld  is shown. T h e  dependence of th e  discovery p o te n 

tia l on th e  th resh o ld  is re la tively  shallow  for sin2 2$13 <  10- 2 , w hereas for la rger sin2 2$13 

a 6 G eV  u p p e r  th resho ld  can  increase th e  C P -frac tion  by a b o u t 10%. T h is  m eans th a t  if 

sin2 2$13 tu rn s  o u t to  be large, a  re la tively  low u p p e r th resh o ld  could be  accep tab le . However, 

if it is in tended  to  use th e  p la tinum -channel d e tec to r as a  degeneracy-solver, th e  th resho ld  

will need to  be as high as 20 to  30 GeV.

4. T h e  ve d i s a p p e a r a n c e  c h a n n e l  W hile only e lec tron -neu trino  (and  an ti-n eu trin o ) a p p e a r 

ance has been  considered  in th is  section, one could also th in k  a b o u t im plem enting  th e  ve d is 

ap p ea ran ce  channel. T h e  im pact of th is  channel for sin2 2$13 =  0.1 has been  te sted  and  some 

im provem ent has been  observed, th o u g h  it is no t as beneficial as th e  p la tin u m -ap p earan ce  

channel. If  one can n o t achieve C ID  to  th e  assum ed level, th e  ve-d isap p earan ce  channel 

alone w ith o u t C ID  can  provide useful in form ation . T h e  ve-d isap p earan ce  channel w ith  CID 

perform s worse th a n  th a t  w ith o u t C ID  (as was th e  case for th e  ^ -d is a p p e a ra n c e  channel). 

T h e  ve-d isap p earan ce  is no t considered  fu r th e r  in th e  rest of th is  section. If ve de tec tion  is
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even tually  im plem ented , th e  d isappearance -channel d a ta  should be exp lo ited  as well. T h e  

m ain  issue d e te rm in in g  its usefulness is, of course, how well system atic  u ncerta in ties  can  be 

controlled.

C o m b i n a t i o n  o f  t h e  a d d i t i o n a l  c h a n n e l s

T he com bination  of th e  d a ta  from  th e  ad d itio n a l channels w ith  golden m uons is now discussed 

in te rm s of th e  th re e  observables: sensitiv ity  to  sin2 2$13; sensitiv ity  to  m axim al C P -v io la tion ; 

an d  sensitiv ity  to  th e  m ass hierarchy.

T h e  rela tive co n trib u tio n  to  th e  physics reach can  be roughly  u n d ers to o d  by looking a t th e  

s ta tis tic a l significance of th e  various op tions. To th is  end, in ta b le  17 th e  signal and  background 

event ra te s  (as well as th e  signal over th e  square  roo t of th e  background) for tw o specific po in ts 

in th e  p a ram e te r space, rep resen ting  tw o concep tually  different cases, s in2 2$13 =  10-1  [$13 =  9°] 

or sin2 2$13 =  3 x 10- 3 [$13 =  1.6°] are  p resen ted . For sin2 2$13 =  10- 1 , th e  golden channel 

suffers from  th e  m a tte r  density  uncerta in ties . For sin2 2$13 = 3  x 10- 3 , on th e  o th e r hand , th e  

golden channel suffers from  degeneracies. In  b o th  cases, ad d itio n a l channels could im prove th e  

N eu trin o  F ac to ry  perfo rm ance (b u t are  lim ited  by th e  size of th e  d a ta  set). I t  can  be seen from  

ta b le  17 th a t  th e  golden channel deserves its nam e, having  th e  largest s ta tis tic a l significance for 

b o th  values of sin2 2$13. T h is  is due  to  th e  fact th a t  m uons are rela tively  stra igh tfo rw ard  to  

d e tec t and  easy to  d is tin g u ish  from  backgrounds. T h e  silver channel has a m uch lower s ta tis tic a l 

w eight and  a re la tively  high background  con tam ina tion . T h e  event ra te s  for th e  silver channel 

are also given a t a E C C  d e tec to r baseline of 732 km , th e  d is tance  from  C E R N  to  G ran  Sasso 

w here th e  O P E R A  d e tec to r will be located . N o d a ta  are  show n for th e  ß - -sto red  phase, see 

reference [727]. I t  can  be seen th a t  th e  varia tio n  of th e  baseline does no t have a big im pact on 

th e  to ta l ra tes. N otice th a t  th e  size of th e  p la tinum -channel d a ta  set is larger w hen th e  N eu trin o  

F ac to ry  opera tes  in ß - -polarity , w hen th e  golden channel is w eaker because of th e  m a tte r  effect 

suppression . T hus, it acts as an  a n ti-n eu trin o  m ode w ith o u t m atter-e ffec t suppression .

T h e  perfo rm ance of th e  golden channel can  also be im proved by a second d e tec to r a t th e  

m agic baseline, as was stressed  in section 5 .4 .3 .1 . T herefore , th e  golden-channel event ra te s  are 

also given a t th e  m agic baseline for com parison . D esp ite  th e  s trong  red u ctio n  in th e  n eu trin o  

flux, th e re  are  still a  very large num ber of golden m uons, and  th e  signal-to -background  ra tio  

is still m uch b e t te r  th a n  for th e  silver o r p la tin u m  channels. I t m ay therefo re  be expected  

th a t  ad d itio n a l channels will only be useful in those  regions of th e  p a ram e te r space w here th e  

perform ance of th e  N eu trin o  F ac to ry  is s trong ly  affected by e ith er degeneracies or correlations 

(i.e., for in te rm ed ia te  $13).

For sin2 2$13 =  3 x 10- 3 , th e  com bination  of th e  silver o r p la tin u m  channel w ith  th e  golden 

channel d a ta  is com parab le , w ith  a slightly  b e t te r  im p act of th e  g o lden /silver com bination  on 

th e  sensitiv ity  to  th e  m ass hierarchy. For sin2 2$13 =  10- 1 , however, th e  g o ld e n /p la tin u m  com bi

n a tio n  has a ra th e r  larger m arg in  of im provem ent w ith  respect to  th e  g o lden /silver com bination . 

T he  reason for th is  lies in th e  t  p ro d u c tio n  th resho ld  w hich suppresses th e  m ost useful silver 

events aro u n d  th e  first oscillation  m axim um . T hus, an  increase in th e  size of th e  silver d a ta  set
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sin2 26\s = 10“ 1 Signal B ackground s / V b

G olden 31000 (6000) 39 (73) 5000 (700)

Silver 210 (-) 32 (-) 37 (-)

Silver@ 732km 260 (-) 110 (-) 25 (-)

P la tin u m 4 (120) 140 (110) 0.3 (11)

(G olden)MB 5100 (340) 9 (1 7 ) 1700 (83)

sin2 2013 =  3 x 10" 3 Signal B ackground s / V b

G olden 1900 (450) 39 (72) 300 (53)

Silver 3 (-) 33 (-) 0.5 (-)

Silver@ 732km 1.7 (-) 110 (-) 0.2 (-)

P la tin u m 1 (5) 170 (110) 0.08 (0.5)

(G olden)MB 200 (10) 9 (1 7 ) 67 (2.4)

T ab le  17: T h e  (ro u n d e d ) ev en t ra te s  in  th e  ( ß - )-s to re d  p h a se  for th e  g o ld en  c h a n n e l a n d  th e  s ta n d a rd  silver 

a n d  p la tin u m  ch an n e ls  a t  a  b ase lin e  o f 4 000 k m  a n d  for E M =  50 G eV . F o r c o m p ariso n  rea so n s, we also give th e  

g o ld en  c h a n n e l ev en t ra te s  a t  th e  m ag ic  b ase lin e  (L  =  7500 km ) a n d  th e  silver ch a n n e l ev en t ra te s  a t  L  =  732 km . 

T h e  u p p e r  ta b le  is c a lc u la te d  for s in 2 2013 =  10 - 1  a n d  th e  low er ta b le  for s in 2 2013 =  3 x  10- 3 . T h e  rem a in in g  

o sc illa tio n  p a ra m e te rs  a re  fixed as in  e q u a tio n  (2 9 8 ), w ith  S =  0.

is n o t helpful. O n th e  o th e r hand , if one can  go beyond th e  15 K to n  m agnetised  L A r d e tec to r 

an d  increase th e  u p p e r electron  CID  th resh o ld  up  to  30 GeV, th e  C P-discovery  p o te n tia l of th e  

N eu trin o  F ac to ry  is significantly  im proved.

A lthough  th e  ad d itio n a l channels do no t im prove significantly  th e  $13 sensitiv ity  of th e  N eu 

tr in o  Factory, th e y  help  in solving som e of th e  degeneracies. T h is  is show n in figure 97, w here 

th e  sensitiv ity  to  th e  m ass h ie rarchy  (left panel) and  to  m axim al C P -v io la tion  (righ t panel) are 

presen ted  for d ifferent com binations of golden, silver, and  p la tin u m  channels as a function  of 

th e  (com m on) baseline. T h e  p lo ts refer to  ö =  3 n /2 , a value for w hich th e  degeneracy  problem  

is severe. N otice th a t  th e  p lo ts (taken  from  reference [208]) show golden d a ta  com bined w ith  

d a ta  from  th e  silver* and  platinum * detecto rs . T h e  la tte r  refers to  th e  50 K to n  u p g rad e  of th e  

p la tin u m  d e tec to r described  in section 5 .4 .1 .3 . T h e  form er to  th e  silver d e tec to r w ith  a d a ta  set 

5 tim es as large as th a t  assum ed above. Since solving th e  degeneracies for in te rm ed ia te  $13 does 

no t rely significantly  on th e  s ta tis tic a l w eight of th e  d a ta , th e  resu lts  show n w ould no t change 

m uch using  s ta n d a rd  silver and  p la tin u m  detec to rs .

For th e  sensitiv ity  to  th e  m ass h ierarchy  figure 97 (left panel), th e  ad d itio n a l silver- and  

p la tinum -channel d a ta  can  indeed im prove th e  sensitiv ity  and  close th e  sensitiv ity  gap  betw een 

th e  d a rk  shaded  regions in a large range of baselines. T h e  4 000 km  baseline w ith  channel 

com bination  becom es as good as th e  m agic baseline to  m easure th e  m ass hierarchy, for ö æ  3 n /2 . 

I t  has been  checked th a t  th e  im pact of th e  ad d itio n a l channels is sm all for ö =  0 and  negligible 

for ö =  n /2 .

For th e  sensitiv ity  to  m axim al C P -v io la tion  figure 97 (righ t panel), it can  also be seen th a t

226



L MID [km] .eps LM|D [km]

F ig u re  97: T h e  se n s itiv ity  to  m ass  h ie ra rc h y  (left p an e ) a n d  to  m a x im a l C P -v io la tio n  ( rig h t p an e l)  a t  3 a  for th e  

c o m b in a tio n  o f d iffe ren t ch an n e ls  as g iven  in  th e  p lo t legends, for S =  3 n /2 .  A ll co rre la tio n s  a n d  d eg en erac ies  a re  

ta k e n  in to  acco u n t.

th e  com bination  of silver a n d /o r  p la tin u m  channels w ith  th e  golden one com plete ly  closes th e  

degeneracy  gap. For L æ  4 000 km  an d  ö =  3 n /2 , C P -v io la tion  can  be d e te rm ined  unam biguously  

for sin2 20 i 3 as sm all as 10- 4 [$i 3 =  0.3°]. I t  has been  checked th a t  th e  im pact of th e  ad d itio n a l 

channels is negligible for ö =  n /2  for baselines aro u n d  4 000 km , since th e  effect of degeneracies 

is sm all for th a t  specific value of ö.

In  ad d itio n  to  th e  baseline op tim isa tion , th e  dependence  of th e  sensitiv ities on th e  energy 

of th e  sto red  m uons can  be stud ied . As far as th e  sensitiv ity  to  th e  norm al m ass h ierarchy  is 

concerned, th e  varia tio n  of th e  m axim al reach in (true) sin2 20i3 is of m inor im portance , and  even 

im proves slightly  for th e  choice of sm aller m uon energy. For th e  golden channel only, o r golden 

and  p la tin u m  channels com bined, th e  m axim um  is app rox im ate ly  reached for E ß ~  30 GeV. 

A sensitiv ity -gap  for sin2 2$ i3 €  [1, 5] x 10-3  can n o t be cu red  by th e  golden channel alone, 

in d ep en d en t of E ^. However, if com bined w ith  th e  silver or p la tin u m  channel, th e  sensitiv ity - 

gap  can  be closed for p a ren t energies E ß > 20 GeV (g o ld en /p la tin u m ) or larger th a n  ab o u t 

E ß > 2 5 GeV (go lden /silver). For th e  p la tin u m  com binations (or all channels com bined), th e  

ad d itio n a l in fo rm ation  no t only allows a lower energy n e u trin o  beam  to  be used, b u t also favours 

a lower p a ren t energy of E ß ~  30 GeV . O n th e  o th e r hand , w hen only th e  silver-channel d a ta  are 

used, th e  T -p roduction  th resho ld  d isfavours low m uon energies. For th e  sensitiv ity  to  m axim al 

C P  vio lation , qu a lita tiv e ly  th e  sam e resu lts  as for th e  m ass h ierarchy  are ob ta ined .

5 .4 .3 .3  I m p r o v e d  d e t e c t o r

A N eu trin o  F ac to ry  requires a large investm ent in accelera tor R & D  and  in fra s tru c tu re . A jo in t 

o p tim isa tio n  of b o th  accelera to r and  d e tec to r, however, has been  neglected so far and  it is 

w orth  considering  w h eth er significant gains in perform ance can  be  achieved w ith  an  increased 

em phasis on th e  d e tec to r side of th e  experim en t. T h e  m ain  prob lem  is th e  lack of reliable
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perform ance pred ic tions for large m agnetic  detecto rs . T he  goal of th is  section is no t to  prove 

th e  feasibility  of ce rta in  d e tec to r p ro p erties  or p aram eters , b u t to  d em o n stra te  th e  possible gain  

in th e  physics reach if ce rta in  p ro p erties  can  be achieved. T herefore , th e  following s ta tem en ts  

or assum ptions a b o u t th e  d e tec to r perform ance are no t to  be m istaken  for a  claim  of feasibility, 

b u t should be u n d ers to o d  as desirab le  im provem ents; th e  ex ten t to  w hich such perform ance can  

be achieved m ust be  d e te rm ined  by extensive R& D . Choices for th e  various factors affecting th e  

d e tec to r perfo rm ance have been  m ade w ith  th e  in ten tion  th a t  th e  assum ptions are no t to o  far 

away from  w h a t m ay be possible [743]. However, th e  effect of vary ing  th e  de tec to r-perfo rm ance  

assum ptions on th e  physics perfo rm ance will be discussed in som e cases. T hese resu lts m ay 

serve as guidelines to  focus efforts in d e tec to r R & D . T hey  should  be in te rp re te d  as ind ica ting  

th e  ‘op tim isa tio n  p o ten tia l of th e  d e te c to r’, ra th e r  th a n  as th e  ‘op tim ised  d e te c to r’ p e r se.

1. Im proved  detec tor  a ssum ptions:  T h e  m ain  lim ita tio n  of a  N eu trin o  F ac to ry  com pared  to  

o th e r n e u trin o  facilities com es from  th e  fact th a t  th e  s ta n d a rd  d e tec to r has a re latively  high 

neu trino -energy  th resh o ld  (necessary for m uon charge iden tification), w hich m akes th e  first 

oscillation  m axim um  basically  inaccessible (cf.,  reference [42]). All m easurem ents have to  be 

perform ed  in th e  h igh energy ta il of th e  oscillation probability , off th e  oscillation m axim um . 

T h is  is th e  reason w hy it is th e  facility  m ost affected by th e  eightfo ld-degeneracy  [212,340]. 

A m ongst th e  possib le so lu tions to  th is  problem , th e  physics reach of a  ‘b e t te r  d e te c to r’ has 

been considered [340]. In  th e  following, reference [340] is taken  as a s ta r tin g  po in t and  discuss 

im provem ents in th e  de tec tion  th resho ld  and  energy resolu tion .

A chieving a lower th resh o ld  p ro b ab ly  requires a finer g ran u la rity  of th e  d e tec to r, i.e. , 

a  h igher sam pling  density  in th e  calorim eter. T h is  should a t th e  sam e tim e im prove th e  

energy reso lu tion  of th e  d e tec to r. T h e  energy reso lu tion  is p a ram e te risa tio n  by a E [GeV] =  

[a y / E ^  +  0.085] GeV w ith  a  = 0.15 for th e  energy reso lu tion  (as com pared  to  a E = 0.15 E v 

in section 5 .4 .1 .1 , co rrespond ing  to  a  ~  0.5), w here th e  co n s tan t p a r t m odels a  lower lim it 

from  Ferm i m otion. For definiteness, th e  n eu trin o  energy th resho ld  is taken  to  be 1 GeV and  

a co n s tan t efficiency of 0.5 is tak en  for all n eu trin o  appea ran ce  events above th resho ld . T h e  

background  m odel assum es th a t  th e  th resh o ld  will only affect events below th e  th resho ld , 

no t events above, i.e. , th e re  is dow n-feeding of background  b u t no up-feeding. T h e  reason 

beh ind  th is  a ssum ption  is th a t  a m is-identified n eu tra l-cu rren t event should always have a 

reco n stru c ted  energy w hich is lower th a n  th e  tru e  energy, since th e re  is m issing energy in 

every n e u tra l cu rren t event. T h is  se tu p  of com bined lower th resho ld , increasing  background 

fraction , and  b e t te r  energy reso lu tion  will be called ‘op tim al ap p e a ra n c e ’. S im ilar num bers 

are q uo ted  for th e  N O v A d e tec to r [16].

T h e  following se tups will be com pared:

(a) S tandard  detector:  as described  in section 5 .4 .1 .1;

(b) O ptim a l  appearance: a  =  15%, ß  =  10- 3 , full efficiency of 50% already  reached a t 1 GeV;

(c) B e t t e r  threshold:  Sam e as (b), b u t a  =  50% as for (a); and

(d) B e t t e r  energy resolution:  Sam e as (b), b u t old th resh o ld  from  (a).
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As before, it is assum ed th a t  th e  system atic  u n ce rta in ty  on th e  background  is 20% and  th e  

co rrespond ing  u n certa in ty  for th e  signal is s =  2.5% for all these  setups. To a very good 

app rox im ation , it is safe to  say th a t  vary ing  s from  1% to  5% does no t change th e  resu lts a t 

all. O n th e  o th e r hand , th e  w eight fac to r ß  is only  im p o rta n t so long as it does no t becom e 

to o  large, b u t even an  increase of a  fac to r of 10 is no t devasta ting . N ote, however, th a t  

th e  e rro r on th e  background  is q u ite  conservative com pared  to  th e  num bers usually  quo ted  

for super-beam s. M ost certainly , th e  im pact of an  increased  background  will be strong ly  

reduced by reducing  th is  uncerta in ty . For m ore deta ils  see figure 13 of [208].

2. Impact on physics reach:

C hang ing  th e  d e tec to r th resho ld  by a significant am oun t ce rta in ly  should affect th e  choice 

of th e  o p tim al baseline and  m uon energy. In  th e  left panel of figure 98, th e  sensitiv ity  to  

sin2 2$ i3 a t 5a  is show n for th e  o p tim al d e tec to r as a  function  of th e  baseline and  m uon 

energy, inc lud ing  th e  effect of degeneracies. T h e  m axim al reach, m arked by th e  d iam ond, 

is sin2 20 i3 =  1.1 ■ IO- 4 . I t  is reached for L ~  7 500km  an d  E ß =  24 G eV . C om pared  to  

figure 84 (lower righ t), a  second m axim um  in th e  sensitiv ity  is p resen t a t sh o rte r baselines 

even w hen degeneracies are included. Energies as low as 20 G eV  w ork reasonab ly  well for 

b o th  baselines. I t  is in te res tin g  to  see w h eth er th e  im provem ents are  m ain ly  due to  th e  

lower th resh o ld  or th e  b e t te r  energy resolu tion . T h is  is illu s tra ted  in figure 98(righ t), w here 

d ifferent com binations of lower th resh o ld  or b e t te r  energy reso lu tion  are  com pared  w ith  th e  

s ta n d a rd  se tu p  on th e  basis of th e  sensitiv ity  to  sin2 20 i3 (in th is  figure, E ß is fixed to  

50 G eV ). T h e  m ain  effect for th e  sin2 2$ i3 sensitiv ity  im provem ent clearly  com es from  a 

lower energy th resho ld , th e  b e t te r  energy reso lu tion  playing  a very m inor role. N ote th a t  

th e  m axim um  in th is  figure occurs a t aro u n d  3 000 km  for th e  op tim al d e tec to r because th e  

m uon energy has been  fixed. A com parison  to  figure 98(left) shows th a t  th is  is no t th e  global 

m axim um  in (L, E ^)-space.

T h e  behav iour of th e  sensitiv ities to  C P -v io la tion  and  m ass h ierarchy  is su b stan tia lly  th e  

sam e, as is show n in figure 99 In  th is  figure ö =  3 n /2  was chosen, since for th is  value 

degeneracies have a larger im pact th a n  for ö =  n /2  and  any im provem ent is m ore obvious. 

T h e  left panel shows th e  sensitiv ity  to  th e  m ass h ierarchy  a t 3a , w here sensitiv ity  is given 

w ith in  th e  sh ad ed /m ark ed  areas. T he  red (dark ) shaded  regions show th e  resu lts  for th e  

s ta n d a rd  d e tec to r w hereas th e  b lue (light) shaded  regions show th e  resu lt for th e  op tim al 

se tup . Clearly, th e  accessible range in sin2 20 i3 im proves an d  th e  co n stra in ts  on th e  baseline 

becom e som ew hat w eaker for th e  b e t te r  d e tec to r. T h e  difference betw een having  only a 

b e t te r  th resh o ld  (dashed  line) and  only  a b e t te r  energy reso lu tion  (solid line) is q u ite  large. 

T h e  sam e h ap p en s for th e  sensitiv ity  to  C P -v io la tion , figure 99 (righ t panel). For all th e  

sensitiv ities considered, large im provem ents com e from  a lower th resh o ld , w hile th e  im proved 

energy reso lu tion  m akes only a m inor con trib u tio n . T h e  choice of th e  o p tim al L  and  E ß seems 

to  be essentially  unaffected  by a b e t te r  detec to r.

A t th is  stage it is no t clear how difficult it will be to  push  th e  th resh o ld  to  lower values. 

T h e  previous sections have d em o n stra ted  th a t  th e  m easurem ent of ö is th e  m ost dem and ing  

for th e  d e tec to r. F igu re  100 shows th e  C P -v io la tion  discovery p o ten tia l a t 3 a  (depicted
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F ig u re  98: s in 2 2013 s e n s itiv ity  a t  5 a  for sev era l im p ro v ed  d e te c to r  op tio n s . T h e  le ft h a n d  p a n e l show s th e  

s in 2 20 13  s e n s itiv ity  as a  fu n c tio n  o f b ase lin e  a n d  m u o n  en e rg y  re la tiv e  to  th e  m a x im a l rea ch  for th e  ‘o p tim a l 

a p p e a ra n c e ’ d e te c to r  in c lu d in g  d eg en erac ie s  s im ila r  to  fig u re  84 (low er r ig h t) . T h e  m a x im a l reach , m a rk e d  by  a 

d ia m o n d , is s in 2 2013 =  1.1 • 10- 4 . T h e  r ig h t h a n d  p a n e l show s th e  s in 2 2013 s e n s itiv ity  as a  fu n c tio n  o f th e  b ase lin e  

for d iffe ren t d e te c to r  o p tio n s  (see p lo t legend) a n d  fixed E ß =  50 G eV . N o te  t h a t  th e  b e t te r  en e rg y  re so lu tio n  

o p tio n  uses a  d iffe ren t b ac k g ro u n d  m od e l, w h ich  lead s to  th e  c rossing  w ith  th e  ‘s ta n d a r d ’ cu rv e  a t  L  ~  7 500 km .

L [km] L [km]

F ig u re  99: T h e  n o rm a l m ass  h ie ra rc h y  (left p an e l)  a n d  C P -v io la tio n  ( rig h t p an e l)  se n s itiv itie s  (a t 3 a )  as a 

fu n c tio n  o f b ase lin e  a n d  t ru e  s in 2 2013 for a  n o rm a l h ie ra rc h y  a n d  S =  3 n /2 ,  d iffe ren t d e te c to r  o p tio n s  (see legend) 

a n d  fixed E ß =  50 G eV . S en s itiv ity  is g iven  in  th e  sh a d e d /e n c lo s e d  regions.
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True value of sin22613

F ig u re  100: C P  d iscovery  rea ch  a t  3 a  for th e  o p tim a l a p p e a ra n c e  d e te c to r  a t  L  =  4 000 k m  for v ario u s choices of 

th e  en erg y  th re s h o ld  as e x p la in e d  in  th e  legend.

as th e  C P -fraction ) for several low energy th resho ld s, for th e  op tim al ap p ea ran ce  detecto r. 

Low ering th e  th resho ld  to  5 GeV is enough to  resolve m ost of th e  degeneracies a t in te rm ed ia te  

013. O n th e  o th e r hand , a  significant gain  is observed for large 013 for th resho lds  below  5 

GeV.

O ne im p o rta n t issue in th is  con tex t is th e  perfo rm ance of a N eu trin o  F ac to ry  if sin2 2013 tu rn s  

o u t to  be large, sin2 2013 ~  10- 1 . T h ere  will be in fo rm ation  regard ing  th is  case from  reac to r 

experim en ts  by a round  2010 (see references [196,601] for D ouble C hooz). N ote th a t  sin2 2013 

discovery and  m ass h ierarchy  m easurem ent are  ra th e r  easy for large values of sin2 2013, w hich 

m eans th a t  th e  o p tim isa tio n  is focused on th e  m easurem ent of 5.

F ig u re  101 shows th e  frac tion  of 5 for w hich th e  sensitiv ity  to  C P  v io lation  is a t o r above 

th e  3 a  level as a  function  of th e  baseline for sin2 2013 =  10-1  and  different com binations 

of experim en ta l se tu p  and  m a tte r-d e n sity  uncerta in ty . For com parison  th e  C P -frac tion  for 

w hich T 2 H K  w ould be sensitive to  C P -v io la tion  is shown; super-beam s can  be com petitive  

for large 013. In  th e  left panel th e  resu lts are show n for th e  canonical value of th e  m a tte r-  

d ensity  u n certa in ty  of 5%. Clearly, th e  s ta n d a rd  N eu trin o  F ac to ry  se tup  does n o t perform  

b e tte r  th a n  th e  super-beam . T he  s itu a tio n  changes once b e tte r  d e tec to rs  are considered. 

T h e  o p tim al se tu p  defined previously  w ould yield a significant im provem ent over th e  su p er 

beam  for nearly  all choices of th e  baseline above 1500 km . I t  also can  be  seen th a t  th e  

im provem ent com es from  b o th  th e  lower th resho ld  and  b e t te r  energy reso lu tion . In  th is  

scenario, th e  d e tec to r perfo rm ance is crucial in m aking  th e  case for a  N eu trin o  Factory. T h e  

righ t panel shows th e  resu lt if th e  m a tte r-d e n sity  u n certa in ty  could be reduced to  1%. Q u ite  

obviously, th is  w ould fu r th e r  im prove th e  perform ance of th e  N eu trin o  Factory. T hese resu lts  

for th e  o p tim al d e tec to r hold for a lower m uon energy aro u n d  20 GeV as well.
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CP violation, Ap=5% CP violation, Ap=1%

L [km] L [km]

F ig u re  101: T h e  C P - fra c tio n  for th e  se n s itiv ity  to  C P -v io la tio n  (a t  3a) for a  n o rm a l h ie ra rc h y  as fu n c tio n  of 

b ase lin e  for d iffe ren t d e te c to r  o p tio n s  (see legend) a n d  E ß =  50 G eV . T h e  le ft (rig h t)  p a n e l c o rre sp o n d s  to  5% 

( 1%) m a t te r  d en s ity  u n c e r ta in ty .

In  th e  case of large sin2 2$ i 3, im proving  th e  d e tec to r energy reso lu tion  and  energy th resho ld  

w ould allow a sh o rte r  baseline of a b o u t 1500 km  and  a m uon energy of 20 G eV  to  be chosen, 

w hile th e  op tion  4 000 km  a t 50 GeV does no t m ean a significant loss in sensitiv ity  (depend ing  

on th e  m a tte r-d e n sity  uncerta in ty , th e  loss is a b o u t 5% to  8% in th e  C P -frac tion ). F u r th e r 

m ore, for one N eu trin o  F ac to ry  baseline only, it can  be concluded th a t  lower th resho ld , b e tte r  

energy reso lu tion , and  lower m a tte r-d e n sity  u n certa in ty  w ould equally  help  to  im prove th e  

perform ance.

5 . 4 . 4  T h e  o p t i m a l  N e u t r i n o  F a c t o r y

T h e  op tim ised  se tups  from  th e  previous sections are com pared  below. T he  baseline and  m uon- 

energy op tim isa tio n  is no t d iscussed fu rth e r, ra th e r, these p a ram ete rs  are  fixed from  th e  earlier 

d iscussion. T h e  m uon energy is fixed, unless o therw ise s ta ted , to  E ß =  50 G eV . N ote th a t  th e  

m a tte r-d e n sity  u n certa in ty  is assum ed to  be co rre la ted  am ong all channels a t th e  sam e baseline.

For th e  op tim al baseline, C P -v io la tion  m easurem ents favour a baseline aro u n d  4 000 km  (b u t 

baselines betw een 3 000km  and  5 000km  do  no t affect th e  sensitiv ity  to o  m uch). For large 

values of sin2 20 i3, sh o rte r baselines L > 1500 km  are  possib le as well. N ote  th a t  th e  sho rt 

baseline (L <  5 000 km ) is affected by co rre la tions and  degeneracies for sm all and  in te rm ed ia te  

values of sin2 20 i3, w hich m eans th a t  it has m o d era te  sin2 20 i3 and  m ass h ierarchy  sensitiv ities. 

In  add ition , th is  resu lt has been  te s ted  for larger values of A m ^ ,  and  it does no t change 

significantly  (w hereas th e  abso lu te  physics p o te n tia l increases).
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As far as baseline upgrades are concerned, a  degeneracy -solving baseline is necessary  to  im 

prove th e  sin2 2013 sensitiv ity , th e  sin2 2013 discovery reach, and  th e  m ass-h ierarchy  discovery 

reach. A baseline in th e  range L ~  7000 — 7 500km  (i.e., th e  m agic baseline) can  play th is  

role, since th e  ap p ea ran ce  p ro b ab ility  does no t depend  on ö a t th is  d is tance  and  th e  in trinsic- 

degeneracy  can  be  solved unam biguously  in d ep en d en t of th e  oscillation param ete rs , possibly  

over-estim ated  lum inosities, confidence level, etc. (see reference [205]). F u rth erm o re , m a tte r  

effects are  s tronger th a n  for th e  sh o rte r  baseline, w hich m eans th a t  th e  m agic baseline is sen 

sitive to  different physics, ra th e r  th a n  being  sim ply  a lum inosity  upgrade. M oreover, it helps 

C P -v io la tion  m easurem ents a t large sin2 2013, and  can  estab lish  th e  M SW  effect in th e  E a r th  

even for sin2 2013 =  0 [744]. Since th is  baseline is useful in all physics scenarios, one m ay w ant 

to  choose a N eu trin o  F ac to ry  se tu p  w ith  tw o such baselines from  th e  very beginning. T h e  

second baseline will be a m a jo r challenge from  th e  engineering  po in t of view. However, th e  

physics p o ten tia l of th is  baseline is well estab lished  and  th e  technical feasibility  should be ra th e r  

p red ic tab le . In  th e  p lo ts of th is  section, th e  index  ‘M B ’ refers to  th e  m agic baseline.

For d e tec to r upgrades, an  im provem ent of th e  golden-channel d e tec to r is certa in ly  th e  m ain  

objective. In  p a rticu la r, low ering th e  de tec tion  th resh o ld  will g rea tly  im prove th e  physics po 

te n tia l in all physics scenarios and  for b o th  th e  m ass-h ierarchy  and  th e  C P -v io la ting -phase  

m easurem ents. I t  has been  d em o n stra ted  th a t  an  im proved d e tec to r w ould allow th e  use of a 

lower p a ren t-m uon  energy, Eß ~  20 GeV in stead  of Eß ~  50 G eV , th u s  reducing  th e  effort on 

th e  accelera to r side. T h e  im provem ent of th e  d e tec to r w ith  respect to  energy reso lu tion  and  

th resho ld  should be possible. N otice th a t  an  im proved d e tec to r will no t be able to  solve all th e  

degeneracies on its own.

Betw een th e  various ad d itio n a l channels, th e  p la tin u m  channel (vM ^  ve) will be very useful 

for large sin2 2013 >  10-2  provided  th e  electron-charge-iden tifica tion  th resh o ld  can  be increased 

up  to  ~  10 — 15 GeV (see th e  righ t panel of figure 96) and  enough events can  be collected. 

T he  reference 15 K to n  m agnetised  L A r d e tec to r of reference [210] is s ta tis tica lly  lim ited  and  

w ould no t im prove th e  perfo rm ance of th e  N eu trin o  F ac to ry  significantly. P la tin u m -ch an n el 

searches m ay be im plem ented  in th e  golden d e tec to r (th u s  allow ing for a  50 K to n  m agnetised  

d etec to r, som eth ing  ex trem ely  difficult for th e  liqu id-argon  techn ique), b u t th e  e lec tron -neu trino  

de tec tion  m ay n o t tu rn  o u t to  be techn ica lly  possible a t th is  level and  m ight be effective only 

a t m uch lower energy. I t  m ust be no ted  th a t  a  d e tec to r looking for th e  p la tin u m  channel is 

com plem entary  to  th e  im proved golden d e tec to r theoretically , since a d ifferent com bination  of 

C P -v io la tion  and  m a tte r  effects w ould be m easured  and  it w ould p e rm it th e  m easurem en t of 

T -v io lation . However, it should be a secondary  ob jective a fte r im proving  th e  golden-channel 

th resho ld .

For in te rm ed ia te  values of 013, th e  silver and  p la tin u m  channels give sim ilar resu lts  as degeneracy- 

solvers, th e  form er having  a slightly  larger. T h is  channel, also, is s ta tis tica lly  lim ited  and  any 

possible im provem ent of th e  d e tec to r (m ass, m agnetisa tion  of th e  em ulsions, b e t te r  vertex- 

iden tification  efficiency, etc.) w ould be ex trem ely  helpful. N otice th a t  th e  silver channel is 

in te resting  for app lica tions such as searches for physics beyond th e  SvM  or dev ia tions from  

m axim al m ixing; th e  discussion  below is re s tric ted  to  th e  m easurem ent of th e  p a ram ete rs  of th e

233



F ig u re  102: L eft panel: CP-fraction o f the sensitiv ity  to the m ass hierarchy at 3a. The different shaded areas 

correspond to successively taking in to  account: 1 )  the m agic baseline (yellow) and 2) an improved detector at E M =  

20 G eV  (green). R ight panel: CP-discovery potential at 3a. The different lines correspond to successively taking  

in to  account additional op tim isations as given in  the legend. Solid (dashed) stands fo r  a 5% (2%) m a tter density  

uncertainty. Shaded areas represent the im provem ent potential w ith respect to the unknow n m a tter density profile. 

N otice tha t in  going fro m  Golden to Golden* the m uon energy goes down fro m  E M =  50 G eV  to  E M =  20 G eV .

Sv M.

W ith  th e  reference M ID  d e tec to r (w ith  M IN O S -like perform ance), th e  m uon energy of a 

N eu trin o  F ac to ry  should be in th e  range 40 G eV  to  50 G eV  to  be optim ised  for all m easurem ents. 

T he  m uon energy m ay no t have to  be as high as 50 G eV  for neu trino -oscilla tion  physics because 

of th e  m a tte r  resonance in th e  E a r th ’s m an tle . A n im provem ent of th e  d e tec tio n  th resho ld  

could reduce th e  m uon energy to  20 G eV  w hile achieving excellent physics sensitiv ities, and  th e  

physics scenario  ‘large sin2 2013’ m ay even allow for lower energies. N ote th a t  th e  use of th e  

silver channel d isfavours low m uon energies, i.e., E ß should be ~  25 GeV or g rea ter.

T h e  left panel of figure 102 sum m arises th e  ou tcom e of th is  op tim isa tio n  discussion  by p resen t 

ing th e  C P -frac tion  for th e  sensitiv ity  to  th e  m ass hierarchy, successively sw itching on th e  magic 

baseline and  th e  golden* im proved d e tec to r. O ne can  easily read  off th e  excellent com bined 

p o ten tia l for m ass h ierarchy  and  C P -v io la tion  of th e  N eu trin o  F ac to ry  below  sin2 2013 <  10- 2 . 

R em em ber th a t  none of th e  suggested im provem ents could be achieved w ith  a sim ple lum inosity  

upgrade, i.e., add ing  m ass to  th e  golden-channel detec to r.

Finally, it is well know n th a t  th e  m a tte r-d e n sity  u n ce rta in ty  is im p o rta n t for sin2 2013 and  

ö m easurem ents a t large sin2 2013 (see, e.g., references [340,736] for th e  relevant regions in 

p a ram e te r space). Since th e  m agic baseline and  th e  p la tin u m  channel e x tra c t th e  in fo rm ation  

on sin2 2013 (and  ö) in a d ifferent way com pared  to  th e  golden channel, one m ay suspect th a t  

th e  co rre la tion  w ith  th e  m a tte r  density  can  be p a rtia lly  e lim inated . T he  im pact of th e  m a tte r-
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d ensity  u n ce rta in ty  on ou r o p tim isa tio n  sum m ary  is show n in th e  righ t panel of figure 102. For 

th e  L =  4 000 km  baseline alone, it can  be seen th a t  th e  im pact of m a tte r  density  u ncerta in ties  

is ra th e r  large ( ‘G o lden ’). However, add ing  th e  m agic baseline and  (possibly) th e  p la tin u m  

channel reduce th is  dependence significantly. T h is resu lt is very in te res tin g  since in th is  case 

an  im provem ent on th e  know ledge of th e  m a tte r  density  profile m ay no t be necessary  anym ore. 

N evertheless, no te  th a t  a  lower m a tte r  density  u n certa in ty  can n o t replace th e  d e tec to r, channel, 

and  baseline im provem ents discussed in th is  section.

In  conclusion, th e  o p tim al N eu trin o  F ac to ry  se tu p  for oscillation  p a ram e te r m easurem ents

has tw o baselines (a t L  ~  1500 -----4000km  and  one a t L ~  7 500km , respectively), a ‘b e t te r ’

golden channel d e tec to r (w ith  lower th resh o ld  and  h igher energy reso lu tion) and  a m uon energy 

of E ß ~  25 G eV . T h is  set of im provem ents ex h au sts  th e  o p tim isa tio n  p o te n tia l in m ost of 

th e  p a ram e te r space. T h e  only region w here an  ad d itio n a l gain  m ay be achieved is for large 

sin2 2013 10 1 (see section  5 .4 .5 ). H ere, add ing  a h igh-m ass p la tinum -channel d e tec to r (w ith  

e lectron  C ID  capab ility ) w ould decrease th e  im pact of th e  m a tte r  density  uncerta in ty . If, for 

any  reason, th e  long baseline can n o t be im plem ented , com bination  of th e  golden d e tec to r w ith  

a  s ta n d a rd  silver or p la tin u m  d e tec to r (w ith  a slight preference for th e  form er) can  significantly 

im prove th e  perfo rm ance of th e  N eu trin o  F ac to ry  for in te rm ed ia te  013.

As far as fu tu re  N eu trin o  F ac to ry  R & D  is concerned, th e  ab ility  to  o p e ra te  tw o baselines as 

well as th e  lower d e tec tio n  th resh o ld  of th e  golden d e tec to r are  th e  m ost critica l com ponen ts to  

th e  optim ised  physics p o ten tia l. F u rtherm ore , a  b e t te r  energy reso lu tion  of th e  golden-channel 

d e tec to r w ould im prove th e  physics p o ten tia l fu rth er.

5 . 4 . 5  L o w - e n e r g y  n e u t r i n o  f a c t o r y

In  reference [41], it has been  suggested th a t  a  very low energy N eu trin o  Factory, w here th e  

sto red  m uons have an  energy of 4.12 GeV, m ay be  exciting  if 013 proves to  be large (013 >  2°).

T h e  p rim ary  neu trino -osc illa tion  channel a t a  N eu trin o  F ac to ry  requires th e  iden tification  

of w rong-sign m uons, and  hence a d e tec to r w ith  excellent m uon-charge identification . E arly  

s tud ies [745] based  on a M IN O S-like segm ented m agnetised  d e tec to r suggested th a t ,  to  reduce th e  

charge m is-identification  ra te  to  th e  10-4  level w hile re ta in in g  a reasonab le  m uon reco n stru c tio n  

efficiency, th e  d e tec ted  m uon needs to  have a m in im um  m om entum  of ~  5 GeV. T h e  analysis 

o b ta in ed  a 50% reco n stru c tio n  efficiency for charged -cu rren t n eu trin o  in teractions exceeding 

~  20 GeV. T h is effectively places a lower lim it of a b o u t 20 GeV on th e  desired energy of th e  

m uons sto red  in th e  N eu trin o  F ac to ry  (see section 5 .4 .2 ). R ecently, a refined analysis has shown 

th a t ,  w ith  m ore soph istica ted  selection c rite ria , high efficiencies (>  80%) can  be o b ta in ed  for 

n eu trin o  in teractions exceeding ~  10 GeV, w ith  efficiencies d ro p p in g  to  ~  50% by 5 GeV, 

m o tiva ting  th e  proposed  im provem ent in th e  m agnetised  iron d e tec to r s tud ied  in section 5 .4 .3 .3 . 

T h is  new  analysis suggests th a t  a  M IN O S-like d e tec to r could be used a t a  N eu trin o  F acto ry  

w ith  energy less th a n  20 GeV, b u t p ro b ab ly  no t less th a n  10 GeV.

Therefore , to  consider a  lower energy N eu trin o  Factory, a  finer g ra ined  d e tec to r th a t  enables
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reliable s ign -de te rm ina tion  w ith  good efficiency for m uons of lower energy is needed. O ne way 

to  achieve th is  could be to  use a to ta lly  active, m agnetised , segm ented d e tec to r, of th e  ty p e  

proposed  for th e  N O vA  d e tec to r [16] b u t w ith in  a large m agnetic  volum e. In itia l stud ies seem 

to  show th a t ,  for th is  technology, th e  m uon reco n stru c tio n  efficiency is expec ted  to  approach  

un ity  for m om en ta  exceeding ~  200 M eV /c, w ith  a charge m is-identification  lower th a n  10-4  

(10- 3 ) for m om en ta  exceeding app rox im ate ly  400 M eV /c (300 M eV /c).

W h e th e r these  num bers are  realistic  m ust be confirm ed by fu rth e r  and  m ore d eta iled  studies. 

N evertheless, w ith  a m agnetised  far d e tec to r concept th a t  m akes it possib le to  m easure n eu trin o  

in teractions dow n to  a b o u t 0.8 GeV, it becom es in te res ting  to  consider a N eu trin o  F ac to ry  w ith  

a sto red -m uon  energy of a few GeV. In  p resen t designs for a 25 GeV N eu trin o  F ac to ry  [746], 

th e re  a t least tw o accelera tion  stages are  requ ired  to  accelera te  th e  m uons from  ~  1 GeV to  

25 GeV. A N eu trin o  F acto ry  for w hich th e  final m uon energy is a few G eV  w ould require  only 

one accelera tion  stage.

P resen t N eu trin o  F ac to ry  stud ies suggest th a t  it w ould be reasonab le  to  expect, for a  N eu trin o  

F ac to ry  w ith  (w ithou t) an  ionisation -cooling  channel before th e  p re-accelera tor, a b o u t 5 x 1020 

(3 x 1020) useful positive m uon decays p e r year and  5 x 1020 ( 3 x 1020) useful negative m uon decays 

pe r year in a given s tra ig h t section. In  reference [41] it is assum ed th a t  th e  sam e lum inosity  can 

be  achieved for a  4.12 G eV  N eu trin o  Factory. Tw o se tups  have been considered:

•  Setup A:  F ive years d a ta  ta k in g  w ith  3 x 1020 useful m uon decays p e r m uon p o la rity  per 

year; or

•  Setup B: Ten years of d a ta  ta k in g  w ith  5 x 1020 useful m uon decays p e r m uon p o la rity  per 

year.

In  b o th  cases, a 20 K to n  fiducial m ass, m agnetised , to ta lly  active N O v A -ty p e  d e tec to r is con 

sidered.

A ssum ing th e  previous hypo thesis on th e  n eu trin o  flux and  th e  far d e tec to r size and  perfo r 

m ances, th e  physics p o ten tia l of th is  se tu p  has been  stud ied  in reference [41] for tw o reference 

baselines: 1280 K m , th e  d is tan ce  from  Ferm ilab  to  H om estake, and  1480 K m , th e  d is tance  from  

F erm ilab  to  H enderson  m ine. T aking advan tage  of b o th  th e  golden channel and  of th e  vM ^  vM 

d isap p ea ran ce  (b u t no t of th e  silver channel, since th e  n eu trin o  energy is to o  low to  p roduce 

ta u s ) , it has been  show n th a t:

•  M axim al a tm ospheric  n eu trin o  m ixing  can  be excluded a t 99% CL if sin2 023 <  0.48 (023 <  

43.8° );

•  If  023 =  45°, th e  023-o c ta n t is identified correctly  a t 99% CL if 013 >  1° for S etup  A and  

013 >  0.6° for S e tup  B, in d ep en d en t of th e  value of th e  C P  v io la ting  phase, ö;

•  T h e  neu trino -m ass h ierarchy  is identified a t th e  95% CL; and
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•  T h e  C P  v io la ting  phase, ö, is m easured  w ith  a 95% CL e rro r lower th a n  20°, if sin2 2013 >  0.01 

(i.e. 013 >  3°) assum ing  th e  m ore conservative exposure scenario.

All sensitiv ities are com pu ted  assum ing  2 degrees of freedom  an d  a 2% overall system atic  erro r. 

T he  s ta tis tic a l e rro r is included, b u t no background  has been  considered . Finally, th e  d e tec to r 

efficiency has been  assum ed to  be 100% above 0.8 GeV, and  zero below  th is  th resho ld .

5 . 5  C o m p a r i s o n s

T he physics reach of second-genera tion  super-beam s, b e ta -b eam  facilities, and  th e  N eu trin o  

F ac to ry  have been  reviewed in d e ta il in th e  p receding  sections. T h e  p u rpose  of th is  section is to  

m ake a q u a n tita tiv e  com parison  of th e  discovery p o te n tia l (as defined in section 5.2.10) of th e  

th re e  classes of facility  for th e  th re e  unknow n q u an titie s  sin2 2013, s ig n A m J^  and  ö.

T h e  sensitiv ity  of each of th e  p roposed  facilities depends on th e  choice of a  num ber of p a ra m 

e ters; op tim ised  p a ram e te r choices m ay requ ire  R & D  program m es to  be carried  o u t successfully. 

To assess th e  degree to  w hich such R & D  program m es can  im prove th e  physics reach, a ‘conser 

v a tiv e’ and  an  ‘o p tim ised ’ se t-up  is assum ed for each facility; th e  discovery reach for each facility  

being  presen ted  as a band , one edge of w hich co rresponds to  th e  conservative p a ram e te r set, th e  

o th e r to  th e  optim ised  p a ram e te r set. For each se tup , ap p ea ran ce  and  d isap p ea ran ce  d a ta  taken  

using  b o th  n eu trin o  and  a n ti-n eu trin o  beam s are considered. In  each case, th e  m a tte r  density  

is assum ed to  be know n w ith  an  u n certa in ty  of 2%. 023 an d  A m 21 were assum ed to  be know n 

w ith in  10%, w hereas 012 and  A m ^1 w ere assum ed to  be know n w ith in  4%. T h e  conservative 

and  op tim ised  set-ups for each of th e  th re e  types of facility  u n d er considera tion  are sum m arised  

below.

•  Second-genera tion  super-beam s: T h e  th re e  super-beam  facilities considered , th e  SPL, T2H K , 

an d  th e  w ide-band  beam  experim en t, were defined in section 5 .2 .1 . T h e  aspects  of these 

facilities th a t  a re  m ost im p o rta n t to  th e  perfo rm ance com parison  are sum m arised  below:

— T 2H K  is th e  proposed  u p g rad e  from  th e  T 2K  experim en t. H ere a p ro to n -b eam  pow er 

of 4 M W  has been  assum ed. A m egaton  class w ater C herenkov d e tec to r w ith  a fiducial 

m ass of 440 k t a t a  baseline of 295 km  has been assum ed. T h e  ru n n in g  tim e assum ed was 

2 years for n eu trinos  and  8 years for an ti-n eu trin o s  (here, one year co rresponds to  107 s). 

For m ore deta ils  see [27];

— SPL  is a  C E R N -based  version of a superbeam . A p ro to n -b eam  pow er of 4 M W  a m egaton  

class w ater C herenkov d e tec to r w ith  a fiducial m ass of 440 k t a t a baseline of 130 km  have 

been  assum ed. T h e  ru n n in g  tim e assum ed was 2 years for neu trinos  and  8 years for 

an ti-n eu trin o s. For m ore d eta ils  see [27].

— W B B  is th e  p roposal orig inally  p u t forw ard  by BN L to  use an  on-axis, long baseline, 

w ide-band  n eu trin o  beam  po in ted  to  illum inate  a w ater C herenkov d e tec to r. H ere, a 

p ro to n -b eam  pow er of 1 M W  has been  assum ed for n e u trin o  ru n n in g  and  a p ro ton -beam
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pow er of 2 M W  has been  assum ed for an ti-n eu trin o  runn ing . T h e  d e tec to r assum ed was 

a w ater C herenkov d e tec to r w ith  a fiducial m ass of 300 k t a t a baseline of 1300 km . T h e  

ru n n in g  tim e  assum ed was 5 years for neu trinos  and  5 years for an ti-n eu trin o s. For m ore 

d eta ils  see [23,690].

T h e  op tim ised  p a ram e te r set co rresponds to  th e  assum ption  of a  to ta l sy stem atic  u n certa in ty  

of 2%. T h e  conservative p a ram e te r set assum es a to ta l sy stem atic  u n ce rta in ty  of 5%;

•  B e ta -b eam  facilities: T h e  b e ta -b eam  facilities were defined in section 5.3 .1 . T h e  conservative 

o p tion  is tak en  to  be th e  C E R N  baseline scenario  w ith  sto red  6He and  18Ne beam s a t 7  =  100 

serv ing  a 440 k t (fiducial) w a te r C herenkov d e tec to r a t a  baseline of 130 km . T he  ru n n in g  

tim e assum ed was is 5 years w ith  2.9 ■ 1018 6He decays p e r year and  1.1 ■ 1018 18Ne decays 

p e r year. A system atic  u n ce rta in ty  of 2% was assum ed. For m ore deta ils  see [27].

T h e  op tim ised  p a ram e te r set assum es sto red  6He and  18Ne beam s a t 7  =  350 illum inating  

a  440 k t (fiducial) w ater C herenkov d e tec to r a t a  baseline of 730 km . T h e  ru n n in g  tim e is 5 

years w ith  2.9 ■ 1018 6He decays p e r year and  1.1 ■ 1018 18Ne decays p e r year. A system atic  

u n ce rta in ty  of 2% was assum ed. For m ore deta ils  see [341]

•  T h e  N eu trin o  Factory : T h e  N eu trin o  F ac to ry  se tups  were defined in section 5 .4 .1 . T h e  

conservative se tu p  assum es 1021 useful m uon decays p e r year and  a sto red  m uon-beam  energy 

of 50 GeV. T h e  ru n n in g  tim e is 4 years w ith  and  4 years w ith  ^ - . N eu trin o  events are 

recorded in a 50 k t golden d e tec to r (defined in section 5.4.1.1) a t a  baseline of 4000 km . T his 

d e tec to r is assum ed to  have an  ap p ea ran ce  vM th resh o ld  rising  linearly  from  0 a t  4 G eV  to  

its  final value a t 20 G eV . S ystem atic  u n certa in ties  of 2.5% on th e  signal and  20% on th e  

background 17. For m ore deta ils  see [208,340].

T h e  optim ised  se tu p  assum es a 20 GeV sto red  m uon beam  delivering  1021 m uon decays per 

year and  baseline. T h e  ru n n in g  tim e assum ed was 5 years w ith  an d  5 years w ith  ^ - . 

N eu trin o  in teractions are recorded in tw o im proved golden detec to rs , called golden*. B o th  

have a m ass of 50 k t. O ne is p laced a t a  baseline of 4000 km , th e  second a t a  baseline of 

7500 km . T h e  im proved d e tec to r has a th resh o ld  of 1 GeV, above w hich th e  effeciency is 

co n s tan t. N ote, th a t  th e  resu lts  bascially  are unchanged  if th e  th resho ld  is raised  to  3 GeV, 

since th e re  is only a very sm all n eu trin o  flux betw een 1 G eV  and  3 G eV . A system atic  

u n ce rta in ty  of 2.5% has been  assum ed. For m ore d eta ils  see [208].

F igu re  103 shows th e  discovery reach of th e  various facilities in sin2 2013. T h e  figure shows th e  

frac tion  of all possible values of th e  tru e  value of th e  C P  phase ö ( ‘F rac tion  of öCP’) for w hich 

sin2 2013 =  0 can  be excluded a t th e  3<r confidence level as a  function  of th e  tru e  value of sin2 2013. 

O f th e  su per-beam  facilities, th e  m ost sensitive is th e  T 2H K  w ith  th e  op tim ised  p a ram e te r set. 

T h e  SPL  su per-beam  perfo rm ance is sim ilar to  th a t  of T2H K , w hile th e  perfo rm ance of th e  

W B B  is slightly  worse. T h e  lim it of sensitiv ity  of th e  super-beam  experim en ts  is ~  5 x 10- 4 ; 

for sin2 2 0 13 >  10- 3  th e  super-beam  experim en ts  can  exclude sin2 2 0 13 =  0 a t th e  3ct confidence

17 T h e  fac t th a t  th e  n u m b e r  o f b ac k g ro u n d  ev e n ts  is sm a ll m e an s  t h a t  th e  la rg e  sy s te m a tic  u n c e r ta in ty  o n  th e

b ac k g ro u n d -e v en t r a te  h as  a lm o st n o  im p a c t o n  th e  p e rfo rm an ce
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F ig u re  103: T h e  d iscovery  rea ch  o f th e  v ario u s p ro p o sed  fac ilities in  s in 2 2$13. In  th e  a re a  to  th e  r ig h t o f th e  

b a n d s , s in 2 2013 =  0 c a n  b e  ex c lu d ed  a t  th e  3a  co n fidence level. T h e  d iscov ery  lim its  a re  sh o w n  as a  fu n c tio n  

o f  th e  fra c tio n  o f all p ossib le  values o f th e  t r u e  v alue o f th e  C P  p h ase  S ( ‘F ra c tio n  o f SCP’) a n d  th e  t ru e  value 

o f s in 2 2013. T h e  r ig h t-h a n d  edges o f th e  b a n d s  co rre sp o n d  to  th e  co n se rv a tiv e  s e t-u p s  w hile th e  le ft-h a n d  edges 

co rre sp o n d  to  th e  o p tim ise d  se t-u p s , as d e sc r ib ed  in  th e  te x t .  T h e  d iscovery  rea ch  o f th e  S P L  s u p e r-b e a m  is 

show n as th e  o ran g e  b a n d , t h a t  o f T 2 H K  as th e  yellow  b a n d , an d  t h a t  o f th e  w id e -b a n d  b e a m  e x p e r im e n t as th e  

green  b a n d . T h e  d iscovery  rea ch  o f th e  b e ta -b e a m  is sh o w n  as th e  lig h t g reen  b a n d  a n d  th e  N e u tr in o  F a c to ry  

d iscovery  rea ch  is sh ow n  as th e  b lu e  b a n d .

level for all values of 5. T h e  conservative b e ta -b eam  se t-up  has good sensitiv ity  to  sin 2 2013 for 

sin 2 2 0 1 3  ~  1 0 - 3, b u t runs o u t of sensitiv ity  for values of 0 13 only  ju s t  less th a n  th e  sensitiv ity  

lim it of T2H K . T h e  optim ised  ( 7  =  350) b e ta -b eam  has significantly  b e t te r  perform ance, w ith  

a sensitiv ity  lim it of sin 2 2013 >  5 x 10- 5 . B o th  th e  conservative, and  th e  optim ised  N eu trin o  

F ac to ry  se t-ups have a significantly  g rea te r  sin 2 2013 discovery reach; th e  op tim ised  se t-up  having  

a sensitiv ity  lim it of ~  1.5 x 10- 5 .

F igu re  104 shows th e  discovery reach of th e  various facilities in s ig n A m J^  T h e  various bands 

show n in th e  figure have th e  sam e m eaning  as those  show n in figure 103; th e  discovery reach is 

again  evaluated  a t th e  3<r confidence level. O f th e  super-beam  set-ups considered  only th e  W B B  

has significant sensitiv ity  to  th e  m ass h ierarchy  w ith  a sensitiv ity  lim it of sin 2 2013 >  3 x 10- 3 . 

O f th e  b e ta -b eam  set-up  only th e  optim ised , 7  =  350 o p tion  w ith  th e  re latively  long baseline
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F ig u re  104: T h e  d iscovery  rea ch  o f th e  v ario u s p ro p o sed  fac ilities for th e  d iscovery  o f th e  m ass  h ie ra rchy . In  th e  

a re a  to  th e  r ig h t o f th e  b a n d s , s ig n A m 3 x c a n  b e  e s tab lish ed  a t  th e  3 a  con fid en ce  level. T h e  d isco v ery  lim its  a re  

sho w n  as a  fu n c tio n  o f th e  f ra c tio n  o f all p o ssib le  va lu es o f th e  t r u e  v alue o f th e  C P  p h ase  S ( ‘F ra c tio n  o f Sc p ’) 

a n d  th e  t r u e  v alue o f s in 2 2013. T h e  r ig h t-h a n d  edges o f th e  b a n d s  co rre sp o n d  to  th e  co n se rv a tiv e  se t-u p s  w hile 

th e  le ft-h a n d  edges co rre sp o n d  to  th e  o p tim ise d  se t-u p s , as d e sc rib ed  in  th e  te x t.  T h e  d iscovery  rea ch  o f th e  S PL  

su p e r-b e a m  is sh o w n  as th e  o ran g e  b a n d , t h a t  o f T 2 H K  as th e  yellow  b a n d , a n d  t h a t  o f th e  w id e -b a n d  b e a m  

e x p e r im e n t as th e  g reen  b a n d . T h e  d isco v ery  rea ch  o f th e  b e ta -b e a m  is sho w n  as th e  lig h t g reen  b a n d  a n d  th e  

N e u tr in o  F a c to ry  d iscovery  rea ch  is sho w n  as th e  b lu e  b an d .

of 730 km  is com petitive  w ith  th e  W B B , having  a com parab le  sensitiv ity  lim it. T h e  N eu trin o  

Factory, b enefitting  from  th e  long baseline, ou t-perfo rm s th e  o th e r facilities. T h e  sensitiv ity  

lim it of th e  conservative o p tion  being  sin 2 2013 >  1.5 x 10- 4 , w hile th e  sensitiv ity  lim it of th e  

op tim ised  facility  is sin 2 2013 >  1.5 x 10- 5 .

F igu re  105 shows th e  discovery reach of th e  various facilities in th e  C P  phase 5. T h e  various 

bands show n in th e  figure have th e  sam e m eaning  as those  show n in figure 103; th e  discovery 

reach is again  evaluated  a t th e  3ct confidence level. T h e  T 2H K  an d  th e  SPL super-beam s show 

a g rea te r sensitiv ity  to  C P  v io lation  for sin 2 2013 ~  10- 3  th a n  th e  W B B  experim en t. However, 

th e  W B B  experim en t has sensitiv ity  for a  larger range of values of 5 th a t  th e  o th e r super-beam  

facilities considered  for sin2 2013 ~  10- 1 . T h e  perform ance of th e  conservative ( 7  =  100) b e ta - 

beam  is com parab le  to  th a t  of th e  op tim ised  T 2H K  experim en t. T h e  optim ised  ( 7  =  350)
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F ig u re  105: T h e  d isco v ery  rea ch  o f th e  v a rio u s  p ro p o sed  fac ilities in  th e  C P  p h a se  S. In  th e  a re a  to  th e  r ig h t 

o f  th e  b a n d s , S =  0 a n d  S =  n  c a n  b e  ex c lu d ed  a t  th e  3 a  con fid en ce  level. T h e  d iscovery  lim its  a re  sh ow n  as a 

fu n c tio n  o f th e  fra c tio n  o f all p o ssib le  values o f th e  t ru e  v alue  o f th e  C P  p h a se  S ( ‘F ra c tio n  o f S c p ’) a n d  th e  t ru e  

value o f s in 2 2013. T h e  r ig h t-h a n d  edges o f th e  b a n d s  co rre sp o n d  to  th e  co n se rv a tiv e  s e t-u p s  w hile  th e  le f t-h a n d  

edges co rre sp o n d  to  th e  o p tim ise d  se t-u p s , as d e sc r ib ed  in  th e  te x t.  T h e  d iscovery  rea ch  o f th e  S P L  su p e r-b e a m  

is sho w n  as th e  o ran g e  b a n d , th a t  o f T 2 H K  as th e  yellow  b a n d , a n d  t h a t  o f th e  w id e -b a n d  b e a m  e x p e r im e n t as 

th e  g reen  b a n d . T h e  d iscovery  rea ch  o f th e  b e ta -b e a m  is sh o w n  as th e  lig h t g reen  b a n d  a n d  th e  N e u tr in o  F a c to ry  

d iscovery  rea ch  is sh ow n  as th e  b lu e  b a n d .

b e ta -b eam  shows considerab ly  b e t te r  perform ance; a sensitiv ity  lim it of 4 x 10-5  and  a 

C P  coverage of a ro u n d  90% for sin2 2013 >  10- 2 . For low values of 013 (sin2 2013 <  10-4  th e  

conservative N eu trin o  F ac to ry  perfo rm ance is com parab le  w ith  th a t  of th e  op tim ised  be ta -b eam . 

For larger values of 013, th e  C P  coverage of th e  op tim ised  b e ta -b eam  is significantly  b e tte r . T h e  

op tim ised  N eu trin o  F ac to ry  ou t-perfo rm s th e  optim ised  b e ta -b eam  for sin2 2013 <  4 x 10- 3 . For 

la rger values of 013 th e  optim ised  b e ta -b eam  has a slightly  larger C P  coverage.

In  sum m ary, for large values of 013 (sin2 2013 >  10- 2 ), th e  th re e  classes of facility  have com 

pa rab le  sensitiv ity ; th e  b est precision on ind iv idual p a ram ete rs  being  achieved a t th e  N eu 

tr in o  Factory. For in te rm ed ia te  values of 013 (5 x 10-4  <  sin2 2013 <  10- 2 ), th e  su p er 

beam s are  ou t-perfo rm ed  by th e  b e ta -b eam  and  th e  N eu trin o  Factory. For sm all values of 

013 (sin2 2013 <  5 x 10- 4 ), th e  N eu trin o  F ac to ry  ou t-perfo rm s th e  o th e r op tions. A significant
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am oun t of concep tual design w ork and  h ardw are  R & D  is requ ired  before th e  perform ance as 

sum ed for each of th e  facilities can  be realised. Therefore , an  energetic, p rogram m e of R& D  

in to  th e  accelera to r facilities and  th e  n eu trin o  d e tec to rs  m ust be  estab lished  w ith  a view to  th e  

tim ely  delivery of concep tual design rep o rts  for th e  various facilities.

6  T h e  p o t e n t i a l  o f  o t h e r  a l t e r n a t i v e s

6 . 1  S o l a r -  a n d  r e a c t o r - n e u t r i n o  e x p e r i m e n t s

P ossible fu tu re  solar- and  reac to r-n eu trin o  experim en ts  are  discussed to g e th e r in th is  section. 

In  add ition , a  com para tive  s tu d y  of th e  sensitiv ity  of these  experim en ts  to  A m 21 and  sin2 012 is 

p resen ted .

6 . 1 . 1  T h e  G e n e r i c  p p  e x p e r i m e n t

T he p resen t genera tion  of solar- and  reac to r-n eu trin o  experim en ts  will no t be able to  d e te r 

m ine sin2 012 w ith  an  accuracy  b e tte r  th a n  10% -15% . To m ake a m ore precise m easurem ent 

of sin2 012 in so la r-neu trino  experim en ts  it is necessary  to  m ake a precise m easurem ent of th e  

p p -n eu trin o  flux [747], sub-M eV  so lar-neu trino  experim en ts  (Low N u experim en ts) are  th e re 

fore being  p lanned  for th e  d e tec tio n  of th e  pp n eu trin o s  using  e ith e r charged -cu rren t reac 

tions (LEN S [748], M O O N  [749], S IR E N  [750]) o r e lec tron -sca tte ring  processes (X M A SS [751], 

C LE A N  [752], H E R O N  [753], M U N U  [754], G EN IU S [755]) [756].

F igu re  106 shows th e  dependence  of th e  sensitiv ity  of so la r-neu trino  m easurem en ts to  sin2 012 

on th e  precision w ith  w hich th e  pp flux is know n [97]. T h e  resu lts  are  for a  generic ve-e sca tte rin g  

experim en t w ith  a th resh o ld  of 50 keV. T h e  figure shows th e  tw o-generation  allowed range of 

s in2 012 from  th e  global analysis of K am L A N D  and  so lar d a ta  including  th e  Low N u pp ra te , as 

a  function  of th e  e rro r in th e  pp m easurem en t. T h ree  illu s tra tiv e  pp ra te s  of 0.68, 0.72, and  0.77 

a re  considered  an d  th e  experim en ta l e rro r in th e  pp m easurem ent is varied from  1% to  5%. By 

add ing  th e  pp-flux d a ta  in th e  analysis, th e  e rro r on sin2 012 reduces to  14% (19%) a t 3ct  for a  1% 

(3%) u n ce rta in ty  in th e  m easured  pp ra te  [97]. P erfo rm ing  a sim ilar th ree -n eu trin o  oscillation 

analysis it is found th a t ,  as a  consequence of th e  u n certa in ty  on sin2 013, th e  e rro r on th e  value 

of sin2 012 increases to  17% (21%) [97].

6 . 1 . 2  T h e  S K - G d  r e a c t o r  e x p e r i m e n t

A d e tec to r w ith  th e  fiducial m ass of th e  S uper-K am iokande (SK) d e tec to r th a t  was sensitive to  

reac to r n eu trin o s  w ould be able to  m ake a very precise m easurem en t of 012. In  view of th is, th e re  

has been  a p roposal to  dope SK w ith  gadolin ium  (G d) by dissolving 0.2% of gadolin ium  chloride 

in th e  SK w ater [757]. SK receives th e  sam e reac to r flux as K am L A N D  and , in princip le, could 

d e tec t these  reac to r Ve th ro u g h  inverse b e ta  decay. T h e  inverse beta -decay  process p roduces
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F ig u re  106: S en s itiv ity  p lo t show ing  th e  C .L . (1 do f) allow ed ra n g e  o f s in 2 0 12 as  a  fu n c tio n  o f th e  e rro r  in  p p  ra te  

for th re e  d iffe ren t values o f m e asu red  p p  ra te .

an  electron  and  a neu tro n : th e  electron  produces Cerenkov light w hich can  be de tected ; th e  

n eu tro n  m ust be de tec ted  th ro u g h  n e u tro n  cap tu re . U nfortunate ly , n e u tro n  ca p tu re  on a p ro to n  

releases a p h o to n  w ith  an  energy of only 2.2 M eV, w hich can  no t be d e tec ted  in SK. T h e  

ad d itio n  of G adolin ium  circum vents th is  prob lem  since n eu tro n  ca p tu re  on gadolin ium  releases 

an  8  M eV  7  cascade w hich is above th e  SK th resh o ld . W ith  its 22.5 k to n  of u ltra  p u re  w ater, 

th e  SK d e tec to r offers a  ta rg e t w ith  1.5 x 1033  free p ro to n s for th e  an tin eu trin o s  com ing from  

th e  various reac to rs  in Ja p a n . T herefore , for th e  sam e m easurem ent period , th e  SK -G d reac to r 

experim en t m ay be expected  to  yield a d a ta  set roughly  43 tim es th a t  w hich can  be provided 

by th e  K am L A N D  experim en t.

In  [96], th e  reactor-z/e d a ta  expected  in th e  proposed  SK -G d d e tec to r is sim ulated  for A m ^  =

8.3 x 10- 5  eV 2, sin 2 012 =  0.27, and  d iv ided  in to  18 energy bins, w ith  a v isib le-energy th resho ld  

of 3 M eV  and  b in  w id th  of 0.5 M eV. T h e  precision w ith  w hich th e  pa ram ete rs  A m 2 1 and  

sin 2 0 1 2  can  be determ ined  afte r a  five-year exposure is show n in figure 107 [96]. A lso show n for 

com parison  in th e  figure is th e  99.73% C.L. line expected  from  a 3 kT y  exposure of K am LA N D . 

T he  precision expected  from  SK -G d is superio r in b o th  A m 2 1 and  sin 2 012. T h e  3<r sp read  in 

A m ^  and  sin2 0 12 expec ted  from  five-years d a ta  ta k in g  in SK -G d w ould be a t th e  level of 2 % - 

3% an d  18% respectively  [96]. T h is  is to  be com pared  w ith  th e  co rrespond ing  sp read  of 6 % 

an d  32% expected  from  3 kT y  of K am L A N D  d a ta . R esu lts  for a sim ilar experim en ta l se t-up  

in E u ro p e  and  th e  co rrespond ing  accuracy  in th e  m easurem en t of A m 221 and  sin 2 0 1 2  has been 

s tu d ied  recen tly  [339].
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F ig u re  107: T h e  90% , 95% , 99% , 99.73%  C .L . (2 d o f) allow ed reg io n s in  th e  A m Jx — s in 2 $ i2 p la n e  from  an  

an a ly s is  o f p ro sp ec tiv e  d a ta ,  o b ta in e d  in  5 y ea rs  o f ru n n in g  o f  th e  S K -G d  d e te c to r . T h e  o p en  c o n to u rs  show s th e  

99.73%  C .L . allow ed a re as  ex p e c te d  from  3 k T y  o f K am L A N D  d a ta .  T h e  d efin itio n  o f th e  C .L . co rre sp o n d  to  a 

tw o  p a ra m e te r  fit.

6 . 1 . 3  T h e  S P M I N  r e a c t o r  e x p e r i m e n t

T h e  solar m ixing angle could be m easured  w ith  g rea t accuracy  in a reac to r experim en t w ith  

th e  baseline tu n e d  to  th e  Survival P ro b ab ility  M IN im um  (SPM IN ) [98]. F igu re  108 shows 

th e  sin2 012 sensitiv ity  expected  in a reac to r experim en t as a  function  of th e  baseline L [97]. 

T he  sensitiv ity  has been  evaluated  on th e  assum ption  of a to ta l sy stem atic  u n ce rta in ty  of 2% 

and  a d a ta  set co rrespond ing  to  73 G W kT y (given as a p ro d u c t of reac to r pow er in G W  and  

th e  exposure of th e  d e tec to r in kT y). T h e  tru e  value of sin2 012 is assum ed to  be 0.27 and  th e  

po sitro n  sp ec tru m  th a t  w ould be observed in th e  d e tec to r is sim ulated  for four different assum ed 

values of for A m ^ .  T h e  sp ec tru m  is th u s  sim ulated  a t each baseline and  th e  range of values of 

sin2 012 allowed by th e  experim en t is p lo tted  as a function  of th e  baseline. T h e  baseline a t w hich 

th e  b an d  of allowed values of sin2 012 is narrow est is th e  ideal baseline for th e  SPM IN  reac to r 

experim en t. T h e  figure confirm s th a t  th is  ideal baseline depends critica lly  on th e  tru e  value of 

A m 2 1. T h e  o p tim al baseline for A m 21 =  8.0(8.3) x 10-5  eV 2 is 63 km  (60 km ). A t th e  op tim al 

baseline, th e  SP M IN  reac to r experim en t can  achieve a precision of ~  2(6)%  a t 1 a (3 a ) in th e  

m easurem en t of sin2 012 [97,583].

F igu re  108 gives th e  im pression  th a t  th e  o p tim al baseline for a given value of A m ^1 is very 

well defined. However, no te  th a t  in figure 108 A m ^1 was allowed to  vary  freely. T h e  u n certa in ty  

in th e  A m 21 m easurem en t tra n s la te s  to  e x tra  u n ce rta in ty  in th e  sin2 012 m easurem en t. If A m 21 

could be m easured  to  a very h igh precision in som e o th e r experim en t, such as K am L A N D  or 

SK -G d, th e n  th e  u n ce rta in ty  in sin2 012 due  to  A m 21 can  be reduced significantly. If A m 21 was 

kept fixed, th e  choice of th e  baseline for th e  SPM IN  experim en t becom es m uch b ro ad er [97].
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F ig u re  108: S en s itiv ity  p lo ts  for th e  S P M IN  re a c to r  e x p e r im e n t show ing  th e  1 a , 1 .6 4 a , 2 a , a n d  3 a  (1 do f) ran g e  

o f allow ed values for s in 2 0 12 as a  fu n c tio n  o f th e  b ase lin e  L.

T h e  m easurem ent of s in2 012 is s ta tis tic s  lim ited  m aking  a large exposure  very im p o rta n t. For 

exam ple, th e  sensitiv ity  to  sin2 012 im proves from  3(10)%  to  2(6)%  a t 1 a (3 a ) as th e  exposure is 

increased from  20 G W kT y to  60 G W kTy. T h e  effect of system atics on th e  sin2 012 m easurem ent 

can  be  checked by rep ea tin g  th e  analysis w ith  a m ore conservative es tim a te  of 5% for th e  

sy stem atic  uncerta in ty . For A m ^ t r u e )  =  8.3 x 10-5  eV 2, th e  sp read  in sin2 012 a t L =  60 km 

increases from  6.1% to  8.6% a t 3a , as th e  sy stem atic  e rro r is increased from  2% to  5% . F inally, 

th e  im pact of th e  e rro r on 013 on th e  precision of sin2 012 is to  increase th e  u n ce rta in ty  in sin2 012 

from  6.1% to  8.7% a t 3a , for A m ^ t r u e )  =  8.3 x 10-5  eV 2 and  L =  60 km  [97].

6 . 2  A t m o s p h e r i c  n e u t r i n o  e x p e r i m e n t s

T he effect of th e  su b -dom inan t te rm s in th e  S uper-K am iokande (SK) a tm o sp h eric -n eu trin o  d a ta  

is no t yet s ta tis tica lly  significant. However, th e  su b -dom inan t te rm s, if observed in a fu tu re  high 

s ta tis tic s  a tm o sp h eric -n eu trin o  experim en t, can  be used to  constra in : th e  ex ten t to  w hich 023 

differs from  45°; th e  o c ta n t in 023 is to  be  found; and  sgn(A m 31 ).

A ssum ing th a t  th e  m a tte r-d e n sity  is co n stan t, th e  excess of e lec tron -type events in a w ater-
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C erenkov experim en t such as SK is given by [100,102,702,704,758,759]:

$ - 1  *  sin2 2 0 «  s i , L ') x t r c o s ^ - l )

2 0flM 0; j  /  (A m 3i) L   ̂ ^  ( m c, ^ 2  
V 4:E

+  sin2 2 0 f| s in x ( r  sin2 023 — 1)

+  sin 023 cos 023 r  R e A i3 ^ i2 e x p (—i^) (300)

w here L is th e  baseline, E  is th e  energy of th e  neu trino , r  =  N e/N ß , N e and  N ß being  th e  

nu m b er electron  and  m uon events respectively  in th e  d e tec to r in th e  absence of oscillations, and  

0M , 0M3, (A m 2 i)M an d  (A m 31) M are  th e  m ixing  angle and  m ass-squared  differences in m a tte r .

T h e  first te rm  in eq u atio n  (300) is th e  A m 21-driven  oscillation  te rm  -  w hich is m ore im p o rta n t 

for th e  sub-G eV  n eu trin o  sam ple. Since r  ~  0.5 in th e  sub-G eV  regim e, th is  te rm  brings an 

excess (depletion) of sub-G eV  electron  events if 023 <  n /4  (023 >  n /4 ) .  I t can  th u s  be used to  

s tu d y  th e  m ax im ality  and  o c ta n t of 023 th ro u g h  th e  sub-G eV  electron  sam ple [703,758]. T h e  

second te rm  is th e  013-driven  oscillation  te rm . B eing dep en d en t on sin2 023, th is  te rm  goes in th e  

opposite  d irec tion  to  th e  first te rm . Therefore, for sub-G eV  neu trinos , la rger 013 w ould im ply 

th a t  th e  effect of th e  first te rm  w ould be suppressed  by th is  te rm . However, for m ulti-G eV  

neu trinos, th e re  will be large m a tte r  effects inside th e  e a r th  and  th is  is th e  dom in an t te rm  for 

th e  electron  neu trinos. T h e  sin2 023 dependence of th is  te rm  could th e n  be used to  s tu d y  th e  

m ax im ality  and  th e  o c ta n t of 023 th ro u g h  th e  m ulti-G eV  electron  sam ple [38,760]. Since m a tte r  

effects b ring  in sensitiv ity  to  th e  sgn(A m 31), th is  te rm  can  be used to  s tu d y  th e  m ass hierarchy. 

T h e  last te rm  is th e  ‘in terference’ te rm  [702], w hich depends on 5. T h e  effect of th is  te rm  

could be to  d ilu te  th e  effect of th e  first tw o te rm s and  spoil th e  sensitiv ity  of th e  experim en t. 

However, being  d irec tly  dep en d en t on 5, th is  te rm  also b rings in som e sensitiv ity  to  th e  C P  

phase  itself [114,702].

T h e  dep le tion  of m uon events in th e  lim it of A m 21 =  0 is given by:

N
1 “  Tm — (Pßß +  Pßß) +  (PßßY sin #23 (sin 023 -  - )N °

(301)

w here:

p1ß =  sin2 0M sin2 2023 sin2

2(A +  A m 31) -  (A m 21) L

8 E

P ßß =  cos2 9 ^  s in2 2023 s in2 ------

{ P l J  = sin2 26fi  s in2v ßßj 13 4 E

(A +  A m 31) +  (A m 21)M L

8 E

(302)

(303)

(304)

an d  A  =  2y/2GpNeE  is th e  m a tte r  p o ten tia l. T h e  app rox im ation  of a  van ish ing  A m ^  has been 

m ade in eq u atio n  (304) only for th e  sake of sim plicity, since th e  m ain  su b -dom inan t effect in 

th e  m uo n -n eu trin o  channel com es from  m a tte r  effects, w hich are  large for m ulti-G eV  neu trinos 

for w hich th e  A m ^1 dependence  is of less im portance . T h e  resu lts p resen ted  in la te r sections
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have been  o b ta in ed  using  th e  full num erical so lu tion  of th e  th ree -g en era tio n  equation . For 

sm all values of 013, m a tte r  effects are very sm all and  P ßß is th e  d o m in an t te rm  in th e  survival 

p robability . Since th is  te rm  depends on sin2 2023, in th e  absence of m a tte r  effects, sensitiv ity  

to  th e  023 o c ta n t is no t expected  from  experim en ts  p rob ing  th e  P ßß channel alone. However, 

if 0 1 3  is no t sm all, n eu trinos  w hich trave l th ro u g h  large baselines suffer large m a tte r  effects. 

T h e  m ixing angle 013 increases in m a tte r  and  th e  th ird  te rm  (P ßß)  becom es im p o rta n t as well. 

Since th is  te rm  has a s tro n g  dependence on sin2 023, ra th e r  th a n  sin2 2023, th e  P ßß channel is 

expected  to  develop sensitiv ity  to  th e  o c ta n t of 023 in th e  presence of large m a tte r  effects [761]. 

Also, by p rob ing  m a tte r  effects in th e  re su ltan t m uon signal, th e  neu trino -m ass h ierarchy  can  

be p robed  [101,759,762-766]

H igh-energy (m ulti-G eV ) n eu trinos  are sensitive to  m a tte r  effects. Since upw ard-going  neu 

trin o s  have a longer p a th  leng th  th ro u g h  m a tte r  th a n  dow nw ard-going neu trinos, m a tte r  effects 

m ay be  s tu d ied  by eva luating  th e  up-dow n asy m m etry  using m ulti-G eV  a tm o sp h eric -n eu trin o  

d a ta . In  co n tra s t to  m a tte r  effects in th e  e lec tro n -n eu trin o -ap p ea ran ce  channel, th e  d isa p p e a r 

ance p robability , P ßß , is a  function  of L and  E . T h is  is illu s tra ted  in figure 109 [761], w hich 

shows th e  difference betw een th e  ra tio  of upw ard-going  to  dow nw ard-going m uon events for 

a tm ospheric  n eu trin o s  (UN/ D N ) and  an ti-n eu trin o s  (U a / D a ). T h e  ra te  estim ates  have been 

m ade for a  large m agnetised -iron  d e tec to r, such as th a t  proposed  for th e  Ind ia-based  N eu trin o  

O bserva to ry  (IN O ) [767]. T h e  norm al m ass h ierarchy  is assum ed an d  th e  resu lts  are show n for 

d ifferent energy and  zen ith -ang le  bins. Since, for a  given m ass hierarchy, large m a tte r  effects 

a p p e a r e ith e r in th e  n eu trin o  or in th e  a n ti-n eu trin o  channel, th e  difference in th e  ra tio s for 

n eu trin o s  and  an ti-n eu trin o s  gives th e  n e t m a tte r  effect. T h e  figure ind icates th a t  th e  m a tte r  

effect is la rgest for neu trinos  travelling  L ~  7000 km  w ith  E  ~  5 GeV and  th a t  th e  net m a tte r  

effect changes sign w ith  L an d  E . T hus, in o rder to  see th e  m a tte r  effects it is necessary  to  

b in  th e  d a ta  jud ic iously  b o th  in energy and  zen ith  angle. T h e  figure also shows th a t  th a t  A P ßß 

depends on th e  value of 023.

M agnetised-iron  calo rim eters are  expected  to  have good energy and  zen ith -ang le  resolu tion . 

T herefore , fine b inn ing  w ould allow such d e tec to rs  to  observe m a tte r  effects in th e  m uon signal. 

T h e  m agnetic  field w hich allows m uon-neu trino  induced events to  be  d istingu ished  from  an ti- 

m uo n -n eu trin o  events enhances th e  sensitiv ity  of these  de tec to rs  to  m a tte r  effects since, as 

n o ted  above, m a tte r  effects ap p e a r e ith e r in th e  n eu trin o  or th e  a n ti-n eu trin o  channel. Iron  

calo rim eters have tw o p rincipal d isadvantages: th e  n eu trin o  energy th resh o ld  is re la tively  high, 

allow ing for th e  d e tec tio n  of m ulti-G eV  n eu trinos  only; and  e lec tro n -n eu trin o  induced events 

can  no t be detected .

W ater Cerenkov de tec to rs  have th e  advan tage  th a t  sub-G eV  n eu trinos  can  be de tec ted . How 

ever, th e  energy reso lu tion  is w orse th a n  th a t  of an  iron calorim eter. For th e  resu lts p resen ted  

here, th e  d a ta  is b inned  in sub-G eV  and  m ulti-G eV  bins and  therefo re  th e  m a tte r  effect in th e  

P ßß channel is largely averaged o u t. T h is  averaging im plies th a t  only a very sm all residual 

m a tte r  effect in th e  m ulti-G eV  m uon sam ple m ay be observed. However, m a tte r  effects in th e  

P ße channel do no t change sign over m ost of th e  relevant range of E  and  L in th e  m ulti-G eV  

regim e. Therefore , th e  m ulti-G eV  electron  sam ple has large m a tte r  effects and  can  be used to
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F ig u re  109: T h e  d iffe rence b e tw e en  th e  u p -d o w n  ra tio  for th e  n e u tr in o s  (UN / D N ) a n d  a n t i-n e u tr in o s  (UA/ D A) 

sho w n  for th e  v ario u s en e rg y  a n d  z e n ith -a n g le  b in s . T h e  solid  b lack  a n d  solid  m a g e n ta  lines a re  for n e u t r in o s /a n t i 

n e u tr in o s  trav e llin g  in  m a t te r  w ith  s in 2 023 =  0.5 an d  0.36 respectively .

s tu d y  th e  dev ia tion  of 023 from  m axim ality  and  th e  023 o c tan t, as well as th e  m ass hierarchy.

6 . 2 . 1  I s  t h e  m i x i n g  a n g l e  023 m a x i m a l ?

T h e  m easurem ent of b o th  th e  m ag n itu d e  and  sign of th e  dev ia tion  of sin2 023 from  its m axim um  

is of g rea t im portance . T h e  dev ia tion  of sin2 023 from  0.5 m ay be quan tified  by defining D  =  

^ — sin2 023. A t p resen t, th e  b est lim it \D\ com es from  th e  SK experim en t giving |_D|<0.16 a t 

3 a  [116]; th e  sign of D  is unknow n a t p resen t. T h e  p o te n tia l of a tm o sp h eric -n eu trin o  experim en ts 

to  te s t th e  d ev ia tion  of 023 from  m ax im ality  is show n in figure 110. T h e  figure also shows th e  

sensitiv ity  o b ta in ed  by com bining d a ta  from  th e  cu rren t and  th e  nex t genera tion  of long-baseline 

experim ents. T h e  com bined long-baseline d a ta  set includes five years of ru n n in g  for each of th e  

following: M IN O S; IC A R U S; O P E R A ; T2K ; and  N O vA . T h e  m iddle panel shows th e  sensitiv ity  

to  |D | of a tm o sp h eric -n eu trin o  experim en ts  w ith  w ater C erenkov de tec to rs  w ith  a d a ta  set 

co rrespond ing  to  an  exposure of 4.6 M egaton-years. T h e  left panel shows th e  co rrespond ing  

sensitiv ity  of a tm o sp h eric -n eu trin o  d a ta  in large m agnetised-iron  de tec to rs  w ith  an  exposure of 

500-kiloton-years. A t A m J ^ t r u e ^  2.5 x 10-3  eV 2, it should be possible to  m easure |D | w ith in  

19% an d  25% a t 3 a  w ith  a tm ospheric  n eu trinos  using  w a te r and  iron d e tec to rs  respectively. T h is 

is slightly  w eaker th a n  th e  sensitiv ity  of th e  com bined long-baseline experim en ts, w here it should 

be possible to  m easure |D | to  w ith in  14% a t 3a . However, no te  th a t  all th e  resu lts p resen ted  in 

figure 110 have been  o b ta in ed  assum ing  th a t  th e  tru e  value of 013 was zero. For non-zero 013, th e  

presence of m a tte r  effects in th e  Pßß channel b rings a m arg inal im provem ent in th e  sensitiv ity  

of a tm o sp h eric -n eu trin o  experim en ts  using a m agnetised -iron  d e tec to r. For th e  m egaton-w ater 

a tm o sp h eric -n eu trin o  experim en t, very large m a tte r  effects in th e  Pße channel b ring  a significant

|cJ= |0-0.157 | |cJ= |0 .471-0.628 |

|c?|= |0.157-0.314| |cJ = |0 .628-0.785|

|cç|= |0.314-0.471| |cJ = |0 .785-0.942|
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Figur e  110: T he  re gions  o f A m i^ t r u e )  a nd  s in2 023(true ) where  m a x im a l 023 m ix ing  can be  re jected a t 1a 

(inne r  ba nds ), 2 a  (middle  bands ) a nd  3a  (oute r  bands ) C.L. T he  s e ns itivity  expe cte d: the  le ft pane l [701] shows 

the  s e ns itivity  e xpe cte d fr om the  combine d da ta  fr om the  long base- line e xpe r ime nts . T he  middle  pane l [703] 

shows the  s e ns itivity  e xpe cte d w ith  a tmos phe r ic  ne utr inos  in  a  me ga ton wate r  de te ctor  (SK50). T he  r ight- hand 

pane l [761] shows the  corr e s ponding re ach e xpe cte d from 500 kT y a tmos phe r ic  ne ut r ino  d a t a  in  large  magnetised-  

ir on de tectors . T he  tr ue  value  of 013 is as s ume d to  be  zero.

improvement in the  de te rmination of | D| , making this  experiment comparable  to, or be tte r  than, 

the  long- baseline experiments  for s tudying the  deviation of 623 from maximality  [760].

6 .2 .2  Re s o lv in g  t h e  023 O c t a n t  Am b ig u it y

If the  true  value of 623 is not 45°, the n the  ques tion of whe ther  623 >  n / 4  (D positive) or 

623 <  n / 4  (D negative) arises. This  ambiguity  is generally regarded as the  most difficult to 

resolve. As discussed above, the  presence of matte r  effects in the  zenith- angle-  and energy- binned 

atmospheric- z/u / V ß da ta  opens up the  poss ibility of probing the  octant of 023 in magnetised- iron 

detectors  [761]. On the  othe r hand, atmospher ic v e/ v e da ta  in water Cerenkov detectors  could 

also give information on the  octant of 623, both through the  Am^- de pe nde nt  sub- dominant te rm 

in the  sub- GeV s ample  [703,758], and through the  matte r  effect in the  multi- GeV sample [38,760]. 

This , therefore, opens the  pos s ibility of combining atmospheric- neutrino da ta  with da ta  from 

long- baseline experiments  to  resolve parame te r  degeneracies [27,38].

In  order to obta in the  limit ing value of s in2 623(true ) which could s till allow for the  de te rmi

na tion of the  sign of D  it is convenient to define:

A%2 =  x 2(s in2 623(true ), s in2 613(true ), othe rs (true )) — %2(s in2 623(false), s in2 613, others), (305)

with s in2 623(false) res tricted to the  wrong octant and ‘othe rs ’ compris ing A m 21, Am ^1, s in2 612, 

and 5. These parameters , along with s in2 613 as well as s in2 623(false), are allowed to  vary freely 

in the  fit. The  results  of the  fit are shown in figure  111 for a 500- kiloton- year exposure in 

a large magnetised- iron calorimeter (left pane l) and a 4.6 Megaton- year exposure of a water 

Cerenkov experiment (r ight- hand pane l) [760]. For the  magnetised- iron detector, the  results  are 

presented us ing four different values of s in2 613(true ), as suming a normal mass ordering. For a
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Normal Mass Ordering

0.5

s in 2 0 23(true)

Figur e  111: P lo t  s howing the  oc ta nt  s e ns itivity  as a  func t ion  of s in2 023(t rue ), for an a tmos phe r ic  ne utr ino  

e xpe r ime nt w ith  large  magne tis e d- iron ca lor ime te r  (le ft pane l) a nd  me ga ton wate r  de te ctor  (r ight- hand pane l).

Type  of Expe r ime nt s in2 623 (false) excluded at 3a if: for

s in2 623(true ) <  0.402 or >  0.592 s in2 613(true ) =  0.02 

Magnetised- Iron (0.5 MT y) s in2 623(true ) <  0.421 or >  0.573 s in2 613(true ) =  0.04

s in2 623(true ) <  0.383 or >  0.600 s in2 613(true ) =  0.00 

Wate r  Cerenkov (4.6 MT y) s in2 623(true ) <  0.438 or >  0.573 s in2 613(true ) =  0.02

T able  18: A compar is on of the  po te nt ia l o f diffe re nt e x pe r ime nts  to  rule  out  the  wrong 023 oc ta nt  a t  3a  (1 dof). 

T he  th ir d  c o lum n gives  the  c ondit ion  on the  t rue  value  of s in2 013 nee ded for the  023 oc tant  re s olution.

given s in2 613(true ), the  range of s in2 623(true ) for which s in2 623 (false) can be ruled out with 

atmospher ic neutr inos  in magnetised- iron detector is given in table  18. These results  can be 

compared to the  sens itivity tha t  can be obtaine d us ing a water Cerenkov detector, which is 

shown for normal mass hierarchy in the  r ight- hand pane l of figure  111 and reported in table  18. 

The  octant de te rmination can be performed reasonably well even if s in2 613(true ) was zero [703]. 

However, if s in2 613(true ) is non- vanishing and reasonably large, the  octant sens itivity of this  

experiments  becomes s ignificantly enhanced through earth matte r  effects appe ar ing in the  multi-  

Ge V electron s ample  [38,760].
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6 .2 .3  Re s o lv in g  t h e  a m b ig u it y  in  t h e  n e u t r ino - m a s s  h ie r a r c hy

Large ma tte r  effects in atmospher ic neutr inos  can be exploited to  probe  the  sign of Am 2 1. Figure

112 shows the  s ens itivity to  s ign(Am31) tha t  is expected in a magnetised- iron calorimeter with 

4000 observed upward going events [766]. The s imulation has been performed for both the  

normal and the  inverted hierarchy; the  curves show the  %2, and hence the  C.L., with which the  

wrong hierarchy can be ruled out. Fits  have been carried out under  the  following conditions : all 

parameters  othe r  tha n the  mass hierarchy are fixed (red lines); exte rnal priors  have been used for 

the  oscillation parameters  (blue  lines); and all oscillation parameters  are allowed to  vary freely 

in the  fit (green lines). The left pane l is for muon events in a detector with 15% energy and 15° 

ze nith angle  resolution, the  middle  pane l is for muon events with 5% energy and 5° ze nith angle 

resolution, while  the  r ight- hand pane l is for electron events. For vanishing 613, the  matte r  effects 

vanish giving %2 =  0. As 613 increases, matte r  effects increase, thereby increas ing the  sens itivity 

of the  experiment to  the  hierarchy. For a magnetised- iron calorimeter such as INO, where the  

energy resolution is expected to  be around 15% and the  ze nith angle  resolution to be around 

15°, the  wrong hierarchy can be ruled out at ~  2a  us ing the  muon events, if s in2 2613(t r ue )= 0.1 

and s in2 623(t r ue )= 0.5, and where the  information from the  othe r long- baseline experiments  on 

the  oscillation parameters  have been included through the  priors . Comparis on of the  left with 

the  middle  pane l shows tha t  the  sens itivity to the  hierarchy increases if the  detector resolution 

is improved. Compar is on of the  left with the  r ight- hand pane l shows tha t  the  sens itivity to 

the  hierarchy increases if the  detector is able  to detect electron- type events. Of course, since 

matte r  effects increase with 623, the  sens itivity to  the  hierarchy increases as the  true  value of 

623 increases.

The  sign of Am 2 1 can be  de te rmine d us ing the  excess in the  multi- Ge V electron sample tha t  

arises due  to  matte r  effects us ing a water Cerenkov detector [ 38,760,765,768] . The  wrong 

hierarchy can be ruled by a 4.6 Megaton- year exposure of such an experiment at more tha n 2a 

if s in2 2613(t r ue )= 0.1 and s in2 623(t r ue )= 0.5 [38,760]. This  is comparable  to  the  s ens itivity of 

the  magnetised- iron detectors  discussed above. However, since water detectors  use the  excess in 

electron events for multi- GeV neutr inos  for which matte r  effects contr ibute  to the  probability  

Pue, the  excess is also dependent on the  CP  phase 5. If  the  value of 5 is allowed to vary freely 

in the  fit the n the  s ens itivity decreases appreciably [760].

6 .3  N e u t r in o  Ma s s  H ie r a r c h y  fr o m  F u t u r e  0 v ß ß  Ex p e r im e n t s

If neutr inos  are Majorana  particles , it may be possible to  observe the  process (A, Z ) ^  (A, Z  — 

2) +  2 e-  , neutrinoless  double- beta decay (0 vß ß ). The  effective mass tha t  may be extracted, or 

bounde d, in a 0vßß  experiment is given by the  coherent sum: (m) =  % m i U2 | , where m% is the  

mass of the  ith ne utr ino mass s tate, the  s um is over all the  light- neutrino mass states and Uei are 

the  matr ix  elements of the  ne utr ino mixing matr ix , i.e. (m) depends  on 7 out of the  9 parameters  

contained in the  neutrino- mass  matr ix . In  par ticular , the  effective mass tha t  may be extracted 

from neutrinoless  double  be ta decay depends  on the  neutrino- mass  s pectrum. There  have been 

a large numbe r  of papers  wr itte n on the  implications  of a future  measurement of (m) (see for
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osc. params. fixed, external prior information, osc. params. free 
s o lid :  true hierarchy normal, d a s h e d :  true hierarchy inverted

F igure  112: A x 2 for the  wrong hie r archy as a  func t ion  of s in2 2013(t rue ). See the  te x t for the  de tails .

example  [133]). At present, the  best limit  on the  effective mass is given by the  Heide lberg-  

Moscow collaboration (m) <  0.35 z eV, where z (=  O(1)) indicates  tha t  there  is an unce rtainty 

in the  value of the  nuclear matr ix  elements (NME) involved in the  0vßß  process [769]. Several 

new experiments  are running, unde r  cons truction, or in the  planing phase [131]. It  is reasonable, 

therefore, to expect tha t  (m) will be probed down to  ~  0.04 eV and it is pe r tinent to  ask if such 

a measurement can he lp de te rmine  the  neutrino- mass  hierarchy.

For the  normal- hierarchy (NH) scheme, for which m 1 ^  m 2 ^  m 3, and as suming tha t  m 1 

can be neglected, the  effective mass may be written:

\ J Am  'Ii s in2 012 s in2 0i3 +  \ J Am| j s in2 0i3 e2*^ (306)

For the  inverted- hierarchy (IH) scheme, as suming tha t  m 3 ^  m 1 <  m 2, and neglecting m 3, the  

effective mass may be written:

(m )IH ~  \ JI A m 211 s in2 0 i3 y / l — s in2 20i2 s in2 a  . (307)

Any pos itive  s ignal for 0vßß  will be able  to  dis tinguis h the  IH  scheme from the  NH scheme if 

the  difference between the  predicted values for (m) for the  IH scheme and the  NH scheme is 

larger than the  error in the  measured value of (m). Among the  most impor tant  errors involved 

is the  one coming from the  unce r tainty in the  value of the  nuclear ma tr ix  elements. Figure

113 shows the  difference in the  predicted values of (m)mHx and (m)JHn taking into account the  

error in the  nuclear ma tr ix  elements [152]. (m)mHx and ( m ) ^  are the  largest and smallest 

values for (m) tha t  are allowed, given the  present knowledge of the  oscillation parameters , in 

the  NH and IH scheme respectively. This  unce r tainty is incorporated through the  parameter  

z, which gives the  factor by which the  nuclear matr ix  elements are unce r tain (see [152] for 

the  de tails ). It  was argued in [152] tha t , for a given mass hierarchy, the  unce r tainty in the  

prediction of (m) coming from the  unce r tainty in the  allowed values of Am 3 1 and A m ^  can be 

neglected since these parameters  are expected to  be measured with very high accuracy in the  

imme diate  future . Therefore, the  major  unce r tainty in (m) will come from the  unce rtainty on

252



0.03

0 .025

0.02

^1 0 .0 15

0.01

0 .0 05

s in  0 ,2=0.28 z  = 1 
z  =  1.2 
z  =  1.5 

z  =  2 
z  =  3 

z  =  4 

z  =  5

0

s in20 sin20

Figur e  113: T he  diffe rence be twe e n the  m in im a l value  of (m ) for IH  a nd  the  m a x im a l value  of (m ) for NH for 

diffe rent z, as a  func t ion  of s in2 $12 (le ft- hand pane l) a nd s in2 $13 (r ight- hand pane l).

the  values of s in2 $12 and s in2 $13. Figure  113 shows the  impact of the  unce rtainty in the  values 

of s in2 $12 and s in2 $13 on the  sens itivity of the  future  Ovßß experiments  to  the  neutrino- mass  

hierarchy. The  figure shows tha t  for s in2 $13 close to its  current limit  and as suming z =  2, 

s in2 $12 =  0.3, and A(m ) ~  0.01 eV it should be possible to de te rmine  the  mass hierarchy if the  

e xper imental unce r tainty in (m) is less than 0.01 eV. The chances of de te rmining the  hierarchy 

is largest when s in2 $13 =  0. More  impor tantly, while  the  dependence  on s in2 $13 is weak, the  

sens itivity of the  0vßß  experiments  to  the  hierarchy is s trongly dependent on s in2 $12. Therefore, 

a s ubs tantial re duction in the  unce r tainty on the  allowed values of s in2 $12 is a prerequis ite  for 

the  de te rmination of the  neutrino- mass  hierarchy us ing 0vß ß  experiments .

So far, the  as s umption tha t  the  lightes t ne utr ino mass was close to zero has been made . If 

the  lightes t ne utr ino had a mass mo 0.01 eV, it would not be possible to  dis tinguis h between 

the  NH and IH schemes us ing 0vßß  measurements , the  mass spectrum in tha t  case would be 

quasi- degenerate. However, we could s till use 0vß ß  to put  a limit  on the  absolute  neutrino- mass  

scale. For a quasi- degenerate (QD) mass s pectrum, with a common mass scale m 0, the  limit  on 

the  ne utr ino mass reads [152]:

®o <  * <™>m& 1 _  lu - 2 \  Ue3 \2 =  " 012’ 013) ' (308)

Currently, the  unce r tainty on ƒ ($12,$ 13) is around 50%, 1.9 <  ƒ ($12,$ 13) <  5.6. It  is expected 

to  reduce to ~  21% (~  9%) at 3a  if a low energy pp  solar- neutrino experiment (a reactor 

experiment at the  SP MIN) should be built . The  unce r tainty depends  only a litt le  on the  value 

of $13. From the  current limit  on the  effective mass, (m) <  0.35 z eV, with the  accepted value 

of z ~  3 and our  current knowledge of ƒ ($12,$ 13), we can set a limit  on m 0 of 5.6 eV, clearly 

weaker tha n the  limit  from t r it ium be ta  decay experiments . However, if ƒ ($12,$ 13) was known
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w ith  an unce r tainty of 20%, say 2.7 <  ƒ ($12,$ 13) <  4.0, the n for z ( m ) ^  =  0.1 eV the  limit  

would become 0.3 eV ^  m 0 0.4 eV. Of course, if there  is no s ignal for 0vßß , but  jus t  an upper  

limit  on z (m )min, the  allowed range of m 0 will be replaced by an uppe r  limit  corresponding 

to  the  largest value in the  range. The  examples  given above, indicate  tha t , for the  QD mass 

s pectrum, a measurement of, or a be tte r  cons traint on, (m) will lead to  a s tronger limit  on the  

absolute  ne utr ino mass scale tha n can curre ntly be obtaine d from direct kine matic searches.

6 .4  As t r o p h y s ic a l m e th o d s  o f d e t e r m in in g  t h e  m ix in g  p a r a m e t e r s

Measuring the  fluxes of neutr inos  from as trophys ical sources can he lp us to de te rmine  the  mixing-  

matr ix  elements. The goal of this  section is to discuss this  me thod, focus ing on the  poss ibility 

of e xtracting | Uß1|, arguably the  mos t challenging element of the  mixing matr ix  to  measure. In  

section 4.4.2, we discussed the  pos s ibility of us ing ne utr ino beams made  up e ither of pure  or 

incoherent mass eigenstates to extract the  moduli of the  mixing- matrix elements by s tudying 

the ir  charged- current interactions . As trophys ical sources can yie ld such beams through three 

classes of mechanisms: adiabatic  conversion; ne utr ino decay; and decoherence. The  second and 

third cases will be discussed in de tail in sections 6.4.2 and 6.4.3. Here we comme nt on the  case 

of adiabatic  conversion which takes place for solar neutr inos . P ropaga ting from central regions 

of the  Sun, the  electron neutr inos  with energies E  >  10 Me V are converted to  a s tate  which 

nearly coincides with v2 at the  surface of the  Sun. As a result, by s tudying the  charged- current 

interactions  of the  solar neutr inos  with E  >  10 Me V, we can de te rmine  | Ue2|. Unfortunate ly, the  

energy of these neutr inos  will be too s mall to  allow muon production at the  detectors; so, they 

cannot be used to extract | Um2|. However, there  is a poss ibility tha t  more energetic neutrinos  

(E  »  m ß) may be produced ins ide  the  Sun: if the  dark matte r  is composed of We akly Inte racting 

Massive Particles  (WIMP s ), over time  they can be accumulated in the  core of the  Sun. Thus , the  

WIMP- annihila t ion rate  in the  core of the  Sun will increase, giving rise to a re lative ly high energy 

flux (for a recent review, see [770]). As shown in [587], for the  low energy par t of the  s pectrum 

E v <  5 GeV, the  trans ition probability in the  Sun will be adiaba tic  and therefore the  oscillation 

probabilitie s  will depend only on the  absolute  values of the  elements of Up m n s . In  [587], it  was 

suggested tha t  the  value of | Uß1| could be derived by s tudying these neutr inos . Unfor tunate ly, 

because of the  high energy- threshold of large- scale ne utr ino detectors , this  me thod does not 

seem to be feasible. There  is another  mechanism for production of neutr inos  with E v >  1 Ge V 

ins ide  the  Sun: cosmic- ray collis ions in the  Sun can give rise to  ‘solar- atmospheric ne utr inos ’. 

Re cently in [771], it has been shown tha t  the  oscillation probability of these neutr inos  (after 

averaging over ne utr ino and anti- neutrino channels) depends  only on the  absolute  values of the  

elements of the  P MNS matr ix . However, low s tatis tics  (only ^t e n  events in ICECUBE per year) 

render this  an uns uitable  tool for the  extraction of | Uß1|.

6 .4 .1  Ge n e r a l r e m a r k s  a b o u t  a s t r o p hy s ic a l n e u t r in o s

The  me thods  for e xtracting | Uß1| discussed here are based on the  flavour- identification capability 

of ne utr ino telescopes. Since ne utr ino telescopes cannot dis tinguis h between ne utr ino and anti-
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neutrino; ne utr ino and anti- neutrino events will therefore enter the  same da ta  sample.

In  the  energy range 1- 100 TeV, a ne utr ino telescope can identify two types  of ne utr ino events: 

muon- track events; and shower- like events. The  muon- tracks originate  from the  charged current 

(CC) interactions  of vo (vo) as well as CC interactions  of vr  (vr ), with the  subsequent decay of 

the  t  ( t + ) to  ß  (ß+ ). Shower- like events can be produced in three ways: neutral current (NC) 

interactions  of all the  active neutrinos ; CC inte raction of ve (ve); and CC interactions  of vr  (vr ) 

and the  subsequent decay of t  ( t + ) through non- muonic decay modes . It  is convenient to define 

the  ratio:

R =
muon — track events 

shower — like events ’
(309)

Following the  above discussion, R can be  writ te n as:

lCCl (Fvt F t  )

R
LEh dEu dEu x R ß (EM)dE^

rp rEcut  f  d N NG (FV a,FVa) . d N GG (FVe,FVe) . p \ d N GG (FVt  ,FV t)\
1 Je % Æ  1 dE m  J  c fF

(310)

where Ro and T  are respectively the  muon range and the  thickness  of the  detector, and B  =  

Br(T ^  ßvovr ). d N CC/ d E  and d N ^ 0 / d E  are respectively the  rates of CC and NC interactions  

of v a and Va :

d N ° c ( F ,F )

dE,,

fEcut d F  d a c c  ^  . f Ecut d F  d a c e
- dEv +  — — T T ^dEr,

dEv dE,, dE^ d E u
(311)

d N  (F, F )  

d F

and

d F  d F

d E  dE

d N  N C (F ,F )  f  E- Eth

d E

d a  n c  d F  d a  n c  dF  
d E Vf d E  d F ^  d F

dE Vf •

(312)

(313)

Here a c c  and a c c  are the  charged- current cross sections for v and V, and da NC/ d E Vf and 

da NC/dE^  are the  par tia l cross sections for v (E )N  ^  Vf (E Vf ) + je t and v (E )N  ^  Vf ( E f  ) + je t , 

respectively. Finally,

d N c c
T —> (1

d E „

(F ,F )
(314)

0

f Er r Ecut da c c  d F  f Ecut da c c  d F

I  L i KiE'"iÊ L  I
where ƒ (Er , E o) is the  probability of the  production of a muon with energy E o in the  decay of 

a t  le pton with energy E r .

The  poss ibility of measur ing R us ing the  ICECUBE experiment has been s tudied in de tail 

in [772] and it has been found tha t  with E ; dFv/ d E v =  10- 7 Ge V cm2 sec- 1, the  ratio R can be
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measured with 20% accuracy after one year of da ta  taking. Since the  s tatis tical error dominates , 

by increas ing the  data- taking time  to 10 years, the  unce rtainty would decrease to  7%.

Notice  tha t  we have used the  fact tha t , at this  energy range (E c.o.m »  m r ), the  cross sections 

are approximate ly equal for all flavours. In  the  above formulæ , E£h ( 1 TeV) and ESh are 

respectively the  thresholds  for de tecting muon- track and shower- like events and E cut (~  100 TeV) 

is the  energy above which neutr inos  will be absorbed in the  Ea r th. Above  E cut, all the  neutrinos  

will be absorbed in the  Ea r th but  vr  can re- appear as a result of the  trans itions  vr  ^  t  ^  vr . 

Of course, the  final vr  reaching the  detector will be less energetic tha n the  original one, which 

can fake a vr  with energy less tha n E cut. Consequently, the  ratio R will tur n out to be smaller 

tha n expected if this  phenome non is not taken into account. In  order to be able  to extract | Uo2| 

with the  required precision, it  will be necessary to evaluate  the  correction due  to such an effect. 

Es t ima ting  this  correction requires some knowledge of the  energy s pectrum for E  >  E cut and is 

therefore mode l dependent.

Notice  tha t  before entering the  detector, the  upward- going neutr inos  pass through the  Ear th. 

However, this  will not s ignificantly change the  flavour compos ition because, for E  >  1 TeV, 

A m h f ë E  ^  \ f2Gpne and the  effective flavour mixing in the  Ea r th is therefore s trongly s up 

pressed.

6 .4 .2  U n s t a b le  n e u t r in o s  a r r iv in g  fr o m  c o s m ic  d is t a nc e s

In  [587], the  pos s ibility of e mploying the  decaying neutr inos  to derive the  CP- violating phase 

has been proposed. In  a series of papers  [773,774], the  idea has been fur the r  e laborated. In  the  

following, the  results  will be reviewed.

In  the  SM, neutr inos  are s table, however, in the  framework of Majoron models , the  rapid 

decay of neutr inos  may become a pos s ibility [309, 775]:18

V» ^  Vj +  J  , (316)

where v  and Vj are mass eigenstates, and J  is a Golds tone  boson called the  Majoron.

If the  life time of the  neutr inos  in the ir  rest frame is finite  but  much larger than ~  10- 3 sec, the  

solar and atmospher ic neutr inos  will not undergo decay; however, neutr inos  from very dis tant 

sources (i.e., the  gamma- ray burs ters , the  Active  Galactic Nucle i, AGN, and supernovæ ) can 

decay before reaching the  detectors . At the  detectors , the  ne utr ino flux from the  dis tant  sources 

will be composed only of the  lightes t neutr inos , v1 and V1: F 1 and F j. Notice  tha t  we have

18 It  was  s hown la te r  in  ref. [252] t h a t  the  decays  dis cussed in  [309,775]  are  so muc h suppres se d th a t  these  decay 

mode s  are  phe nome nologica lly  ir re le vant. However, m a jo r o n  couplings  are  r a the r  mode l- de pe nde nt , a nd  it  is 

poss ible  to  contr ive  mode ls  where  the y are  s izable  e nough to  le ad to  life time s  of phe nome nologica l inte re s t. For 

more  on these  issues, see [76,776] . Here  we s imply  ass ume  t h a t  fas t invis ible  decays  of ne utr inos  are  poss ible , 

a nd  ask ourse lves  whe the r  s uch de cay mode s  le ad to  inte r e s ting consequences .
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assumed tha t  the  ordering of the  ne utr ino masses is normal: m 1 <  m 2 <  m 3. As a result, 

regardless of the  flavour compos ition at the  source, we expect tha t  at the  detector:

dFve /dE : d F ^ / d E  : d F ^ / d E  =  | Ue1| 2 : | Û 112 : | U 1| 2 , (317)

and recalling tha t  mix ing matrices  of neutr inos  and anti- neutrinos  are the  complex conjugate  of 

of one- another, we have

dF^e/ d E  : d F ^ / d E  : d F ^ / d E  =  | Ue1| 2 : | Û 112 : | U 1I2 . (318)

Notice  tha t  this  result is independent of energy. Equa tion (310) implies:

R =  M  + B W « ?  ( : m

where (see equations  (311), (312), (313), and (314) for definitions):

r d N f c ^ F u F i)  w D f17 ^
JE%h dEfj, X ^'ß \ Eß ) d E l

~ r dNC'C'(F l,F l)
JE » h d E M

and:

rp  rE c u t  d N N C ( F i, F j)

1  J E f t  d E  , .

& =  ~  dN c c (FltFi) : : ; (321)
f E?h ^ e T  V M E , ) d E ,

and finally:

T j * ; r  dNGĜ Fi) d E

& =  - - - d N c c (Fl F~)- - - - - - - - -  • (322)
Je Si “ i " ' '

In  firs t approximation, F Ve : F v̂  : F Vt  ~  0.6 : 0.15 : 0.15, which s ignificantly deviates  from what 

is expected in the  case of s table  neutr inos . Thus , by measur ing R with a moderate  precision, we 

can test whe ther  neutr inos  are s table  or not. To extract | Uo1| precisely enough, higher accuracy 

in the  measurement of R will be required. T hough the  flux arr iving at the  Ea r th is pure ly 

composed of v1 and V1, for e xtracting R from the  da ta  the  knowledge of the  dependence  of 

the  ne utr ino flux on energy, F 1 (E), is necessary since de tection of processes contr ibuting to  R 

have different kinematics . As discussed in [772], the  s pectrum of neutr inos  can be de te rmined 

by measur ing the  tota l energy of muon- track events. The  accuracy with which the  s pectrum 

can be de te rmined, as indicated in [772], s trongly depends  on the  overall shape  of the  spectrum. 

Anothe r  limit ing factor will be the  size of the  da ta  s ample  which depends  on the , as yet unknown, 

ne utr ino luminos ity at the  source.

Y- ray burs ts  may be accompanied by a flux of energetic (~  1 TeV) neutr inos  [777]. Taking 

the  dis tance  of the  Y- ray burs ter  from the  Ea r th to  be of order 1028 cm, one finds  tha t  V2 and
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v3 will decay before reaching the  detectors  if the ir  life times in the ir  rest frame, TVi, satisfy the  

following inequality:

In  the  case of a hierarchical s pectrum m 1 ~  0, m 3 ~  0.05 eV and m 2 ~  0.009 eV, from e quation 

(323) we find tha t  in order to  have en route  decay of v2 and v3 coming from gamma ray burs ters , 

the ir  respective life times have to  be  shorter tha n 10 sec and 100 sec. For the  quasi- degenerate 

spectrum with m 1 ~  m 2 ~  m 3 =  0.1 eV, the  bound is weaker: 103 sec. Taking the  coupling of 

the  Majoron to neutr inos  to  be O (10- 6) (corresponding to the  bound from supernova cooling

cons iderations  [778]), we find the  life time of neutr inos  in the ir  rest frames to  be  of order of 1 sec
1 /2

for m v =  ( A m ^ )  1 , which means  neutr inos  with TeV- scale energies tha t  come from cosmic 

dis tances  can decay before reaching the  detectors , whereas neutr inos  with TeV- scale energies 

produced ins ide our  Galaxy will not have enough time  to decay before reaching the  Ea r th. If 

nature  is so kind as to  set the  life time of neutr inos  in this  range, the  two me thods  described in 

this  section and the  next may be combined to  extract the  value of | Um1 | . All these cons iderations  

are essentially at an ‘idea level’ and fur the r  s tudy is necessary to see if useful information can 

be obtaine d from the  proposed measurements .

The  flux of neutr inos  with TeV- scale energies from an individua l Y- ray burs ter  at cosmological 

dis tance  z ~  1 produces  (10- 1 — 10) muons  in 1 km3- size detectors  [777]. Since these neutrinos  

are correlated in time  with the  Y- ray burs ts  and coming from the  same source, they can be 

dis tinguis hed from background ne utr ino fluxes. The  rate  of Y- ray burs ts  de tectable  on the  

Ea r th is ~  103/year , so the  da ta  s ample  is fair ly large and useful information on mixings  may 

be obtained.

6 .4 .3  S t a b le  n e u t r in o s  a n d  los s  o f c ohe r e nc e

Cons ider s table  or meta- stable neutr inos  produced by cosmological sources. For example , con

sider again the  neutr inos  with E  ~  1 TeV accompanying the  Y- ray burs ts  [777] or TeV neutrinos  

from the  center of our  Galaxy (L ~  10 kpc). For such neutr inos , the  oscillation le ngth is much 

smaller tha n the  dis tance  from the  source; i.e., A m ^ L / E  »  1. As a consequence, the  (anti-  

)ne utr ino beam will loose its  coherence and the  trans ition probability is therefore averaged out

where Paß and Paß are respectively the  probabilitie s  of trans itions  va ^  Vß and va ^  Vß. To 

derive (324) the  fact tha t  | UQ,i | =  | Ua i| has been used. In  par ticular :

(323)

as:

Paß =  Paß =  Y ,  | Uai| 21Ußj|2 , (324)

=  E  !U- | 4 =  — 2 ^ 2 |2| UM112 , (325)
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and:

PeM =  E  | U |̂ 2| Uei| 2 =  Ke M — ^ 2  |2(| Ue112 — | Ue212) , (326)
i

where and K eM are known functions  of | Ue1|, | Ue2|, | Ue3|, | Um3| which do not depend on 

| Um1|2 and | Um2|2. The  probability  Pee does not depend on | Um1 |2 and | Um2|2.

The  probabilitie s  in e quations  (324), (325), and (326) have the  following properties  which play 

a key role in the  calculations : Paß =  Pßa ; the  probabilitie s  for neutr inos  and anti- neutrinos  are 

equal; and the  probabilitie s  do not depend on energy.

Let us assume tha t  at the  source F Ve : F v̂  : F Vt  =  we : : wT. Afte r trave ling long dis tances  

(Am2 1L / 2 E  »  1), the  flavour ratio will evolve into:

Fve : : F vt  =  ^  w«| Um |2| Uei| 2 : ^  w«| U«i| 2| UMi| 2 : ^  w«| Um |2| UTi| 2. (327)
a,i a,i a,i

Thus , the  ratio R depends  on | Um1| and measur ing this  ratio, the  value of | Um1| can, in pr inciple , 

be  derived [587] (see also [779- 781]). However, this  ratio s trongly depends  on the  original flavour 

compos ition. Two different processes for ne utr ino production have been suggested with different 

predictions  for the  flavour ratios:

1. ^  +  VM, and the n ^  e+ +  Ve +  VM; and the  CP- conjugate  of these processes. These 

processes yie ld F0, : F 0  : F 0  =  1 : 2 : 0 at the  source; and

2. Decay of the  neutron: n  ^  p +  e +  Ve which yields F 0  : F 0  : F 0  =  1 : 0 : 0 .

The  two cases can be dis cr iminate d by a moderate ly accurate  measurement of R. However, as 

shown in [782], the  muon produced in pion decay can lose energy before it decays, which in tur n 

reduces the  value  of F 0  : F 0  at the  source. Moreover, the  two processes can s imultaneous ly be 

at work which again will result in an unknown flavour ratio at the  source. In  order to  extract 

| Um1| w ith an accuracy of 10%, it is necessary to  know the  original flux with a precis ion be tte r  

tha n 10%. As discussed in [587], if F Ve/ F v̂  and F Vt / F Vm are separately measured, it will be 

possible  to  inde pende ntly extract the  original flavour ratio. Such information can be derived, if 

the  detector can dis cr iminate  between electronic showers (re sulting from the  CC interactions  of 

Ve or the  CC inte raction of v t  and the  subsequent decay of the  produced t  to  the  electron) and 

hadronic showers (produced by the  NC inte raction of all neutr inos  or the  CC inte raction of v t  

and the  subsequent ‘hadronic ’ decay of the  produced t ). Although such a dis cr imination is in 

pr inciple  possible but, in practice , it  will be challenging [772].

6 .4 .4  S u m m a r y

In  this  section, we have discussed the  pos s ibility of e xtracting information on the  mixing param 

eters by s tudying neutr inos  from as trophys ical sources. As discussed in section 4.4, measur ing
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the  value of | Um1| is essential for  recons tructing the  unita r ity  tr iangle ; it  is extremely challenging 

for the  accelerator- based experiments  to  measure  | Um1 |. We have therefore focused on de r iving 

| Um1| from the  as trophys ical- neutrino da ta  in this  section.

The  flavour ratio of as trophys ical neutr inos  can be employed to  measure  | Um1 |. In  the  case of 

s table  neutr inos , the  result would suffer from the  unce r tainty in the  flavour compos ition of the  

flux at the  source. We have argued tha t  if neutr inos  decay on the ir  way with t v <  10 — 103 sec 

(de pe nding on the  neutrino- mass  scheme) such an unce r tainty would not affect the  results. So, if 

there  sources of sufficient luminos ity to provide  reasonable da ta  samples, as trophys ical neutrinos  

can be considered a useful means  of de r iving | Um1 | and thus  recons tructing the  unita r ity  triangle .

7 M u o n  phys ics

7.1 In t r o d u c t io n

Ever since the  discovery of the  muon, the  s tudy of its  properties  and decays have contr ibute d 

to a deeper unde rs tanding of Nature  at the  smalles t dis tance  scale. Muon physics played a 

fundame nta l role in es tablishing the  V- A s tructure  of weak interactions  and the  validity of 

qua ntum e lectrodynamics . Moreover, muon physics has not yet exhaus ted its  pote ntia l and, 

indeed, may provide  crucial information regarding one of the  most fundame nta l quests  in modern 

physics: the  s tructure  of the  theory which lies beyond the  Standard Mode l of particle  physics. 

The present 3.4 s tandard deviation difference between the  measured [783- 785] and Standard 

Mode l [786] values of the  muon anomalous  magne tic mome nt, =  (gM — 2)/2, might be such 

an example.

A muon storage r ing is an essential par t of the  Ne utr ino Factory idea, with the  pr imary 

aim of the  machine  be ing the  s tudy of ne utr ino properties . The Ne utr ino Factory is also an 

ideal place to  s tudy muon properties , since they provide, necessarily, muon fluxes which are 

orders of magnitude  larger than tha t  which can be obtaine d at present. For example , at the  

Paul Scherrer Ins t itut  (PSI) beams of 108 ^/ s  are available . At the  Ja pa n Proton Accelerator 

Research Comple x (J- PARC) the  proposed muon intens ity for the  P RIS M experiment is 1011 

to 1012 ^/ s . At a Ne utr ino Factory fluxes as large as 1013 to  1014 ^/ s  could be available . It  is, 

therefore, imperative  to  unde rs tand how to take full advantage  of these intense muon beams in 

order to improve  s ignificantly on the  reach of low- energy muon experiments .

Inde pe nde nt of whether or not (g — 2)M is cons training, or pointing to, new physics, it, along 

with the  suite  of muon experiments  described below, will provide  s ignificant information from 

the  precis ion frontier  tha t  is comple me ntary to  tha t  expected from the  Large Hadron Collider. 

If charged lepton- flavour- violation, or a pe rmanent electric- dipole mome nt are observed, they 

will he lp clarify our  unde rs tanding of the  information gained at the  LHC. If not observed, 

along with (g — 2)M, they will res trict possible inte rpre tations  of the  new physics. In  order 

to proceed to s ignificantly greater sensitivities , the  electric- dipole mome nt and lepton- flavour 

violating experiments  would greatly benefit from this  new, very intense muon source.
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While  precise measurements  of the  muon life time  and Miche l parameters  provide  tests for the  

theory of weak interactions  and its  possible extensions, one of the  main interests  in muon physics 

lies in the  search for processes tha t  violate  muon number , or the  observation of a permanent 

muon electric- dipole mome nt (EDM). The discovery of decays such as ^  e+ y , ^  e+ e- e+ , 

of ^ - - e-  conversion in nuclei, or the  observation of a muon EDM, would be an indis putable  

proof of the  existence of new dynamics  beyond the  Standard Mode l.

Globa l symmetries  (like individua l lepton numbers ), as opposed to  local symmetries , are con

sidered not to be based on fundame nta l principles  and are expected to  be violated by gravita 

t iona l effects, in the  s trong regime, and, more  generally, by higher- dimens ional effective operators  

which describe local interactions  or iginating from some unknown high- energy dynamics . Baryon 

numbe r  conservation is anothe r  example  of an abe lian global symme try of the  Standard Mode l, 

which can be broken by new- physics effects.

Atmospheric-  and solar- neutrino experiments  have provided s trong evidence for ne utr ino os

cillations , which has now been confirmed by terres trial experiments  at accelerators and reactors. 

This  implies  violation of individua l lepton numbers  (Li) and, mos t likely, of to ta l lepton num 

ber (L), which is a first indica tion of physics beyond the  Standard Mode l. Curre nt ne utr ino 

da ta  indicate  values of the  ne utr ino masses corresponding to non- renormalisable  interactions  

at a scale M  ~  109- 14 GeV. New lepton- number viola ting dynamics  at the  scale M  cannot 

yie ld observable rates for rare muon processes, since the  corresponding effects are suppressed 

by (mM/ M ) 4. The  observation of muon- number  violation in muon decays would thus  require 

new physics beyond tha t  responsible  for ne utr ino masses. Theoretically, however, there  is no 

reason why Li and L would be broken at the  same energy scale. Indeed, in many frameworks, 

such as supersymmetry, the  Li- breaking scale can be close to  the  weak scale. In  this  case, muon 

processes with LM violation would occur with rates close to the  current exper imental bounds .

It  is also very impor tant  to stress tha t  the  information which can be extracted from the  

s tudy of rare muon processes is, in many cases, not accessible to high- energy colliders . Take 

s upersymmetry as an example . While  the  LHC can s ignificantly probe  s lepton masses, it  cannot 

compete  with muon- decay experiments  in cons training the  s lepton mix ing angles.

In  the  following section we discuss dipole  moments , lepton- flavour violation and othe r muon-  

decay experiments . Many addit iona l de tails  can be found in the  excellent report of the  CERN 

working group [787] of 2001, on which this  docume nt is based.

7.2  T he  M a g n e t ic  a n d  E le c t r ic  D ip o le  Mo m e n t s  o f t h e  M u o n

The  electric-  and magnetic- dipole  moments  have been an integral par t of re lativis tic electron 

(lepton) theory since Dir ac ’s famous  1928 paper, in which he pointe d out tha t  an electron in 

exte rnal electric and magne tic fields has “the  two extra terms:

eh eh
™ ( < T , H ) + i™ P l (<T ,E), (328)
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Ê B fi or d

P - + +

C - - -

T + - -

(a)

Par ticle Present EDM Standard Mode l

Limit  (e cm) Value  (e cm)

n 2.9 x 10“ 26 (90%CL) [793] 10“ 31

e- -  1.6 x 10“ 27 (90%CL) [794] IO- 38

f i <  10“ 18 (CERN) [795] 

-  10“ 19 t (E821)

IO“ 35

l " H g 2.1 x 10“ 28 ( 95%CL) [796]

^Es timate d

(b)

T able  19: (a) T rans formation prope r tie s  of the  magne tic  a nd  e lectr ic fie lds  a nd  dipo le  mome nts . (b) Me as ure d 

lim its  on e lectr ic dipo le  mome nts , a nd  the ir  S ta nda r d  Mode l values

. . .  [which], when divided by the  factor 2m, can be regarded as the  addit iona l pote ntia l energy of 

the  electron due  to  its  new degree of freedom. [788]” These terms represent the  magnetic- dipole  

(Dirac) mome nt and electric dipole  mome nt interactions  with the  external magne tic and electric 

fields.

In  mode rn notation, the  magne tic dipole  mome nt (MDM) inte raction becomes:

Ur
te

eFi(<?2)7/3 + Ur (329)

where F i(0 ) =  1, and F 2 (0) =  ar , the  la tte r  be ing the  anomalous  (Pauli) moment. The electric 

dipole  mome nt (EDM) inte raction is:

Ur
te  

2 m  r
F 2(q2) -  F 3(q2) 75 &ßöq u ß ,

where F 2(0) =  ar , F 3 (0) =  dr , with:

I — )\ 2mc j
dß =  ( ( 7̂ - ^  — rj x 4.7 x 10 14 e cm.

(330)

(331)

This  n, which is the  E DM analogy to  g for the  MDM, should not be confused with the  Miche l 

parame te r  n.

The  existence of an E DM implies  tha t  both P  and T  are violated [789- 791]. This  can be seen 

by cons idering the  non- relativis tic Hamiltonian for a spin one- half par ticle  in the  presence of 

both an electric and a magne tic field: H  =  —f i ■ B  — d ■ E . The  trans formation properties  of E , 

B , f i and d  are given in the  table  19(a), and we see tha t  while  f i ■ B  is even under  all three, d ■ E  

is odd under  both P  and T. While  par ity violation has been observed in many weak processes, 

direct T  viola tion has only been observed in the  neutral- kaon system [792]. In  the  context of 

CP T  symmetry, an E DM implies  CP  violation, which is allowed by the  Standard Mode l for 

decays in the  neutral- kaon and B - meson sectors.

The  ide ntification of new sources of CP  violation appears  to  be a crucial requirement for 

e xplaining the  dominance  of matte r  over anti- matte r  in the  Universe. Pe rmanent electric- dipole
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Figur e  114: (a )T he  t im e  s pe c tr um of 3.6 x  109 e lectrons  w ith  e ne rgy greate r t h a n  1.8 Ge V fr om the  2001 E821 da ta  

set [784]. T he  d iagona l “wiggles” dis playe d mo dulo  100 ^s  re s ult fr om the  m uon s pin  precess ion in  the  s torage  

ring. (b)Me as ure me nts  of the  m uon anomaly , ind ic a t ing  the  va lue , as we ll as the  muon 's  s ign. As  indic a te d  in  

the  te x t, to  o b ta in  the  value  of a^~  a nd  the  wor ld average  C P T  invar iance  is  as s ume d. T he  the ory value  is take n 

from reference [786], which uses e lectron- pos itron a nn ih ila t io n  to  de te rmine  the  hadronic  c ontr ibut ion.

moments  of fundame nta l particles  would violate  both time  reversal (T) and par ity (P) invariance , 

and with the  as s umption of CP T  conservation also the  CP  s ymmetry [790,791] . The  present 

limits  from EDM searches are given in table  19(b).

The  anomalous  magne tic mome nt (anomaly) of the  muon, aM =  gß — 2, has a long his tory 

of cons training models  of physics beyond the  Standard Mode l. It  has now been measured to  a 

relative precis ion of 0.54 parts  per million [783- 785]. Muons  are stored in a super- ferric storage 

ring, and the  spin difference frequency between the  cyclotron frequency and the  muon- spin-  

rotation frequency is given by:

a^ B  —
1

aß —
Y2 — 1

ß  x E (332)

which is the  frequency tha t  the  spin precesses re lative to  the  mome ntum. At y  =  29.3 the  

electric field used for vertical focus ing does not contr ibute  to  the  spin precession for a muon 

on the  central orbit. By counting high- energy pos itrons  as a function of time , one observes the  

muon life time modula te d by the  (g — 2) precession, as shown in figure 114(a). Both aß+ and 

aß -  were measured. As s uming CP T  invariance , the  E821 collaboration obtaine d the  anomalous  

magnetic mome nt [785]:

a^(Ex pt) =  11659181.2(6.9) x 10- iU (0.54 p p m ). (333)

The tota l unce rtainty includes  a 0.46 ppm s tatis tical unce r tainty and a 0.28 ppm sys tematic 

uncertainty, combined in quadrature .

The  Standard Mode l theory value consists of well known QED and Weak contributions , plus  a 

hadronic contr ibution of about 60 ppm of aM which dominate s  the  unce r tainty on the  Standard 

Mode l value. The leading- order contr ibutions  are shown diagrammatica lly  in figure 115.
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The  hadronic contr ibution has been the  source of s ubs tantial work [797,798], which continues  

to  the  present. The lowest order mus t be  taken from e+ e-  ^  hadrons  us ing a dispers ion 

re lation [786]:

(Ha d ;l) =  (  2 /‘°°

ß  V 37T ) JAm2 S 2

where:

„  ^tot (e+ e ^  hadrons )
R  = - - - - - - - - - - - - - - — , (335)

^tot(e+ e-  ^  ß+ ß - )

and K (s) is a known function [786]. The  only as sumptions  here are ana lyticity and the  optical 

theorem. Recently publis hed da ta  on the  hadronic cross sections [799- 802] have s ignificantly 

reduced the  unce r tainty on the  hadronic contr ibution [803,804]. The present Standard Mode l 

value  is [786]:

aßSM07) =  116  59 1 785(61) x 10- 11 . (336)

Whe n compared with the  expe r imental value in e quation (333) one obtains  3.4 s tandard devia 

t ion difference between experiment and theory [786,803,804] .

It  has been proposed tha t  the  hadronic contr ibutions  could also be de te rmine d from hadronic 

t - decay da ta , us ing the  conserved vector current (CVC) hypothes is  [805]. Such an approach 

can only give the  iso- vector par t of the  amplitude , i.e. the  p but  not the  w inte rme diate  states. 

In  contras t, the  e+ e -  annihila t ion cross section contains  both iso- vector and iso- scalar contr i

butions , with the  cusp from p — w interference as a dominant feature . Since hadronic t  decay 

goes through the  charged- p resonance, and e+ e -  annihila t ion goes through the  ne utral p , un 

de rs tanding the  isospin corrections is essential in this  approach. This  use of the  CVC can be 

checked by compar ing the  hadronic contr ibution to aß obtaine d from each me thod. Alte rnate ly, 

one can take  the  measured branching ratio for t -  ^  V - v T, where V is any vector final s tate  

(e .g. n - n 0) and compare  it to tha t  predicted us ing CVC and e+ e-  da ta , applying all the  ap 

propr iate  isospin corrections . At present, ne ithe r  compar ison gives a satis factory result [804], 

and the  prescription of CVC with the  appropr iate  isospin correction seems to have aspects tha t  

are not unde rs tood. Given two consis tent e+ e-  da ta  sets and the  uncer taintie s  inherent in the  

required isospin corrections to  the  t  data , the  most recent Standard Mode l evaluations  do not 

use the  t  da ta  to  de te rmine  a (Had;1) [786,803,804] . Addit iona l e+ e-  da ta  are expected to  become 

available  in the  next year which should increase our  confidence in the  e+ e- - based evaluation.

Since the  muon anomaly results  from vir tua l particles  tha t  couple  to  the  muon, or photon, 

in pr inciple  it is sensitive to  all such particles , not jus t  the  known Standard Mode l particles . 

Thus  the  muon anomaly is sensitive to  a numbe r  of pote ntia l candidate s  for physics beyond the  

Standard Mode l [806], e.g., new particles  tha t  couple  to  the  muon such as the  s upersymmetric 

par tne rs  of the  weak gauge bosons [807,808]; muon s ubs tructure , where the  contr ibution depends  

on the  s ubs tructure  scale A as, öaß (A ß ) ~  mß /Aß ; W - boson subs tructure ; and extra dimens ions  

[809].
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(a) (b) (c) (d) (e)

Figur e  115: T he  F e ynma n gr aphs  for: (a) Lowes t- order QE D (Schwinge r) te rm; (b)Lowes t- orde r  hadronic  con 

t r ibu t ion ; (c) hadronic  light- by- light c ontr ibut ion; (d)- (e) the  lowest orde r e lectroweak W  a nd  Z  contr ibut ions . 

W it h  the  pre s ent lim its  on m h , the  c on t r ibut ion  from the  s ingle  Higgs  loop is negligible .

X
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Figur e  116: T he  lowest- order s upe r s ymme tr ic  cont r ibut ions  to  the  m uon anomaly. T he  x  are  the  s upe rpar tne r s  

of the  S ta nda r d  Mode l gauge  bos ons .

The  pote ntia l contr ibution from supersymmetry has generated a lot of atte ntion [807,808], 

w ith the  relevant diagrams  shown in figure  116. A s imple  mode l w ith equal masses [806] gives

( S U S Y ) _________<X( MZ ) m l  . /  4 a  , r n \

^  -  8ir s in2 0\ y m 2  ̂ tt ln m J

~  (sgn/x) 13 x 10“ 10 t a n ß  ^ 100 GeV ̂  _ (3 3 7 )

where tan ß  is the  ratio of the  two vacuum expectation values of the  two Higgs fields. If the  

SUSY mass scale were known, the n aßSUSY) would provide  a clean way to de te rmine  tan ß.

One  candidate  for the  cosmic dark matte r  is the  lightest supersymmetric partne r, the  neu

tra lino, x 0 in figure 116. In  the  context of a cons trained minimal supersymmetric model 

(CMSSM), (g — 2)ß provides an orthogonal cons traint on dark matte r  [810, 811] from tha t  

provided by the  WMAP  survey, as can be seen in figures 117 and 118.

The  results  from E821 at the  Brookhaven AGS are interesting, if not definitive . Whate ve r 

the  final inte rpre tation of aß turns  out to be, it  will cons train the  theories of physics beyond 

the  Standard Mode l [812]. This  ability  is clearly demons trated in figures 117 and 118 (see 

reference [812] for additional examples). An improved experiment is possible at exis ting facilities, 

and does not need the  ultra  high flux of muons  tha t  would be available  at the  Ne utr ino Factory. 

However, it  is clear tha t  the  measurement needs to be fur the r  refined at BNL or a future  facility.

While  the  MDM has a s ubs tantial Standard Mode l value, the  Standard Mode l EDMs  for the  

leptons are imme asurably small and lie orders of magnitude  below the  present experimental limits  

(see table  19). Thus  an EDM at a measurable  level would signify physics beyond the  Standard 

Model. SUSY models , and other dynamics  at the  TeV scale do predict EDMs  at measurable
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tan ß = 10 , p > 0 tan ß = 10 , p > 0 tan ß = 10 , p > 0

gaugino mass m ^  (GeV )  m ^  (GeV )  m ^  (GeV )

(a) (b) (c)

F igur e  117: T he  m 0- m 1/ 2 p lane  of the  CMS S M parame te r  s pace  for t a n  ß  =  10, A 0 =  0, s ig n(^) =  + . (a) T he  

Aa(today) =  295(88) x  10- 11 be twe e n e xpe r ime nt a nd S ta nda r d  Mode l the ory  is  fr om reference [786], see te x t. 

T he  br own wedge on the  lower r ight  is e xc lude d by the  r e quir e me nt the  da r k  m a t te r  be  ne utr a l. Dir e c t  lim its  on 

the  Higgs  a nd  chargino x±  masses  are  indic a te d  by ve r tical lines . Re s tr ic tions  fr om the  W M A P  s ate llite  d a t a  are 

s hown as a  light- blue  line . T he  (g — 2) 1 a nd  2- s tandard de v ia t ion boundar ie s  are  s hown in  purple . T he  re gion 

“allowed” by W M A P  a nd  (g — 2) is indic a te d  by the  e llipse , which is  fur the r  re s tr ic te d by the  lim it  on M h . (b) 

T he  p lo t  w ith  A a (  =  295(39) x  10- 11, which assumes  t h a t  in  the  futur e  b o t h  the  the ory  a nd  e x pe r ime nta l errors  

decrease  to  22 x  10- 11. (c) T he  s ame  errors  as (b ), b u t  A  =  0. (Figure s  cour te s y of K. Olive )

1000

mi/2 (GeV)
1500 100 1000 1500  100

m1/2 (GeV)
1000

m1/2 (GeV)

(a) (b) (c)

F igur e  118: T he  CMS S M plots  as above , b u t  w ith  t a n  ß  =  40. (a) As  in  figure  117 b u t  for t a n  ß  =  40 (b) T he  p lo t  

w ith  A a (  =  295(39) x  10- 11, which assumes  t h a t  in  the  futur e  b o t h  the  the ory  a nd  e x pe r ime nta l errors  decrease 

to  22 x  10- 11. (c) T he  s ame  errors  as (b), b u t  A  =  0. (Figure s  cour te s y of K. Olive )
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MDM

Figur e  119: T he  s upe rs ymme tr ic  c ontr ibut ions  to  the  anomaly, a nd  to  ß  ^  e convers ion, s howing the  re levant 

s le pton m ix ing  m a t r ix  e le me nts . T he  M D M  a nd  E D M  give  the  re al a nd  im ag ina r y  pa r ts  of the  m a t r ix  e leme nt 

respective ly.

levels [418,813- 816] . In  the  context of SUSY, the  EDM and MDM provide  information on the  

diagonal matr ix  e lement of the  s lepton mixing matr ix , while  muon flavour violation provides 

information on the  off- diagonal matr ix  element, as indicated in figure 119.

If the  muon possessed a pe rmanent electric- dipole moment, the  s pin precession formula (equa 

t ion (332)) is modified by the  addit ion of a second term:

LÜ = --
m

a„. ~
Y2 — 1

ß  x E e
H- -

m
(338)

where dß =  (n / 2 )(e h / 2 m c )  ~  n x 4.7 x 10 e—cm and aß =  (g — 2)/2. For reasonable values 

of ß , the  motional electric field ß  x B  is much larger than electric fields tha t  can be obtaine d in 

the  laboratory and the  two vector frequencies are orthogonal to each other.

A new idea optimises  the  EDM signal in a storage r ing us ing the  motional electric field in the  

rest frame of the  muon inte racting with the  EDM to cause spin motion [817]. The dedicated 

experiment will be ope rated off of the  magic y, for example  at ~  500 Me V/c , and will use a 

r adial electric field to  s top the  (g — 2) precession. T hen the  spin will follow the  mome ntum as 

the  muons  go around the  ring, except for any movement (out of plane) aris ing from an EDM. 

T hus  the  E DM would cause a s teady build- up of the  spin out of the  plane  w ith time . Detectors  

would be placed above and below the  storage region, and a time- dependent, up- down asymmetry 

R  =  (Nup — Ndown)/ (Nup +  N down) would be the  s ignal of an EDM.

Two muon E DM experiments  are be ing discussed. Ade lmann and Kirs h [818] have proposed 

tha t  a sens itivity of 5 x 10- 23 e—cm could be  achieved with a small storage r ing at PSI. An 

experiment to  search for a pe rmanent EDM of the  muon with a design sens itivity of 10- 24 e- cm 

has  been presented to J- PARC as a lette r of inte nt [819]. These sensitivities  lie well w ithin values 

predicted by some SUSY models  [813]. For a dedicated muon EDM experiment, a sens itivity of 

10- 24 e cm requires the  product  of polar is ation times  detected decays to  be  N P 2 =  1016, a flux 

only available  at a the  front- end of a Ne utr ino Factory, or othe r high- power proton accelerator. 

The  sens itivity is limite d by the  muon flux, and it should be possible to  improve  s ignificantly 

on the  sens itivity at a higher intens ity facility such as a Ne utr ino Factory.

If an EDM were to be discovered, one would wish to  measure  as many EDMs  as possible to 

unde rs tand the  nature  of the  inte raction. The muon provides  a unique  oppor tunity  to search

1e
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for an EDM of a second- generation par ticle . Wh ile  naively the  muon and electron EDMs  scale 

linear ly with mass, in some theories  the  muon EDM is greatly enhanced re lative to linear  scaling 

re lative to the  electron EDM when the  heavy neutr inos  of the  theory are non- degenerate . [418, 

813,816]

7.3 Se a r c h  fo r  m u o n  n um b e r  v io la t io n

7 .3 .1  T h e o r e t ic a l c o n s id e r a t io n s

In  the  Standard Mode l (SM), muon numbe r  is exactly conserved. Whe n ne utr ino masses are 

added and ne utr ino oscillations  take place, muon- number  violating processes involving charged 

leptons  become possible as well. However, because of the  smallness of ne utr ino masses, the  rates 

for these processes are unobservable  [820- 825]; for instance:

y *V  .US
111 e% M lW

10- 60 V  * V

10 2
mv

10- 2 eV
(339)

The observation of muon- number  violation in charged muon decay would, therefore, serve as 

an unambiguous  sign of new physics and indeed, a numbe r  of SM extensions may be probed 

sensitively by the  s tudy of rare muon decays. Here we will concentrate  on supersymmetric 

models  and models  with extra dimens ions , but  it should be pointe d out tha t  various  other 

SM extensions also predict observable rates for the  rare ß  decays: models  with new Z' gauge 

bosons [826]; le ptoquarks  [827]; or Lorentz- invariance violation [555,828- 830] . For a review on 

muon numbe r  violation, see reference [349].

2 2 4

7 .3 .2  Mo d e l- in d e p e n d e n t  a n a ly s is  o f r a r e  m u o n  proce s s e s

Although a pure ly model- independent analysis  based on effective operators  cannot make any 

prediction for the  absolute  rate  of rare muon processes, it can be very useful in de te rmining the  

relative rates. We will compare  the  rates for ß+  ^  e+ Y, ß+  ^  e+ e- e+ , and ß - - e -  conversion. 

In  a large class of models , the  dominant source of individua l le pton numbe r  violation comes 

from a flavour non- diagonal magnetic- moment tr ans ition. Le t us therefore consider the  effective 

ope rator

m
£  =  - j j ß R V ^ e L F ^  +  h.c. (340)

This  inte raction leads to the  following results  for the  branching ratios  of ß+  ^  e+ Y (B (ß ^  eY)) 

and ß+  ^  e+ e- e+ (B(ß  ^  3e)), and for the  rate  of ß - - e-  conversion in nuclei normalised to
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the  nuclear capture  rate  (B (ß N  ^  e N )):

3 (4n)2
B (ß  ^  eY) =

B ( ß  —> 3e) 

B { ß - > e i)

B ( f iN  -»■ eiV) 

B { ß - > e i)

G  F A4

a mf 11
=  —  In —£ - - - = 6 x 1 0 - 3

3n

=  1012 B  (A, Z)

m2

(47t )3o ;
=  2 x 10- 3 B ( A ,Z ) .

(341)

(342)

(343)

Here B(A, Z ) is an effective nuclear coefficient which is of order 1 for elements heavier than 

a luminium [831]. The logar ithm in e quation 342 is an enhancement factor for B (ß  ^  3e), 

which is a consequence of the  collinear divergence of the  e lectron- positron pair  in the  m e ^  0 

limit . Nevertheless, because of the  smaller phase space and extra power of a , B (ß ^  3e) and 

B (ß N  ^  e N ) tur n out to  be suppressed with respect to B (ß ^  eY) by factors  of 6 x 10- 3 and 

(2- 4) x 10- 3, respectively. See reference [787] for fur the r  discussion.

Next, let us include  an effective four- fermion ope rator  which violates  individua l lepton number:

£  =  - ^ 2 ß L lß z L f Ll ß f L +  h.c. (344)

where ƒ is a generic quark or lepton. The  choice of the  ope rator  in e quation 344 is made  

for concreteness, and our  results  do not depend s ignificantly on the  specific chiral s tructure  of 

the  operator. Firs t we consider the  case in which ƒ is ne ithe r  an electron nor a light quark, 

and therefore ß+  ^  e+ e- e+ and ß - - e-  conversion occur only at the  loop level. Compar ing 

the  ß+  ^  e+ y  rate  in e quation 341 with the  contr ibutions  from the  four- fermion ope rator  to 

B (ß ^  3e) and B (ß N  ^  e N ), we find:

B (p i —> 3e) 

B { ß - > eY)

B ( ß N  ->■ e N )  

B { ß - > e i)

8 a 2 N 2

9(4n)4 \  Af  j
LX ln

ma x (m2, m f)

m f

=  1012 B  (A, Z)
32 G ^ m ^ N j  

9(47t)6 A Y
A f )

ln
ma x (m2, m f )

m f

(345)

(346)

Here N f  is the  numbe r  of colours of the  fe rmion ƒ and M f  is the  heavy- particle mass generating 

the  effective operators  (typically M f  is much smaller tha n A or A f  because of loop factors  and 

mixing angles). The  logar ithms  in equations  345 and 346 correspond to the  anomalous  dimens ion 

mixing of the  ope rator  in e quation 344 with the  four- fermion ope rator  generating the  relevant 

rare muon process [832]. If A ~  A f , the n the  contr ibutions  from the  four- fermion ope rator  

are irre levant, since the  ratios  in equations  342 and 343 are larger than those in equations  345 

and 346. More  inte res ting is the  case in which the  four- fermion ope rator  in e quation 344 is 

generated at tree level, while  the  magnetic- moment trans ition in e quation 340 is generated only 

at one loop, as in models  with R- par ity violation [228,229,833]  or with le ptoquarks  [827]. In 

this  case, we expect:

a V
A f  J

(4 n)3

a
(347)

2

2
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Searches for Lepton Number Violation
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Figur e  120: His to r ic a l de ve lopme nt  of the  90% C.L. uppe r  limits  (UL) on br anc hing  rat ios  re s pe ctive ly convers ion 

probabilit ie s  of muon- numbe r  v io la t ing  processes which involve  muons  a nd kaons . Se ns itivit ie s  e xpe cte d for 

p lanne d searches are  indic a te d  in  the  year 2008 (see also reference [349]). T he  pro je c t ions  for a  ne ut r ino  factory 

(NUF ACT ) are  also shown.

If e quation 347 holds  and if we take  M f  ^  1 TeV, the n the  ratios  in equations  345 and 346 

become of order unity, so the  different rare muon processes have comparable  rates.

Alte rnative ly, if the  fermion ƒ in e quation 344 is an electron (or a light quark), the  effective 

ope rator  can mediate  ß  ^  3e (or ß - - e-  conversion) at tree- level, and the  corresponding process 

can dominate  over the  others  [380]. For ins tance, we obtain:

1 (AY
B (ß ^  eY) 12(4n)2 ^ A F J  

for the  case ƒ =  e.

(348)

In  conclus ion, the  various  rare muon processes are all pote ntially very interes ting. In  the  event 

of a pos itive  expe r imental s ignal for muon- number  violation, a compar ison between searches in 

the  different channels  and the  use of the  effective- operator approach will allow us to  identify 

quickly the  correct class of models .

7 .4  E x p e r im e n t a l p r o s p e c t s

The  exper imental sensitivities  achieved dur ing the  pas t decades in tests of muon numbe r  con

s ervation are illus trate d in figure  120, and given in table  20. Gene rally the  tests were limite d 

by the  intens ities  of the  available  ß  and K beams, but  in some cases detector limitat ions  have 

played a role as well.

All recent results  with ß+  beams were obtaine d with “surface” muon beams (see for in 

s tance [840]), tha t  consist of muons  or iginating in the  decay of n+ ’s tha t  s topped at the  surface
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T able  20: Pres e nt lim its  on rare  ß  decays .

mode uppe r  limit  (90% C.L.) year Ex p./La b. Ref.

ß+  ^  e+ y 1.2 x 10- 11 2002 ME GA /  LAMP F [350,834]

ß+  ^  e+ e+ e- 1.0 x 10- 12 1988 SINDRUM I/  P SI [351]

ß+ e-  ^  ß - e+ 8.3 x 10- 11 1999 P SI [835, 836]

ß -  T i ^  e- T i 6.1 x 10- 13 1998 SINDRUM II /  P SI [837]

ß -  T i ^  e+ Ca* 3.6 x 10- 11 1998 SINDRUM II /  P SI [838]

ß -  P b  ^  e- P b 4.6 x 10- 11 1996 SINDRUM II /  P SI [839]

ß -  Au ^  e- Au 7 x 10“ 13 2006 SINDRUM II /  P SI [352]

of the  pion- production targe t, or “sub- surface” beams, in which the  muons  originate  from the  

decays of n+  s topping jus t  below the  surface. Because of the  narrow mome ntum spread, such 

beams are superior to conventional pion decay channels  in te rms of muon s top density; they 

pe rmit  the  use of re lative ly th in  (typically 10 mg/c m2) foils to s top the  beam; and they offer the  

highes t muon s top densities  tha t  can be obtaine d at present. Such low- mass s topping targets  are 

required for the  ult imate  resolution in pos itron mome ntum and emission angle, photon yie ld, or 

the  efficient production of muonium in vacuum.

In  this  section we indicate  how far expe r imental searches could benefit from muon beam 

intens ities  which are 2- 3 orders of magnitude  higher tha n are presently available . Fur the r  

de tails  can be found in the  CERN  s tudy of 2001 [787].

7 .4 .1

Neglecting the  pos itron mass, the  2- body decay ß+  ^  

E y

0 e7 =  180° ; and

e+ Y of muons  at rest is characterised by:

=  E e =  m Mc2/2 =  52.8 Me V ;

t Y — t e •

All ß  ^  eY searches performed dur ing the  pas t three decades were limite d by accidental co

incidences between a pos itron from normal muon decay, ß  —> e w , and a photon produced in 

the  decay of another  muon, e ither by bremss trahlung or by e+ e-  annihila t ion in flight. This  

background dominate s  the  intrins ic background from radiative  muon decay ß  —> e v v ^ .  Acciden

ta l eY coincidences can be suppressed by tes ting the  three conditions  lis ted above. The  vertex 

cons traint resulting from the  ability to trace back pos itrons  and photons  to an extended s top

ping targe t can furthe r  reduce background. Atte mpts  have been made  to suppress accidental 

coincidences by observing the  low- energy pos itron associated with the  photon, but  with minimal 

success.

The  mos t sensitive search to date  was performed by the  ME GA Collabora tion at the  Los 

Alamos  Meson Physics  Facility (LAMP F ) [350,834] , which es tablished an uppe r  limit  (90% 

C.L.) on B ß^ e i of 1.2 x 10- 11 [350]. The  MEG experiment [841] at PSI, aims  at a single- event
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Figur e  121: Side  a nd e nd views  of the  M E G  s e tup. T he  magne tic  fie ld is s hape d s uch t h a t  pos itr ons  are  quickly  

s wept out  o f the  t r acking re gion thus  m in im is ing  the  load on the  de tectors . T he  c y lindr ic a l 0.8 m 3 single- cell LXe  

de te ctor  is viewe d fr om all s ides  by by 846 P MT s  imme rs e d in  the  LXe  a llowing the  re cons tr uc t ion of pho ton  

energy, t ime , conve rs ion po in t  a nd dir e c tion a nd the  e fficient re je c tion of pile - up s ignals .

sens itivity of ~  10- 13 — 10- 14, and began commiss ioning in early 2007. A surface muon beam 

is employed tha t  reaches an intens ity around 5 x 108 ß+ /s .

A s traightforward improvement of more tha n an order of magnitude  in suppression of acci

de ntal background results  from the  DC beam at PSI, as opposed to  the  pulsed LAMP F  beam 

which had a macro duty  cycle of 7.7% . Anothe r  order- of- magnitude improvement is achieved 

by s uperb time  resolution (æ  0.15 ns F WHM on tY — t e).

The  MEG se tup is shown in figure 121. The MEG spectrometer magnet makes use of a 

unique  “C OB RA” (COns tant  Be nding RAdius ) design which results  in a graded magne tic field 

varying from 1.27 T at the  centre to 0.49 T at both ends. This  field dis tr ibution not only 

results  in a cons tant projected be nding radius  for the  52.8 Me V pos itron, for emission angles 

d with | cos 0|  <  0.35 , but  also sweeps away pos itrons  with low longitudinal mome ntum more 

effectively tha n does a solenoidal field as used by MEGA. This  design s ignificantly reduces the  

ins tantaneous  rates in the  dr ift chambers . The  dr ift chambers  are made  of 12.5 ß m th in  foils 

s uppor ted by C- shaped carbon- fibre frames which are out of the  way of the  pos itrons . The  foils 

have “vernier” cathode  pads  which pe rmit  the  measurement of the  traje ctory coordinate  along 

the  anode  wires with an accuracy of about 500 ß m. There  are two t iming  counters  at each end 

of the  magne t (see figure  122), each of which consists of a layer of plas tic s cintilla ting fibres and 

15 plas tic s cintillator  bars  of 4 x 4 x 90 cm3. The fibres give hit  pos itions  along the  beam axis 

and the  bars  measure  pos itron timings  with a precis ion of a  =  40 ps. The counters  are placed 

at large radii so only high- energy pos itrons  reach the m, giving a tota l rate  of a fe wx104/s  for 

each bar.

High s trength aluminium- s tabilised conductor  is used to make the  magnet as th in  as 0.20X0, 

so tha t  85% of 52.8 Me V/c  gamma rays traverse the  magne t without inte raction before ente ring
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Figur e  122: Ins ta lling  one  of the  t im ing  counte rs  in to  the  C O B R A  magne t  dur ing  the  p ilo t  r un  of the  pos itr on 

s pe c trome te r  a t the  e nd of 2006. T he  large  r ing is one  of two He lm holtz coils  used to  compe ns a te  the  C O B RA  

s tray fie ld a t  the  locat ions  of the  photomult ip lie r s  of the  LXe  de te ctor .

T able  21: Pe r formance  of a  pro to type  of the  M E G  LXe  de te ctor  a t E ^ = 53 Me V.

observable resolution (a)

energy 1.2%

time 65 ps

conversion point æ4 mm

the  gamma ray detector placed outs ide  the  magnet. Whereas  ME GA used rathe r  inefficient pair  

spectrometers  to detect the  photon, MEG developed a novel liquid- xenon scintilla tion detector 

as shown in figure  121. By viewing the  scintilla tion light from all sides, the  e lectromagnetic 

shower induced by the  photon can be reconstructed which allows a precise measurement of the  

photon conversion point  and direction [842]. Special PMT s  tha t  work at liquid- zenon (LXe) 

te mpe rature  (—110°C), persis t unde r  high pressures and are sensitive to  the  VUV scintilla tion 

light of LXe  (A æ 178 nm) have been developed in collaboration with Hamamats u Photonics . 

To identify and separate pile- up efficiently, fas t waveform digitis ing is used for all the  P MT  

outputs .

The  pe rformance  of the  detector was measured with a prototype  detector. The  results  are 

shown in table  21. Firs t da ta  taking with the  comple te  se tup is scheduled for the  second ha lf 

of 2007. A sens itivity of 0 (1 0 - 13) for the  90% C.L. uppe r  limit  in case no candidate s  are found 

should be reached after two years.

As a next s tep it seems reasonable to  consider experiments  aiming at a sens itivity of 10- 15 

or be tte r . However, it is not at all obvious  how to reach such levels of sens itivity without  

r unning into the  background of accidental eY coincidences. Surface- muon rates ten- times larger 

tha n those used by MEG already can be achieved today. However, to  exloit such rates, the  

background suppression would have to be improved by two orders of magnitude .
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Accidental background, N acc, scales with the  detector resolutions  as:

N acc «  A E e • At  • (AE y • A 0 e7 • A x y)2 • A- 1 ,

with  the  coordinate  of the  photon traje ctory at the  targe t and AT the  targe t area. Here, it 

has  been assumed tha t  the  photon can be traced back to the  targe t with an unce rtainty tha t  

is s mall compared to  AT. Since the  angular  resolution is dictate d by the  pos itron multiple  

s catte ring in the  targe t, this  can be written:

N acc oc A E e ■ A t  • (A E 1 ■ A x 7) 2 ■ ,

with dT the  targe t thickness. Whe n us ing a series of n  targe t foils each of the m could have a 

thickness  of dT/ n  and the  beam would s till be s topped. Since the  area would increase like n  • AT 

the  background could be reduced in propor tion with 1 / n2:

N acc oc A E e ■ A t  ■ { A E 1 • A x r f  • ,
n  • A t

so a geometry with te n targets , 1 m g /c m 2 each, would lead to  the  required background suppres 

sion.

The  expected numbe r  N s of observed ß  ^  eY decays can be wr itte n as:

Q
Ng =  R ßT -— £e£j£cut 7 ) (349)

4n

where R ß is the  muon- stop rate, T  is the  tota l measur ing time , Q is the  detector solid angle  (we 

assume identical values for the  photon and the  pos itron detectors), ee and e7 are the  positron-  

and photon- detection efficiencies, ecut is the  efficiency of the  selection cuts . Selection cuts  can 

be applie d on the  reconstructed pos itron energy (Ee), photon energy ( E Y ), ope ning angle  (0eY) 

and relative t iming  (teY).

In  the  MEG experiment at PSI, the  background is dominate d by accidental coincidences of a 

pos itron from normal muon decay and a photon which may originate  in the  decay /x+ —> e+ WY 

or may be produced by an e+ through exte rnal bremss trahlung or annihila t ion in flight. In  a 

DC beam the  numbe r  of accidental coincidences is given by:

0 Q 0 A0 2
N b =  R ß 2f e£e f1e1 ( — )2 i T ^ 2 A t T ,  (350)

where f e ( )  is the  e+ (y) yie ld per s topped muon w ithin the  selection window and At  is the  cut 

applie d on the  e+ — y time  difference. For a non- DC beam, Nb mus t mult iplie d by the  inverse 

of the  duty  cycle.

Since the  accidental background rises quadrat ica lly with the  muon- stop rate, it will be even 

more proble matic  in future  experiments  us ing a higher beam intensity. An experiment with 

Rm =  1010ß /s  and all the  othe r  quantitie s  of e quation (349) unchanged would yie ld one ß  ^  eY 

event for B ß^ e i =  10- 16. However, the  accidental background would increase to 104 events. It  

is obvious  tha t  be tte r  de tector resolutions  and/or  improved expe r imental concepts  are required.
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7 .4 .2  ß+ ^  e+ e+ e-

From an expe r imental point  of view the  decay ß  ^  3e offers some impo r tant  advantages  com

pared to the  more  familiar  ß  ^  eY discussed in the  previous  section. The pr inc ipal background 

is from accidental coincidences between pos itrons  from normal muon decay and e+ e-  pairs  

or iginating from photon conversions or scatte ring of pos itrons  off atomic electrons (Bhabha  

scatte ring). Since the  final s tate  contains  only charged particles , the  se tup may consist of a 

magnetic spectrometer w ithout the  need for an e lectromagnetic calorimeter with its  limite d per 

formance  in terms of energy and directional resolution, rate  capability, and event de finition in 

general. On the  othe r  hand, of major  concern are the  high rates in the  tracking system of a 

ß  ^  3e se tup which has to withs tand the  load of the  full muon decay spectrum.

The  present exper imental limit , B (ß ^  3e) <  1 x 10- 12 [351], was publis hed in 1988. Since no 

new proposals  exist for this  decay mode  we shall analyse the  prospects  of an improved experiment 

with the  SINDRUM experiment as a point of reference. A de tailed description of the  experiment 

may be found in reference [843].

Da ta  were taken dur ing six months  us ing a 25 Me V/c  sub- surface beam. The  beam was 

brought to rest with a rate  of 6 x 106 ß+  s- 1 in a hollow double- cone foam targe t (length 220 mm, 

diamete r  58 mm, tota l mass 2.4 g). S INDRUM I is a solenoidal spectrometer with a re lative ly low 

magnetic field of 0.33 T corresponding to a transverse- momentum threshold around 18 Me V/c  

for particles  crossing the  tracking system. This  system consists of five cylindr ical MWP Cs  

concentric with the  beam axis. Three- dimensional space points  are found by measur ing the  

charges induced on cathode  s trips  oriented ± 45° re lative to  the  sense wires. Ga ting times  were 

typically 50 ns. The  spectrometer acceptance for ß  ^  3e was 24% of 4n sr (for a cons tant 

trans ition- matr ix  e lement) so the  only place for a s ignificant improvement in sens itivity would 

be  the  beam intensity.

Figure  123 shows the  time  dis tr ibution of the  recorded e+ e+ e-  tr iples . Apar t  from a prompt 

contr ibution of correlated triples  one notices a dominant contr ibution from accidental coinci

dences involving low- invariant- mass e+ e-  pairs . Mos t of these are explained by Bha bha  scatte r 

ing of pos itrons  from normal muon decay /x —> e v v . The  accidental background thus  scales with 

the  targe t mass, but  it  is not obvious  how to reduce this  mass s ignificantly below the  11 mg/c m2 

achieved in this  search.

Figure  124 shows the  vertex dis tr ibution of prompt events. One  should keep in mind tha t  

mos t of the  uncorre lated tr iples  contain e+ e-  pairs  coming from the  targe t and the ir  vertex 

dis tr ibution will thus  follow the  targe t contour  as well. This  1- fold accidental background is 

suppressed by the  ratio of the  vertex resolution (couple  of mm2) and the  targe t area. There 

is no reason, othe r  tha n the  cost of the  de tection system, not to  choose a much larger target. 

Such an increase might also he lp to reduce the  load on the  tracking detectors . Be tte r  vertex 

resolution would he lp as well. At these low energies tracking errors are dominate d by multiple  

s catte ring in the  first de tector layer but  it  should be possible to gain by br inging it closer to  the  

targe t.
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Figur e  123: Re la t ive  t im in g  of e+ e+ e-  events . T he  two pos itr ons  are  labe lle d according to  the  inva r ia nt  mass  

whe n combine d w ith  the  e le ctron. One  notice s  a  c on t r ibut ion  of corre late d tr iple s  in  the  centre  o f the  dis tr ibut ion . 

These  events  are  m a in ly  /x —»■ 3evV  decays . T he  conce ntr a tion of events  along the  dia gona l is due  to  low- invariant-  

mass  e+  e-  pairs  in  acc ide nta l coincide nce  w ith  a  pos itron or ig ina t ing  in  the  de cay of a  s econd muon. T he  e+  e -  

pairs  are  p r e domina nt ly  due  to  Bh a b h a  s ca tte r ing in  the  targe t .

Figur e  124: Spa t ia l d is t r ibu t io n  of the  ve r te x  fit te d to  p r o m p t  e+ e+ e tr iple s . One  cle ar ly notice s  the  double- cone  

tar ge t.
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Figur e  125: T ota l m o m e ntum  versus  t o ta l e ne rgy for thre e  e vent classes dis cussed in  the  te x t. T he  line  shows the  

k ine mat ic  lim it  (w ith in  re s olut ion) de fine d by £| pc|  +  | £pjc| <mMc2 for any  m uo n  decay. T he  e nhance me nt  in  the  

d is t r ibut io n  of corr e late d tr iple s  be low this  lim it  is due  to  the  decay /x —»■ 3evV.

Finally, figure  125 shows the  dis tr ibution of tota l mome ntum versus tota l energy for three 

classes of events: (i) uncorre lated e+ e+ e-  triples ; (ii) correlated e+ e+ e-  triples ; and (iii) s im

ulate d ß  ^  3e decays. The dis t inction between uncorre lated and correlated triples  has been 

made  on the  basis of relative t iming  and vertex as discussed above.

Wha t  would a ß  ^  3e set- up look like tha t  would aim at a single- event sens itivity around 

10- 16, tha t  would make use of a beam rate  around 1010 ß+ /s? The S INDRUM I measure 

ment was background- free at the  level of 10- 12 with a beam of 0.6 x 107 ß+ /s . Taking into 

account tha t  background would have set in at 10- 13, the  increased s top rate  would raise the  

background level to æ 10- 10; so six orders of magnitude  in background re duction would have to 

be  achieved. Increas ing the  targe t size and improving the  tracking resolution should br ing two 

orders of magnitude  from the  vertex requirement alone. Since the  dominant sources of back

ground are accidental coincidences between two decay pos itrons  (one of which undergoes Bha bha  

scatte ring), the  background rate  scales with the  momentum- resolution squared. As s uming an 

improvement by one order of magnitude , i.e., from the  æ 10% F WHM obtaine d by S INDRUM I 

to  æ 1% for a new search, one would gain two orders of magnitude  from the  cons traint on total 

energy alone. The  re maining factor 100 would result from the  tes t on the  collinear ity of the  e+ 

and the  e+ e-  pair.

As mentioned in reference [843], a dramatic  suppress ion of background could be achieved by 

re quir ing a minimum ope ning angle  (typically 30°) for both e+ e-  combinations . De pe nding on 

the  mechanism for ß  ^  3e, such a cut might lead to a s trong loss in ß  ^  3e sens itivity as well.

Whereas  background levels may be under  control, the  ques tion remains  whe ther detector 

concepts  can be developed tha t  work at the  high beam rates proposed. A large modula r ity  will 

be  required to solve problems of patte rn recognition. Also the  trigger for da ta  readout may tur n 

out  to be a great challenge.
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7 .4 .3  ß  —  e c onve r s io n

When negative muons  s top in matte r , they quickly get captured, form muonic atoms , and mos tly

where the  final nucleus  is likely to be in an excited state.

Because of the  two- body final s tate , neutrinoless  ß -  — e-  conversion in muonic atoms:

s ignificant increases in sens itivity over present limits ; pote ntially by as many as six orders of 

magnitude . The  electrons produced in ß  — e conversion are mono- energetic with the  energy:

where B u(Z ) is the  atomic binding energy of the  muon, and R  is the  atomic recoil energy, 

for a muonic atom with atomic numbe r  Z  and mass numbe r  A. In  the  lowest approximation 

Bu ( Z ) «  Z 2 and R (A )  «  A- 1.

For conversions tha t  leave the  nucleus  in its  ground s tate , the  nucleons act coherently which 

boosts  the  conversion probability relative to  the  rate  of the  dominant process of ordinary nuclear 

muon capture . The  electron is e mitte d with energy E e æ  m uc2, which coincides with the  

e ndpoint of muon DIO, the  only intr ins ic physics background. Since the  energy dis tr ibution 

of muon decay in orbit falls  steeply above m uc2/2  the  exper imental set- up may have a large 

s ignal acceptance and the  detectors  can s till be protected agains t the  vast major ity  of decay and 

capture  background events.

The  muon- electron conversion probability, Bu- e, varies as a func tion of A and Z , and with the  

probability tha t  the  nucleus  stays in its  ground s tate. Calculations  [363,844- 848]  predicted a 

s teady rise of the  branching ratio unt il Z  æ 30, from which point  it was expected to drop again. 

For this  reason mos t experiments  were performed on medium- heavy nuclei. The  nuclear- physics 

calculations  predict the  coherent fraction to be larger than 80% for all nuclear systems [849,850].

Muon decay in orbit (DIO) cons titutes  an intrins ic background source which can only be 

suppressed with sufficient electron- energy resolution. Energy dis tr ibutions  for DIO electrons 

have been calculated for a numbe r  of muonic atoms  [851- 853]. The process pre dominantly 

results  in electrons with energy E DIO below m uc2/2, the  kine matic e ndpoint in free muon decay, 

with a s teeply falling high- energy component reaching up to  E ue. In  the  e ndpoint region the

ß  +  (A, Z )  —> e +  v e +  +  (A, Z )  ; (351)

and nuclear muon capture  (NMC):

ß  +  (A) Z) — +  (A) Z  — 1) ; (352)

ß  +  (A, Z ) —— e +  (A, Z ) ; (353)

with a nucleus of a mass numbe r  A and an atomic numbe r  Z , has the  greatest pote ntia l for

E ue — m uc2 — Bu(Z) — R(A) , (354)
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DIO rate  varies as (Eue — E DIO)5 and a resolution of 1 — 2 MeV (F WHM) is sufficient to keep 

the  DIO background under  control. Since the  DIO e ndpoint rises at lower Z , great care has  to 

be taken to  avoid low- Z contaminations  in and around the  target.

Anothe r  background source is due  to  radiative  muon capture  (RMC):

ß - (A, Z ) — y (A, Z  — 1)*Vu , (355)

after which the  photon creates an e+ e-  pair  e ither inte rnally (Dalitz pair ) or through y  — e+ e- - 

pair  production in the  targe t. The RMC e ndpoint can be kept below E ue for selected isotopes.

Most low- energy muon beams have large pion contaminations . Pions  may produce  background 

when s topping in the  targe t through radiative  pion capture  (RP C) which takes place with a 

probability of 0 (1 0 - 2). Most RP C photons  have energies above E ue. As in the  case of RMC, 

these photons  may produce  background through y  — e+ e-  pair  production. There are various  

strategies to cope with RP C background:

•  One  option is to  keep the  tota l numbe r  of n -  s topping in the  targe t dur ing the  live time  

of the  experiment below 104- 5. This  can be achieved with the  he lp of a moderator  in the  

beam, e xploiting the  range difference between pions  and muons  of given mome ntum or with 

a muon storage r ing e xploiting the  difference in life time; and

•  Anothe r  option is to  exploit the  fact tha t  pion capture  takes place in a time- scale far  below a 

nanosecond. The  background can thus  be suppressed by us ing a pulsed beam and selecting 

only delayed events.

Cosmic rays (electrons, muons , photons ) are a copious  source of electrons with energies around 

æ 100 MeV. With  the  exception of y  — e+ e-  in the  targe t, these events can be recognised by 

the  presence of an incoming particle . Passive shie lding and veto counters  above the  de tection 

system also he lp to suppress this  background.

The  present best limits  (see table  20) have been measured with the  SINDRUM II spectrometer 

at PSI. Mos t recently, a search was performed on a gold targe t [352]. In  this  experiment (see 

figure 126), pion suppress ion is based on the  the  fact tha t  the  range of pions  is a factor of 

two shorter than tha t  of muons  at the  selected mome ntum (52 Me V/c ). A s imulation us ing 

the  measured range dis tr ibution shows tha t  about one in 106 pions  cross an 8 mm thick CH2 

moderator . Since these pions  are re lative ly slow, 99.9% of the m decay before reaching the  gold 

targe t which is s ituated some 10 m fur the r  downs tream. As a result, pion stops in the  target 

have been reduced to  a negligible  level. Wha t  remains  are radiative  pion capture  in the  degrader 

and 7T-  —> e~ Ve decay- in- flight shor tly before ente ring the  degrader. The resulting electrons 

may reach the  targe t where they can scatter into the  solid angle  acceptance of the  spectrometer. 

0 (1 0 ) events are expected with a flat energy dis tr ibution between 80 and 100 MeV. These events 

are peaked in the  forward direction and show a time  corre lation with the  cyclotron RF  signal. 

To cope with this  background two event classes have been introduce d based on the  values of
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Figur e  126: P la n  vie w of the  S IN DRU M  II e x pe r imen t . T he  1 M W  590 Me V pr o ton  be a m hit s  the  40 m m  carbon 

p r oduc t ion  tar ge t  (top le ft o f the  figure ). T he  nE5  be a m line  t r ans por ts  s econdary par tic le s  ( n ,^ ,e )  e mit te d  in  

the  backwar d dir e c tion to  a  de grade r  s itua te d  a t  the  e ntr ance  o f a  s ole noid conne cte d ax ia lly  to  the  S IN D RU M  II 

s pe ctrome te r . Ins e t  a) shows the  m o m e ntum  dis pe r s ion a t  the  pos it io n of the  firs t s lit  s ys tem. Ins e t  b) shows a 

cross s ection of the  be a m a t the  pos it ion of the  be a m focus .

polar angle  and r f phase. Figure  127 shows the  corresponding mome ntum dis tr ibutions . The 

spectra show no indica tion for ß  — e conversion. The corresponding uppe r  limit:

B ße =  r(A' A l w  e_ ^ ug-s-) <  7 X 10- 13 90% C.L.; (356)
r capture(ß Au)

has been obtaine d with the  he lp of a like lihood analys is  of the  mome ntum dis tr ibutions  shown 

in figure  127 taking into account: muon decay in orbit; ß  — e conversion; a contr ibution taken 

from the  observed pos itron dis tr ibution describing processes with inte rmediate  photons , such as 

radiative  muon capture ; and a flat compone nt from pion decay- in- flight or cosmic rays.

Based on a scheme originally developed dur ing the  eighties for the  Moscow Meson Factory 

[854], ße- conversion experiments  are be ing considered both in the  USA and in Ja pa n. The key 

elements are:

•  A pulsed proton beam permits  the  removal of pion background by selecting events in a 

delayed time  window. Proton e xtinction factors  between pulses of <10- 9 are needed;

•  A large acceptance capture  solenoid s ur rounding the  pion- production targe t leads to  a major  

increase in muon flux; and

•  A bent solenoid trans por ting the  muons  to  the  exper imental targe t results  in a s ignificant 

increase in mome ntum transmiss ion compared to a conventional quadrupole  channel. A bent 

solenoid not only removes ne utral particles  and photons  but  also separates electric charges.

Unfortunate ly, the  MECO proposal a t BNL [855] designed along these lines was s topped 

because of the  high costs. Presently, the  various  poss ibilities  are be ing s tudied to  perform a

280



e
n
n
a
hc

n
nev
e

e
n
na
hc

ne
ve

80 90 / 100 / \
momen tum (Me V/c )

C la s s  2  e v e n ts :  p ro m p t  fo rw a rd

Figur e  127: Mome n tum  dis tr ibu t ions  of e lectrons  a nd  pos it rons  for  two e vent classes de s cr ibe d in  the  te x t. 

Me as ure d d is t r ibut ions  are  compare d w ith  the  re s ults  of s imula t ions  o f m uo n  de cay in  o r bit  a nd  ß  — e convers ion. 

N.b.de cay in  o r bit  is  labe lle d “M IO ” in  this  figure .
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T able  22: ß — e conve rs ion searches.

project Lab s tatus E p [GeV] p ß [MeV/c] ß  stops [s 1] 5  °

SINDRUM II P SI finished 0.6 52± 1 107 2 x 10- 13

MECO BNL cancelled 8 45± 25 1011 2 x 10- 17

mu2e FNAL under  s tudy 8 45± 25 0.6x 1010 4 x 10- 17

P RIS M / P RIM E J- PARC LOI 40 68± 3 1012 5 x 10“ 19

“ value  of B ße corr e s ponding to  an e x pe c ta t ion of one  obs erved event

MECO- type  of experiment at Fe rmilab (mu2e). There  is good hope  tha t  a proton beam with 

the  required characteris tics  can be produced with minor  modifications  to  the  exis ting accelerator 

complex which will become available  after the  Tevatron collider s tops ope ration in 2009. A le tter 

of intent is in preparation.

Furthe r improvements  are be ing considered for an experiment at J- PARC. To exploit fully 

the  life time difference to suppress pion induced background, the  separation has to occur in 

the  be amline  rathe r  than after the  muon has s topped, since the  life time of the  muonic atom 

may be  s ignificantly shorter than the  2.2 ßs life time of the  free muon. For this  purpose  a 

muon storage ring, P RIS M (Phase  Rota te d Intense  Slow Muon source, see figure 128), is be ing 

considered [856] which makes use of large- acceptance fixed- field alte rnating- gradient (FFAG) 

magnets . A por tion of the  PRISM- FFAG ring is presently under  cons truction as an R&D 

project. As the  name  suggests the  r ing is also used to  reduce the  mome ntum spread of the  beam 

(from ^3 0  % to ^3  %). This  is achieved by accelerating late  muons  and decelerating early muons  

in RF  electric fields. The  scheme requires the  cons truction of a pulsed proton beam [857], which 

is unde r  cons ide ration by the  J- PARC Laboratory Manage me nt. The low mome ntum spread 

of the  muons  allows the  use of a re lative ly th in  targe t which is an essential ingredient for high 

resolution in the  pos itron mome ntum measurement with the  P RIM E  detector [858]. Table 22 

lists the  ß -  s top rates and single- event sensitivities  for the  various  projects  discussed above.
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PRISM
Phase Rotated Intense Slow Moun source

PRIME
PRISM Muon to Electron conversion experiment

M u o n  S t o p p i n g  T a r g e t

(1) Pion Capture

P ro to n  B e am

(4 )  D e t e c t o r

(2 )  P io n - D e c a y  

a n d  M u o n - T r a n s p o r t  

S y s t e m

Figur e  128: Layout  of P R IS M / P R IM E . T he  e x pe r ime nta l tar ge t  is s itua te d  a t  the  e ntrance  of the  180° be nt 

s ole noid t h a t  t r ans por ts  de cay e lectrons  to  the  de te c tion s ys tem. See te x t  for fur the r  e xplanat ions .
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Figur e  129: T ime  de pe nde nce  of the  p r oba b ility  to  observe  a n ant i- muonium de cay for a  s ys te m which was  in it ia lly  

in  a  pure  m uo n ium  s tate . T he  s olid line  represents  the  e x pone ntia l decay of m uo n ium  in  the  absence  of a  finite  

coupling. T he  decay p r oba b ility  as ant i- muonium is give n for a  coupling s tr e ngth  of =  IOOOGf  by  the

do t te d  line  a nd for a  coupling  s t r e ngth  s ma ll compare d to  the  m uon de cay ra te  (das he d line ). In  the  la t te r  case 

the  m a x im um  of the  p r oba b ility  is  always  a t a bout  2 m uo n  life time s . On ly  for s t rong coupling could several 

os c illa tion pe r iods  be  obs erved.

7 .4 .4  Mu o n ium - a n t i- m u o n ium  c onve r s io n

Muonium is the  atomic bound s tate  of a pos itive  muon and an electron. For leptons , a s ponta 

neous conversion of muonium (ß +e— ) into anti- muonium (ß~  e+ ) would be comple te ly analogous  

to  the  well known K° — K° oscillations  in the  quark sector. A search was suggested in 1957 by 

Pontecorvo [2,859] three years before the  atom was discovered by Hughes  [860,861]. The process 

could proceed at tree level through bi- lepton exchange or through various loops. Predictions  

for the  process exist in a varie ty of speculative  models  including left- right symmetry, R- parity-  

viola ting supersymmetry, GUT  theories, and several others  [862- 869].

Any possible coupling between muonium and its  anti- atom will give rise to  oscillations  between 

the m. For atomic s- states with pr incipal qua ntum number , n, a s plit ting of the ir  energy levels:

X =  8 G f ___G MM . (o r.7 \

V2 n27ra3 G F ’ (357)

is caused, where ao is the  Bohr  radius  of the  atom, is the  coupling cons tant in an effective 

four- fermion inte raction and G f  is the  weak inte raction Fermi coupling cons tant. For the  ground 

s tate  we have ö =  1.5 x 10“ 12 eV x (Gm^ / G f )  which corresponds to  519 Hz for GM^  =  Gf-  An 

atomic system created at time  t =  0 as a pure  s tate  of muonium can be expected to  be observed 

in the  anti- muonium s tate  at a later time  t with a time  dependent probability of:

- .2 ( St_\ „  — A  ut ^  f  ^  o  — - V *
p Mü ( t )  =  s in2 ( I I )  e A^  æ \ 2 h )  6 ’ (358)

where \ ß =  1 / r ß is the  muon decay rate  (see figure  129). The approximation is valid for a weak 

coupling as suggested by the  known exper imental limits  on G Mj^.

The  degeneracy of corresponding states in the  atom and its  anti- atom is removed by external 

magne tic fields which can cause a suppress ion of the  conversion and a reduction of the  probability  

Pm m - influence of an external magne tic field depends  on the  inte raction type  of the  process.
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Figur e  130: T he  m uo n ium  to  ant i- muonium conve rs ion p r oba b ility  de pe nds  on e x te rna l magne tic  fie lds  a nd the  

coupling  type . Inde pe nde nt  calcula tions  were pe r forme d by Wong  a nd Ho u [870] a nd Hor ikawa a nd  Sas aki [871].

The re duction of the  conversion probability has been calculated for all possible inte raction 

types  as a func tion of field s trength (figure 130) [870,871] . In  the  case of an observation of 

the  conversion process, the  coupling type  could be revealed by measurements  of the  conversion 

probability at two different magnetic- field values.

The  conversion process is s trongly suppressed for muonium in contact with matte r  since a 

transfer of the  negative muon in anti- muonium to any othe r  atom is energetically favoured and 

breaks up the  s ymme try between muonium and anti- muonium by ope ning up an addit iona l decay 

channe l for the  anti- atom only [872,873] 19. Therefore any new sensitive experiment needs to 

employ muonium atoms  in vacuum [835,836].

The  most recent experiment, which was carried out at PSI, utilised a powerful s ignature  in 

which the  ide ntification of both cons tituents  of the  anti- atom and the ir  coincident de tection 

afte r its  decay. In  this  experiment, an energetic electron appears  in the  ß -  decay. The pos itron 

from the  atomic shell remains  with an average kine tic energy of 13.5 eV [874]. The energetic 

par ticle  could be observed in a magne tic, wire- chamber spectrometer and a position- sensitive 

microchanne l plate  (MCP ) served as a de tector for atomic shell pos itrons  onto which these par 

ticles could be  trans por te d in a guiding magne tic field after post- acceleration in an electrostatic 

device. A clean vertex recons truction and the  observation of annihila t ion y ’s in a pure  Cs l 

de tector s urrounding the  MCP  were required in an event s ignature  [835,836] . Ha lf a year of 

data- taking was carried out what is currently the  mos t intense surface- muon source; the  nE5 

channe l at P SI. The previous  uppe r  bound on the  tota l conversion probability per muonium atom 

PMg  =  ƒ  p M^ ( t ) d t  was improved by more tha n three orders of magnitude  and yie lded an upper  

bound of PMj^<8 .0  x  10_11/ S b . Here, a magne tic field correction 5 b  is included which accounts  

for the  0.1 T  magne tic field in the  experiment. Sb is of order unity  and depends  on the  type  of 

the  MM interaction. For an assumed effective (V- A)x (V- A)- type  four- fermion inte raction the  

quoted result corresponds to  an uppe r  limit  for the  coupling cons tant of Gm^j<3 .0  x 1 0 _ 3 G f  

(90 % C.L.). Several limits  on mode l parameters  were s ignificantly improved, such as the  mass

19 In  gases a t  a tmos phe r ic  pressures  the  conve rs ion p r oba b ility  is a ppr ox im ate ly  five  orde rs  o f m a gn itude  s malle r  

t h a n  in  vac uum m a in ly  due  to  s ca tte r ing of the  a toms  fr om gas  mole cule s . In  solids  the  r e duc t ion a mounts  to 

10 orde rs  o f ma gnitude .
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Figur e  131: T he  d is t r ibu t io n  of the  dis tance  of closest appr oach (R dca) be twee n a t r ack fr om a n ene rge tic pa r t ic le  

in  the  magne tic  s pe c trome te r  a nd  the  back pr o je c t ion of the  pos it io n on the  M C P  de te ctor  versus  the  t im e  of 

flight (T OF ) of the  a tomic  she ll pa r tic le  for a  m uo n ium  me as ure me nt (le ft) a nd for a ll d a ta  re corded w ith in  1290 

h  of d a t a  ta k ing  while  s earching for ant i- muonium (r ight). One  s ingle  e vent falls  w ith in  3 s tanda r d  de via tions  

re gion of the  e xpe cte d T OF  a nd  R dca which is indic a te d  by the  e llipse . T he  events  conce ntr a te d a t ear ly time s  

a nd low R dcacorre s pond to  a  backgr ound s igna l fr om the  allowed decay ß  ^  3e 2v. In  a  ne w e xpe r ime nt s uch 

backgr ound could be  s uppres sed s ignific antly  th r ough  the  char ac te r is t ica lly  diffe re nt t im e  e volut ion of a  po te nt ia l 

a nt i- muonium s igna l and the  backgr ound.

of the  bi- leptonic gauge boson, and some models  were s trongly dis favoured, such as a ce rtain Z 8 

model with radiative  mass generation and the  minimal version of 331 models  [835,836].

With  a new and intense, pulsed beam the  characteris tic time  dependence  of the  conversion 

process could be exploited only if the  decay of atoms  tha t  have survived several muon life 

t imes , r ß , can be observed. Whereas  all beam- muon- related background decays exponentially, 

the  anti- atom popula tion increases quadratica lly with time , giving the  s ignal an advantage  over 

background which, for a 3- fold coincidence s ignature  as in the  P SI experiment, can be expected 

to decay w ith a time  cons tant of r ß / 3  (compare  e quation (358)). Some two orders of magnitude  

improvement can be envisaged [875] with no s ignificant background aris ing from the  ß  ^  3e2v 

process or inte rnal Bha bha  scatte ring in which the  pos itron from ß+  decay would transfer its 

energy to  the  electron in the  atomic shell and mimic a s ignal event (figure 131). The  require 

ments  for radiation hardness  and rate  capability  of the  set- up are s imilar  to  those of a ß  ^  3e 

exper iment. As before, a common approach to these two measurements  may be found.

7.5  N o r m a l m u o n  de c a y

7 .5 .1  T h e o r e t ic a l b a c k g r o u n d

All measurements  of normal muon decay, ß _ —> and its  inverse, v ß e~  —> ß _ z/e, are

successfully described by the  ‘V- A’ interaction, which is a par ticular  case of the  local, derivative 

free, lepton- number- conserving, four- fermion inte raction [876]. The  ‘V- A’ form and the  nature  

of the  neutr inos  (z7e and v e) have been de te rmine d by experiment [877,878].

The  observables in muon decay (energy spectra, polar isations  and angular  dis tr ibutions ) and
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in inverse muon decay (the  reaction cross section) at energies well below m Wc2 may be param-  

eterised in te rms  of the  dimensionless  coupling cons tants  and the  Fe rmi coupling cons tant 

G f . The  matr ix  e lement is:

M  = ^ W  £  . (359)
^  y=s ,v,t

£,^=R,L

We use here the  notat ion of Fetscher et al., [877, 879] who in tur n use the  sign conventions  

and de finitions  of Scheck [880]. Here y =  S, V, T  indicates  a (Lorentz) scalar, vector, or tensor 

inte raction, and the  chirality of the  electron or muon (right-  or left- handed) is labe lled by 

e, n  =  R, L. The chiralities  n  and m  of the  ve and the  are de te rmine d by given values of 

Y, e and ß. The 10 complex amplitude s , g]ß , and GF cons titute  19 inde pendent parameters  to 

be  de te rmine d by experiment. The ‘V- A’ inte raction corresponds to  gVL =  1, with all other 

amplitude s  be ing 0.

With  the  de duction from experiments  tha t  the  inte raction is pre dominantly of the  vector type  

and left- handed (gVL >  0.96 (90 %CL)), there  remain several separate routes  of inves tigation of 

normal muon decay, which will be discussed in the  following.

7 .5 .2  Muo n - life t im e  m e a s u r e m e n t s

The measurement of the  muon life time  yields  the  most precise de te rmination of the  Fermi cou

pling cons tant G f ,  which until recently was known with a relative precis ion of 9 x 10- 6 [231]. 

Improving this  measurement is ce r tainly an inte res ting goal [874] since G f  is one of the  fun 

dame ntal parameters  of the  Standard Mode l. Until recently, the  ability to  extract G f  from 

r ß was limite d by theory, the  recent the  radiative  corrections  calculated by van Ritbe rge n and 

Stua r t [881- 883] have removed this  uncertainty.

A clean beam pulse  s tructure  with very good suppression of particles  between pulses is indis 

pensable . Presently three experiments  are in progress, two of which are at P SI [884,885] and 

one is located at RAL [886]. The  MuLa n experiment at P SI has recently released an 11 ppm 

measurement of r ß obtaine d from the ir  2004 da ta  set [887], which gives a new world average 

r ß =  2.197 019(21) ßs and dete rmines  the  Fermi cons tant to be G F =  1.166 371(6) x 10- 5 Ge V- 2 

(± 5 ppm). The  2006 MuLa n da ta  set has 1012 ß+  decays on tape  which, in principle , will give 

a 1 ppm measurement. A final da ta  run in 2007 should accumulate  a da ta  set of equal size. 

These new da ta  should result in an improvement in the  precis ion of r ß by about a factor of 20 

over the  previous  world average [231]. An additiona l order of magnitude  could be gained at a 

Ne utr ino Factory pr imar ily from increased muon flux, with the  major  systematics  be ing pile- up 

and detector t iming  s tability.

There  are two caveats, however: reducing the  error on G f  by precise measurements  of the  

muon life time would not improve  the  electroweak fits , because the  error on the  dimensionless  

input  G f M|  is dominate d by the  unce r tainty on M | , which is now 23 x 10- 6 (or 23 ppm), where
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(MZ =  (91187.6 ±  2.1) Me V [231]). Also GF is commonly de te rmined as suming exclusively V- A 

inte ractions . A somewhat more  general formula has been given by Gre ub et al.

g F =
1927T^h a  (  2 25 

2ir ( T
1 - ?

5
( y
\ m w  )

1 - 4 r?—  - 4 A ^  
m ,  m ,

, m e 
+  8 ( —  

m ,
+  8

mv

m,
(360)

V — 2 ^ e  [9l l 9r r  +  9r r 9l l  +  S ' l r ^ r l  +  # r l )  +  9r l (9l r  +  5 ' l r ) ] (361)

(362)

Here, besides the  muon life time and the  muon mass, radiative  corrections  to  firs t order and mass 

te rms  are included. Most impor tant  is the  muon- decay parame te r  n which is 0 in the  SM. If 

we assume tha t  only one addit iona l inte raction contributes  to  muon decay, the n rj ~  ^ R ^ r r )  

where $Rr  corresponds to a scalar coupling with r ight- handed charged leptons . Inc luding the  

e xper imental value of n =  (- 7  ±  13) x 10- 3 [889] the  error on G f  increases by a factor of 20.

2 2
X

7 .5 .3  P r e c is io n  m e a s u r e m e n t  o f t h e  M ic h e l p a r a m e t e r s

The measurement of individua l decay parameters  alone generally does not give conclusive in 

formation about the  decay inte raction owing to the  many different couplings  and interference 

terms. An example  is the  s pectrum Miche l parameter , g. A precise measurement yie lding the  V

A value of 3/4 by no means  es tablishes the  V- A inte raction. In  fact, any inte raction cons is ting 

of an arbitrary combina tion of g£L, #Lr , gRL, gRR, gRR, and will yie ld exactly g =  3/4 [890]. 

This  can be seen if we write  g in the  form [891]:

Q — I  =  “ I  M r I 2 +  I<7rlI2} +  2 ( I 5 ' lr  12 +  \ ok\ 2) +  {9l r 9 l r  +  9r l 9r l ) • (363)

For q  =  I  and g R L  =  g"[R  =  0 (no tensor interaction) one finds  g R L  =  $ l r  =  with all of the  

re maining six couplings  be ing arbitrary. On the  othe r  hand, any deviation from the  canonical 

value  ce rtainly would s ignify new physics. Tree- level new physics contr ibutions  to the  Miche l 

parameters  occur in supersymmetric theories  with R- parity violation or theories  with left- right 

symmetric gauge groups . For ins tance , the  R- parity viola ting interactions  A^iLL^lL^- ER^ +
(3) (2) _ (2)

A322LL ;LL )E R ) (where the  index denotes  the  le pton generation) give the  following contributions  

[228,229,833] :

Ap = f , A , =  | , A€ =  4  A* = 0, e S  j Ä -  ■ (364)
eT

For a left- right mode l, one finds:

A p = -  =  - 2$W R ~ 2 ( m “ “ ) > (365)
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where "&wR is the  WL- WR mix ing angle, and M Wl (MW2 ) is the  mass of the  mainly  left (r ight) 

charged gauge boson. Measurements  of g and £ with a precis ion of 10- 4 can probe  WR masses 

of abou t  1 TeV (in the  mos t unfavourable  case $ Wr =  0) and values of the  R- parity violating 

couplings  A3h  æ A322 æ 0.2 (for a s lepton mass of 200 Ge V). These tests are compe titive  with 

direct searches at high- energy colliders.

There  exist also observables which yie ld valuable  information even if they assume the ir  canon

ical values, all of which are related to the  spin variables  of the  muon and the  electron:

•  A measurement of the  decay as ymmetry yields  the  parameters  ö and P ,£. Especially in 

te res ting is the  combination P , £ö/g, which has been measured at T RIU MF  [892] with a 

precision of æ 3 x 10- 3. A new, ambitious  experiment of the  T WIST  collaboration at 

T RIUMF  measur ing g, ö and P , £ has published improved results  on the  former two decay 

parameters  (p =  750.80 ±  0.44stat. ±  0.93syst. ±  0.23n) x 10- 3, where the  last unce r tainty is 

due  to the  corre lation of p with n [893], ö =  (749.64 ±  0.66stat. ±  1.12syst.) x 10- 3 [894] and 

P ,£ =  (1000.3 ±  0.6stat. ±  3.8syst.) x 10- 3 [895]);

•  A measurement of the  longitudina l polar is ation of the  decay electrons P l  consis tent with 1 

yields limits  for all five couplings  where the  electrons are r ight- handed. This  is a difficult 

experiment due  to  the  lack of highly polarised electron targets  used as analysers . The  present 

precision is A P l  =  45 x 10- 3;

•  The angular  dependence  of the  longitudinal polar is ation of decay pos itrons  at the  e ndpoint 

energy is curre ntly be ing measured at P SI by the  Louvain- la- Neuve- PSI- ETH Zürich collab

oration [896]. This  yie lds  the  parame te r  £" which is sensitive to  the  r ight- handed vector and 

the  tensor currents ; and

•  A measurement of the  transverse polar is ation of the  decay pos itrons  requires a highly po 

larised, pulsed muon beam. From the  energy dependence  of the  component P t 1 one can 

deduce the  low- energy decay parame te r  n which is needed for a model- independent value 

of the  Fermi coupling cons tant. The  second component P t 2 , which is transverse to the  

pos itron mome ntum and the  muon polar isation, is non- invariant under  time  reversal. A 

second generation experiment has been performed at P SI by the  ET H Zürich- Cracow-  

P SI collaboration [897]. They obtained, among several othe r results , for the  energy av

eraged transverse polar is ation components  (PTl ) =  (6.3 ±  7.7stat. ±  3.4syst.) x 10- 3, (PT2 ) =  

(—3.7± 7.7stat. ± 3.4syst.)x 1 0 - 3 and for the  decay parame te r  n =  —2.1± 7.0stat. ± 1.0syst.) x 10- 3 

[898]. This  las t value has been obtaine d cons idering only terms interfering with the  dominant 

V — A interaction.

7 .5 .4  E x p e r im e n t a l p r o s p e c t s

As mentioned above, the  precis ion on the  muon life time can pre s umably be increased over the  

ongoing measurements  by one order of magnitude . Improve me nt in measurements  of the  decay 

parameters  seems more difficult. Most ambitious  is the  T RIUMF  project which has published
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first results  on the  paramete rs  g (pos itron energy s pec trum), P , £ and ö (decay asymmetry) 

[893- 895]. Their  final goal is an improvement by more tha n one order of magnitude . The 

limits  on most othe r  observables are not given by the  muon rates which usually are high enough 

already (æ  3 x 108 s- 1 at the  ßE1 beam at PSI, for example), but  rathe r  by effects such as 

pos itron de polar is ation in matte r  or by the  s mall available  polar is ation (<  7%) of the  electron 

targets  used as analysers . The measurement of the  transverse pos itron polar is ation might be 

improved with a smaller phase space (lateral beam dime ns ion of a few millime tre s  or be tte r ). 

This  experiment needs a pulsed beam with high polar isation.

7 .6  Muon - P hy s ic s  Co n c lu s io n s

The main conclus ion of this  s tudy is tha t  the  physics pote ntia l of a new slow muon facility, 

such as the  one tha t  will become available  as a necessary s tep on the  way to  building a muon 

storage ring (Ne utr ino Factory), is very rich and compelling, with a large varie ty of applications  

in many fields of basic research. Indeed, muon physics, tha t  has already played an impor tant  

role in e s tablishing the  Standard Mode l, may provide  us with crucial information regarding the  

theory tha t  lies beyond, proving itse lf to  be s till far from having exhaus ted its  pote ntial.

This  new low- energy muon source will have unprecedented intensity, three to  four orders of 

magnitude  larger than presently available . It  can have the  large degree of flexibility necessary 

to satisfy the  requirements  of very different experiments , providing muon beams with a wide 

varie ty of mome nta and time  s tructures . Both continuous  and pulsed beams are possible. In 

addit ion, it is capable  of producing physics results  a t the  very early stages of the  muon complex, 

well before the  comple tion of muon cooling, acceleration, and storage sections.

Only  pre liminary ideas on the  design of this  facility are introduce d here, suggesting ways by 

which the  muon flux could be boos ted orders of magnitude  above present or foreseen facilities . 

The tasks of de tailed conce ptual design of targe t and capture  systems and of quantita tive  esti

mates  of beam performances  are s till entire ly ahead of us. The poss ibility of us ing pions /muons  

produced in the  backward direction is actively be ing s tudied, which if feasible would pe rmit the  

Ne utr ino Factory to take forward muons  s imultaneous ly and operate  s imultaneous ly with the  

muon facility.

A major  interest in muon physics lies in the  searches for rare processes tha t  violate  muon num 

ber conservation, or for a pe rmanent electric- dipole mome nt of the  muon. In  many extensions of 

the  Standard Mode l, such as supersymmetry, lepton flavour viola tion may occur at rates close to 

the  current expe r imental bounds . The ir  discovery would have far- reaching consequences. The 

most inte res ting processes are ß+  ^  e+ Y, ß+  ^  e+ e- e+ , and ß - - e-  conversion in nuclei. We 

emphasise  tha t  all the  different processes should be pursued, along with a search for a muon 

EDM. Indeed, the  re lative rates of the  different modes provide  a powerful tool for dis cr iminating 

different manife s tations  of new physics.

The  muon facility discussed here has enough flexibility to  allow the  s tudy of different muon 

processes, and promises to be more  sensitive by at least a few orders of magnitude , when
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compared with  current expe riments . In  closing, we should mention tha t  if such a facility existed, 

a numbe r  of fundame nta l s tudies  with muonium and othe r  muonic atoms  would also be  possible . 

Such studies  would pe rmit  increased precis ion of the  measurement of fundame nta l cons tants , 

and would serve to attr ac t an addit iona l community  to such a facility.
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A Or ig in  o f the  ISS  a n d  its  Co m m it te e s

Furthe r  information on the  activitie s  tha t  took place dur ing the  course of the  Inte rnational 

Scoping Study of a future  Ne utr ino Factory and super- beam facility (the  ISS) and links  to  the  

working groups  can be found at: h t t p : / / w w w .h e p .p h . ic .a c .u k / is s / .

A.1  O r ig in

The inte rnational scoping s tudy of a future  Ne utr ino Factory and super- beam facility (the  ISS) 

was carried by the  inte rnational community  between NuFact05, (the  7th Inte r na tiona l Workshop 

on Ne utr ino Factories  and Superbeams , Laborator i Nazionali di Frascati, Rome , June  21- 26, 

2005) and NuFact06 (Ivine , California, 24- 30 Augus t 2006).

The  physics case for the  facility was evaluated and options  for the  accelerator complex and 

the  ne utr ino de tection systems were s tudied. The  pr incipal objective  of the  s tudy was to lay 

the  foundations  for a full conceptual- design s tudy of the  facility. The plan for the  scoping 

s tudy was prepared in collaboration by the  inte rnational community  tha t  wished to  carry it out; 

the  ECF A/ BENE network in Europe , the  Japanese  NuFact- J collaboration, the  US Ne utr ino 

Factory and Muon Collide r  collaboration, and the  UK Ne utr ino Factory collaboration. ST FC’s 

Ruthe rford Apple ton Laboratory was the  host laboratory for the  s tudy.

The  s tudy was directed by a Programme  Committe e  advised by a Stakeholders  Board. The 

work of the  s tudy was carried out by three working groups: the  Physics  Group; the  Accelerator 

Group; and the  De tector  Group. Four plenary meetings  at CERN, KEK, RAL, and Irvine  were 

he ld dur ing the  s tudy period; workshops on specific topics  were organised by the  individua l 

working groups  in between the  plenary meetings . The conclus ions  of the  s tudy were presented 

at NuFact06. This  docume nt, which presents the  Physics  Gr oup’s conclus ions, was prepared as 

the  physics section of the  ISS s tudy group.

A .2  C o m m it t e e

P r o g r a m m e  C o m m it t e e

Chairman:

Physics  convener: 

Accelerator convener:

Peter Dornan, 

Yor ikiyo Nagashima, 

Michae l S. Zisman,

Detector convener: Ala in Blonde l,

Impe r ia l College London 

Osaka Univers ity 
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