
CP Nonconservation in Dynamically Broken Gauge Theories 

Kenneth Lane 

Department of Physics 
The Ohio State University 
Columbus, Ohio 43210 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



ADS trac t 

CP Nonconservation i n  Dynamically Broken Gauge Theories. Kenneth Lane 
(~epar tment  of Physics, The 0 h i o  S t a t e  Universi ty,  Colunibus, Ohio 43210, 
USA). 

Physica S c r i p t a  (Sweden) 

The recen t  proposal of Eichten, Lane, and P r e s k i l l  f o r  CP noncoh- 

servat ion i n  electroweak gauge theor ies  with dynamical symmetry breaking 

is reviewed. Tlircruglk tlke a l igr i lue~~t  01 t l ~ e  V~FCUUIII wit11 the e x p l i c i t  c h l r a l  

symmetry breaking Hamiltonian, these  theor ies  provide a na tu ra l  way t o  

understand the  dynamical o r i g i n  of CP nonconservation. Special  a t t e n t i o n  

i s  paid t o  the  problem of s t rong CP vio la t ion .  Even though a l l  vacuum 

angles are zero,  t h i s  problem i s  not automatical ly avoided. I n  the 

absence of  s t rong  CP v i o l a t i o n ,  the neutron e l e c t r i c  d ipole  moment is  

expected t o  be 10 -24 - e-m.  A new c l a s s  of models i s  proposed i n  

which both s t rong CP v i o l a t i o n  and l a r g e   AS 1 = 2 e f f e c t s  may be avoided. 

0 -0 
I n  these models, (AC 1 = 2 processes such a s  D D mixing may be l a rge  enough 

t o  observe. 



1. ' In t roduc t ion  

S ince  t h e  d i scovery  of  CP v i o l a t i o n  i n  t h e  neutral-K system [ I ] ,  

t h e r e  have been many t h e o r e t i c a l  a t t empt s  t o  exp la in  and understand it .  

E s p e c i a l l y  no tab le  a r e  t he  superweak model of  Wolfenstein [ 2 ] ,  t he  s i x -  

quark model of  Kobayashi and Maskawa (KM) [ 3 ] ,  and t h e  Higgs-induced 

CP-viol-ation models o f  Lee [&I and Weinberg [ 5 ] .  Many o f  t h e s e  proposa ls  

a r e  a t t r a c t i v e  and, indeed,  remain v i a b l e .  However, none o f  them r e a l l y  

exp la in s  t he  o r i g i n  of  CP v i o l a t i o n .  To some e x t e n t  i t  i s  always p u t  

i n  by hand. For example, i n  t he  KM model, one a r b i t r a r i l y  assumes t h e  

fermion-Higgs coupl ings  t o  be complex, whi le  i n  t h e  Lee and Weinberg models 

t h e r e  i s  an  a r b i t r a r y  choice of  Higgs s e l f - coup l ings  t h a t  l e ads  t o  spon- 

taneous CP-violat ion.  Whatever t he  c o r r e c t  mechanism may be ,  one would 

very.much l i k e  t o  understand t h e  dynamical o r i g i n  of  t h e  CP-violat ion 

phases.  

Equal ly  s e r i o u s ,  and more immediate, i s  t h e  problem o f  s t r o n g  CP 

v i o l a t i o n  induced by QCD i n s t a n t o n  e f f e c t s  [ 6 ] .  The ve ry  a t t r a c t i v e  

Peccei-Quinn proposa l  f o r  e l i m i n a t i n g  s t r o n g  CP v i o l a t i o n  i n e v i t a b l y  

l eads  t o  an  ax ion  [ 7 ] ,  and the  e x i s t e n c e  of t h i s  p a r t i c l e  h a s ,  appa ren t ly ,  

been r u l e d  o u t  exper imenta l ly  [ a ] .  Thus, one expec ts  a ueutron e l e c t r i c  

2  
d i p o l e  moment d  --e m s ing /% -10-16 s i n 8  e-cm, where 8 = 0 + a r g  d e t  m 0 

N u q' 

i s  t h e  QCD vacuum ang le  and m i s  t h e  quark c u r r e n t - a l g e b r a i c  mass 
4  

ma t r ix  [9] . Experimental ly ,  dN < e-cm 1101 , s o  t h a t  a  succes s fu l  

- 8  - 8 
model must e x p l a i n  why 5 < 10 o r ,  e q u i v a l e n t l y ,  why Immu/Re mu 4 1 0  . 
There i s  no n a t u r a l  way t o  understand such a small parameter  i n  t h e  

c u r r e n t l y  popular  models of  CP v i o l a t i o n .  We view t h i s  a s  a s e r i o u s  

de f i c i ency  of  QCD a s  w e l l  a s  o f  t h e  o therwise  s u c c e s s f u l  s t anda rd  

electroweak theo ry  [ l l ] .  



Dynamically broken electroweak gauge t h e o r i e s  provide a n a t u r a l  

exp lana t ion  f o r  t h e  o r i g i n  of  weak CF v i o l a t i o n  and, p o s s i b l y ,  f o r  t h e  

absence o f  s t r o n g  CP v i o l a t i o n  [12] .  The proposa l  we d e s c r i b e  h e r e  

r e q u i r e s  no th ing  beyond t h e  new gauge i n t e r a c t i o n s  a l r e a d y  deemed 

necessary  f o r  a r e a l i s t i c  e lectroweak theory  wi th  dynamical symmetry 

. . 
breaking [13-151. 

Spontaneous CP v i o l a t i o n  can occur  when we c a r r y  o u t  Dashen's pro- 

c e d u r e . t o  i d e n t i f y  t h e  cor . rec t  c h i r a l - p e r t u r b a t i v e  vacuum [17] .  Whether 

thPo happens i s  JeLeru~ll~ed i n  . p r i n c i p a l  by on ly  t h e  gauge group and fermion 

r e p r e s e n t a t i o n  c o n t e n t  o f  t h e  theory.  I f  CP inva r i ance  i s  spontaneously 

broken, CP v i o l a t i o n  i n  t h e  electroweak s e c t o r  w i l l  be  e x a c t l y  a s  i n  t he  
*.. 

KM model, and t h e  o r i g i n  of-"the p h a s e s ~ w i l l  be understood t o  be t h e  

al ignment  of  t h e  vacuum symmetry group w i t h i n  t he  f u l l  c h i r a l  f l a v o r  

group. On t h e  o t h e r  hand, a l though t h e r e  a r e  no nonzero vacuum ang le s ,  

s t r o n g  CP v i o l a t i o n  i s  not  au toma t i ca l l y  avoided  [18] .  We s t a t e  a 
. > . . 

mathematical c r i t e r i o n  f o r  t he  absence of  s t r o n g  CP v i o l a t i o n ;  i f  i t , i s  

s a t i s f i e d ,  CP-nonconserving phases i n  t h e  quark mass mat r ix  a r e ' n a t u r a l l y  

- 9 
suppressed by a f a c t o r  of  o r d e r  10 . Together w i t h  a d d i t i o n a l  CP-non- 

conserving phases i n  t h e  new gauge i n t e r a c t i o n s  r e spons ib l e  f o r  e x p l i c i t  

o h i r a l  symmetry breaking  [ l l i ,  161, t he se  produce a neut ron  e l e c t r i c  

-24 -26 
d i p o l e  moment of  o r d e r  10  - 1 0  e-cm. This  moment i s  4-6 o r d e r s  of  

. . 

' . magnitude l a r g e r  than i n  t h e  standard.KM model [ 1 9 ] ,  and w i t h i n  t he  range 

of . expe r imen t  i n  t h e  n e x t  few yea r s  [20] .  

We a l s o  sugges t  a c l a s s  of xnodels i n  which s t r o n g  CP vio1,at ion may be 

absen t .  I f  t h i s  new proposa l  can be  r e a l i z e d ,  a l l  mixing ang le s  and CP- 

v i o l a t i n g  phases appear  i n  t h e  "up" s e c t o r  of t he  theory.  This  has  t he  

added b e n e f i t  t h a t  the  new gauge i n t e r a c t i o n s  do n o t  mediate  I A S  1 = 2 



0 -0 
processes  and, i n  p a r t i c u l a r ,  o f f -d iagonal  terms i n  t h e  K -K mass 

m a t r i x  a r e  c o n t r o l l e d  by electroweak i n t e r a c t i o n s ,  a s  usua l .  I n  t h i s  

0 -0 
s c e n a r i o ,  D -D mixing may be l a r g e  enough t o  be de t ec t ed  w i th ,  say ,  

t he  new Mark I11 d e t e c t o r  t o  be i n s t a l l e d  a t  SPEAR. 

Before desc r ib ing  the  d e t a i l s  of  our  proposa l ,  a . b r i e f  review o f  

t h e  gene ra l  s t r u c t u r e  of dynamically broken e l e c  troweak gauge t h e o r i e s  

i s  i n  o rde r .  For a more complete d i s cus s ion ,  see Refs. 13-16 and t h e  

review o f  Lane and Peskin [21] .  

2. The S t r u c t u r e  of Dynamically Broken Electroweak Gauge Theories  

These t h e o r i e s  a r e  based on gauge i n t e r a c t i o n s  on ly ,  wi thout  e lementary 

s c a l a r  f i e l d s  and wi thout  fermion bare:mass terms. I n  a d d i t i o n  t o  t h e  : 

f a m i l i a r  c o l o r  [GC=Su(3 ) ]  and electroweak [GW=SU(2)@U(l ) ]  i n t e r a c t i o n s ,  :-- 

a new gauge i n t e r a c t i o n  ["hypercolor," '  wi th  gauge group G 1 is  re- 
H 

qu i r ed  [13,14].  we b e l i e v e  t h a t  o rd ina ry  c o l o r  i n t e r a c t i o n s  become s t r o n g  

a t  a s c a l e  -- GeV, dynamically t r i g g e r i n g  t h e  spontaneous breakdown . , 

C I. 

o f  quark c h i r a l  symmetries. By analogy,  i t  i s  assumed t h a t  G i n t e r a c t i o n s  , .. .> t' 

H 

a r e  a sympto t i ca l l y  f r e e ,  t h a t  they  grow s t r o n g  a t  a s c a l e  $--1 TeV, and 

t h a t  t h i s  triggers the spontaneous breakdown o f  "hyperfermion" c h i r a l  

symmetries. It i s  t h i s  dynamical c h i r a l  symmetry breaking ,  i n  c o n c e r t  

w i t h  t he  Higgs mechanism [22 ,23] ,  which r e s u l t s  i n  t he  breakdown of  GW 

t o  U(l),m. 

.A theory  based on G @ G  @ G  i n t e r a c t i o n s  a lone  cannot  be r e a l i s t i c .  
H C W  

A "sidewayst' gauge i n t e r a c t i o n  (with group GS) i s  needed t o  break e x p l i c i t l y  

a l l  c h i r a l  symmetries n o t  gauged by GW [15,16] .  I n  p l a i n  language, quarks,  

l ep tons ,  and hyperfermions must acqu i r e  non-zero c u r r e n t  a lgeb ra  masses, 

and t h i s  t a s k  i s  accomplished by GS i n t e r a c t i o n s .  A t  a s c a l e . % - 1 0 0  TeV, 



. . 
L 

. . 

. .  . G S  i s  dynamical ly  broken down t o  a subgroup con ta in ing  GH@GC,  and heavy ' 

G gauge bosons mediate  t r a n s i t i o n s  between quarks and l e p t o n s  on t h e  
S 

one hand and hyperfermions on t h e  o the r .  (See Fig.  1 . )  

It s i m p l i f i e s  ou r  subsequent d i s c u s s i o n  t o  assume t h a t  G commutes 
S .- 

. . w i t h  SU(2)W (but  not U(l)W; see Ref. 15) .  Then a l l  fennions--quarks,  

l ep tons ,  and hyperfermions--are  conta ined  i n  a t  most fou r  i r r e d u c i b l e  

r e p r e s e n t a t i o n s  ( IR ' s )  of GS. More r e p r e s e n t a t i o n s  would imply e x t r a  

chiral :  symmetries and an  unwanted axion.  Two of  t he se ,  which w e  c a l l  

fiS and fis , contaiu a l l  Irrulluns wirh ((T ) 1 =+T and -$, r e spec t ive ly .  
uL d~ 3 weak 

These two r e p r e s e n t a t i o n s  a r e  equ iva l en t .  The r igh t -handed ,  weak i s o s i n g l e t  

S S 
fermions a r e  conta ined  i n .  ( a t  most) two IR 'S ,  19 and ad . Right-handed 

U~ R a - .- 

charge + 5 quarks and hypegfennions tiY which they  couple  a r e  contained i n  

8 r ight-handed charge  -a quarks and t h e i r  a s s o c i a t e d  hyperfermions a r e  
UR ' ,. 

. conta ined  i n  &la r ight-handed l e p t o n s  belong t o  one (o r  both.?) of  t he se  
dR' - 

two I R 1 s .  To avoid  degenera te  up- and dnm-quark mass mntricco,  r85 and 
UR -. 

as must be  i nequ iva l en t .  This  completes our  review, and we t u r n  now t o  , ' 

dR 

t h e  b a s i c  i d e a  of o u r  proposal .  

3.  Vacuum Alignment and Spontaneous CP Nonconservation 

I n  t h e  e f f e c t i v e  gauge theory  which d e s c r i b e s  phys ics  w e l l  -below 

100 TeV, each o f  t h e  GS r e p r e s e n t a t i o n s  t ransforms r educ ib ly  under 

GHQGC. (From now on,  we may igno re  l ep tons ,  which a r e  G EG s i n g l e t s . )  
H C 

N ~ g l r a t i n g  =he b~%ken sideways i n t e r a c t i o n s  i a d  t h e  weakly coupled 

electroweak i n t e r a c t i o n s ,  t h e  G @G i n v a r i a n t  e f f e c t i v e  Hamiltonian 3Co 
H C 

o f  quarks and hyperfermions r e s p e c t s  a g l o b a l  ( c h i r a l )  flavor-symmetry 

group Gf.  G i s  a subgroup of  G f .  When hyperco lor  and c o l o r  grow s t r o n g ,  
W 

Gf i s  dynamically broken t o  a subgroup Sf. Of t h e  many Goldstone bosons 



t h a t  r e s u l t ,  t h r e e  a r e  absorbed by t h e  $ and bosons. The remaining 

ones acqu i r e  mass from the  e x p l i c i t  chiral-symmetry-breaking p e r t u r b a t i o n  

X' generated by sideways and e l e c  troweak i n t e r a c t i o n s  . 
The G symmetric Hamiltonian 3$ has  many degenera te  vacua, parameter ized 

f - 
by t h e  c o s e t  space G ~ / S ~ .  I f  in) i s  t h e  "standard" ground s t a t e  of  X 

0 

- 1 
wi th  symmetry group S f ,  then - I ~ ( w ) )  = ~ ( g )  In) has  symmetry group g Sf g , 

where W(g) r e p r e s e n t s  gc Gf/Sf. A s  Dashen emphasized [17 ] ,  X' l i f t s  t he  

vacuum degeneracy: The t r u e  c h i r a l - p e r t u r b a t i v e  vacuum, 

I ~ ( u ) )  = l i m  Iground s t a t e  o f  3C +3Ct), i s  determined by minimizing t h e  
3c'-0 

0 

vacuum energy 

The minimum occurs  a t  W = U .  I n  t he  c a l c u l a t i o n s  descr ibed  below, i t  is. 

convenient  t o  regard  t h e  vacuum In) (and S f )  a s  f ixed.  Then, from among 

a l l  G,-equivalent pe r tu rba f  i o n s  K'(w) = w- ' (~)x 'w(~)  , we determine t h a t  
I - .  

one which minimizes E(w)'; ;id in) = li; lground s t a t e  o f  3$, + U-%'u). 
3c' 4 

Thi s  necessary  procedure o f  k t c h i n g  t h e  ground s t a t e  t o  t h e  ch i r ' a l  

p e r t u r b a t i o n  i s  known a.s "subgroup alignment" [13]  o r  "vacuum alignment" [24] .  

Now we s e e  how spontaneous CP v i o l a t i o n  can arise n a t u r a l l y .  F i r s t ,  

t h e  vacuum angles  a r e  n a t u r a l l y  zero.  To see t h i s ,  suppose  that^ and G b ,  
H 

l i k e  GC, are simple groups; ex t ens ion  t o  non-simple groups is  s t r a i g h t -  . 

forward. The f a c t  t h a t  G @ G C G S  imp l i e s  e q u a l i t y  of  t h e  vacuum angles :  
H C 

BH = BC = BS. Equiva len t ly ,  'oS = $(% + BC) and 8- = $(eC - %) E O .  The absence 

o f  ba re  masses imp l i e s  t h a t  BS i s  unobservable ,  and may be f r e e l y  r o t a t e d  

t o  zero.  Thus, OH = oC = 0 and In) i s  (na ive ly)  P- and T- invar ian t .  (Note : 

A s  we d i s c u s s  below, t h i s  i s  not a s o l u t i o n  to t h e  s t r o n g  CP problem [18].)  



Second, we assume t h a t  t h e  breaking of  GS does no t  i n t roduce  CP noncon- . 

s e r v a t i o n ,  s o  t h a t  t h e  e f f e c t i v e  i n t e r a c t i o n  below 100 TeV i s  CP i n v a r i a n t . .  . , 

Thus, t h e  t ime-reversa l  ope ra t i ons  t h a t  l e ave  In) and X' i n v a r i a n t  a r e  

i d e n t i c a l ,  and the'vacuum energy i s  CP- and T-symmetric: 

T h i s . e q u a t i o n  t e l l s  us char E has T- inva r i an t  extrema corresponding t o  

r e a l  u n i t a r y  t ransformat ions  W. But, t h e  minimum of E may be d i s c r e t e l y  

* 
degenera te ,  o c c u r r i n g  a t  U and U #u. I n  t h a t  ca se ,  t he  t r u e  c h i r a l  

p e r t u r b a t i o n  d k'~ i s  n o t  i n v a r i a n i  under  t h e  T-operat ion a p p i o p r i a t e  

to  In), and T and CP a r e  epontaneous>y broken. This  p o s s i b i l i t y  was 

suggested f i r s t  by Dashen [17] and Lee [ 4 ] .  

We emphasize t h e  n a t u r a l n e s s  o f  t h i s  s cena r io :  The sideways group 

G and t h e  p a t t e r n  o f  i t s  breakdown t o  G @ G  uniquely determine t h e  
S H C 

s e p a r a t i o n  o f  t h e  fermion Hamiltonian i n t o  KO and x'. The s t r u c t u r e  

o f  Xo, i .e. ,  t h e  G @G r e p r e s e n t a t i o n  con ten t  o f  fermions,  uniquely 
11 , C  

- 1 
determines Gf and,  dynamical ly ,  t h e  vacuum symmetry groups g S f g  . 

\ 

And f i n a l l y ,  X' determines whether E i s  minimized by a r e a l  .or  complex 

u n i t a r y  t r a n s £  ormation U. 

Le t  us  t u r n  now t o  s p e c i f i c  d e t a i l s  01 ncinimlzing the  vacuum energy 

T I ,  Whl,l P ,  u n f o t t u n a  t a l y ,  no very satisfactory modol 'of  dynomioally brolrcn 

electroweak i n t e r a c t i o n s  h a s  been found, we can say  q u i t e  a l o t  about  t h e  

s t r u c t u r e  o f  t h e  f l a v o r  group G f ,  t h e  form o f  t h e  p e r t u r b a t i o n  x', and 

t h e  poss j  b1.e. nrr tccnnes and phenom~n01,ngXcal consequences of vacuum alignment.  



3.1. Global F lavor  Groups, Gf and S 
f  

The f l a v o r  symmetry Gf of  3C i s  determined  e n t i r e l y  by the  
0 

G 6CG r e p r e s e n t a t i o n  con ten t  of ferniions. To ensure  t h a t  GW breaks 
H C 

down t o  a  conserved e l e c t r i c  charge and t h a t  t he  succes s fu l  r e l a t i o n  

p / p  cos % = 1 [13,14] i s  maintained,  i t  i s  s u f f i c i e n t  t o  assume the  . '  
, 

w z  
P fol lowing [12,24] : With f e m i o n  f i e l d s  d e n o t e d  b y  bi a i d  qgri, l e f t - h a n d e d , '  

( I )  f i e l d s  t ransform under GW a s  i sodoub le t s ,  whi le  r ight-handed (R) f i e l d s  

f i e l d s  t ransform a s  weak i s o s i n g l e t s ;  The index g i d e n t i f i e s  t h e  p a r t i c u l a r  

i r r e d u c i b l e  r e p r e s e n t a t i o n  flD of  GH @GC according t o  which qD t ransforms.  

A l l '  &IP a r e  assumed t o  be complex. The gauge group G @G a c t s  on the  
H C 

( c o l l e c t i v e )  index i. The index r l a b e l s  t h e  var ious  f l a v o r s  transform- I A 

B i n g ' a s  B . There i s  an  even number of  s u c h . f l a v o r s ,  r = 1 , . . . , 2 n  . 
B 

The f i r s t  n  may be thought  of  a s  "up" f l a v o r s  and the  second n as 
D Q 

"down" f l a v o r s ,  s o  long a s  G @GC commuteswith G and vacuum al ignment  
W 

' .  . 
H 

does no t  d e s t r o y  e l e c t r i c  charge conserva t ion .  Note t h a t ,  under our  . &  

assumptions,  GH @ G  i n t e r a c t i o n s  a r e  v z c t o r i a l .  
C 

The f l a v o r  group of  KO is ,  then,  

The a x i a l - v e c t o r  U (1)  symmetries a r e  genera ted  by those  l i n e a r  cornbina- 
A 

t i o n s  o f  

which have no GH- nor G -anomalous divergence. Suppose 
C 



C 
where T~ (T ) i s  t h e  t r a c e  o f  t h e  square  of  t he  hyperco lor  ( co lo r )  gene ra to r s  

P, B - 

P i n  the  r e p r e s e n t a t i o n  B . (Here we a r e  assuming t h e  GH i s  simple;  o ther -  

2 - 
wise  t h e r e  i s  a t e r m  T ~ (  /8n )Tr  FH*FH f o r  each s imple non-abel ian f a c t o r  

P 4 
i n  GH.) Then t h e  ~ ~ ( 1 ) ' s  a r e  genera ted  by ' 

w i t h  a(') chosen s o  t h a t .  ' . 
P 

I n  s h o r t ,  a i l  Gf gene ra to r s  must be (: - anrl C: -a,nomaly f r e e ;  c u r r e n t s  wit11 : 
H C 

anomalies are n o t  regarded a s  gene ra t i ng  approximate symmetries o f  t h e  

. theory.  

The ( s tandard)  vacuunl-f i lvariance group i s  assumed t o  be 

where SU(2n ) i s  t h e  obvious d iagonal  subgroup .of SU(2n ) 63 SU(2n ) . 
I2 v P L Q R 

Thi s  is  i n  accord w i th  r e c e n t  work on.spontaneous breaking o f  c h i r a l  

symmetries of  t h e  form (3) [251.  Equiva len t ly ,  t h e  s tandard  vacuum 10) 

i s  def ined  t o  be t h e  one i n  which fermion b i l i n e a r  condensates a r e  



.Here, A i s  r e a l ,  pos i t5ve  and of o rde r  
3 3 $ ( k )  f o r  hyper fern ions  (quarks) .  

Q 
-0 0 

It i s  understood t h a t  t he  ope ra to r s  ( 9  ) have been renormalized and 
L R 

t h a t  A i s  f i n i t e .  
P 

Under Gf t ransformat ions ,  

where and J( a r e  u n i t a r y  2n x 2n mat r ices .  Sf t ransformat ions  have 
I3 D Q P 

wL =wR, f o r  every  p ,  while  G IS is  represented  'by t h e  s e t  of u n i t a r y .  
B Q f f 

matr ices  [W = H t l .  The requirement t h a t  a l l  Gf t ransformat ions  be 
B B P '  

anomaly f r e e  means t h a t  t he  W a r e  s u b j e c t  t o  t he  modular i ty  c o n s t r a i n t s  
P 

H 
T~ 

f l  [de t  W p I T P  = f l  [ d e t  W 1 ' = 1 . 
P 

. ( I l l  

Q P 

Both sideways a n d  e l e c t r ~ w e a k  i n t e r a c t i o n s  c o n t r i b u t e  t o  t h e  e x p l i c i t  

G -breaking Hamiltonian 3Cf. Recal l  t h a t  t h i s  i s  an  e f f e c t i v e  i n t e r a c t i o n  
f  

I 

which'  ( tog&ther  wi th  KO) desc r ibes  phys ics  a t  ene rg i e s  of  o rde r  1 TeV 

and below. Thus, t he  GS-contr ibut ion,  g ,  i s  obta ined  from a n  ope ra to r  



product expansion i n  which the very massive sideways gauge bosons a r e  

in teg ra ted  o u t  t o  ob ta in  a GH 63 G& @%-invar ian t  e f f e c t i v e  in te rac t ion .  

The leading Gf-breaking terms i n  are four-fermion operators .  Higher- 

dimension ope+ators a r e  suppressed by add i t iona l  powers of  4'; e.g., 

six-fermion terms con t r ibu te  t o  E(W) a f a c t o r  of order  

t i m e s  t h e  four-hyperfernion .terms. To the  ex ten t  t h a t  we can ignore 

cont r ibut ions  t o  the  four-fermion p a r t  of 3 ~ ~ '  involving more than one 

2 2 
i n t e r n a l  massive G S -bason ( thesc  conta in  add i t iona l  powers of gS($)/8n , 

which may well be small a t  %--lo0 ~ e v ) ,  %' i s  given by the  c u r r e n t x c u r r e n t  

i n t e r a c t i o n  

. . 
2 .  2 2 2 

Here, IL is  t he  massive sideways gauge boson mass matrix (pS-gS S ) .  and 
s .  

i s  a broken sideways cur ren t :  1: 

(sum over repeated ind ices ) .  

S 
and The Hermitian G -generator  matr ices tLa and tRa represent  r9 

O adL .S U~ 

S 
@ fiig, respect ive ly .  They a r e  block-diagonal i n t o  "up" and "down" 

UR 
La 

but  (tKa 
Ka 

blocks,  with (tLa p , o  ) up-  - ( t p , d d o m '  p,o)up # ( tp ,ddown ( a t  l e a s t  when 

p r e f e r s  t o  quarks and o t o  hyperfermions). Because of the  s t r u c t u r e  of 



G and S f ,  on ly  t he  jL jR p a r t  of  3$ c o n t r i b u t e s  n o n t r i v i a l l y  t o  
f  

t 
E (W = WRWL) :, 

+ i r r e l e v a n t  terms + higher-dimension o p e r a t o r s  . (14) 

-1. 2  -2 - 2  
Here, f l a b =  $a= A i b = $ g S [ ( ~ S  + :(P S  ) ba ] ; r epea t ed  i n d i c e s  a r e  summed 

over ;  and GH 8G C i n d i c e s  a r e  suppressed. Time-reversal  i nva r i ance  of % 
r e q u i r e s  

The electroweak p e r t u r b a t i o n  if; i s  i n t e r e s t i n g  i n  i t s  own r i g h t ;  

indeed,  u n t i l  a ccep tab l e  candida tes  f o r  G S  ' and GH emerge, i t  i s  t h e  o n l y .  

p a r t  of 3-C' we can c a l c u l a t e  w i th  confidence.  With G f  and Sf a s  s p e c i f i e d ,  

n o n t r i v i a l  e lectroweak cont r . ibu t ions  t o  E(W) do no t  occur  u n t i l  f o u r t h  

o rde r  i n  t h e  SU(2) Q U(1) coupl ings  g2 and g  1 [15;24].  The i r  l e ad ing  

2 4 
c o n t r i b u t i o n  t o  E w i l l  be O(a & A l / a ) .  Taking advantage of  t h e  f a c t  t h a t  

t he  s c a l e  a t  which GW breaks  down i s  p r e c i s e l y  k ,  t h i s  c o n t r i b u t i o n  may 

be c a l c u l a t e d  from [26]  



I n .  Eq. ( l 6 ) ,  i APV i s  a massless  spin-one propaga tor ,  
.a 
jLP i s  a SU(2IW 

c u r r e n t ,  and j3 i s  t h e  r ight-handed T3 p a r t  o f  t h e  U( l )W c u r r e n t .  The 
Rcl ' 

2 
O(a h l l a )  c o n t r i b u t i o n s  t o  E(W). are determined from t h e  i n f r a r e d  

d ive rgen t  p a r t  ' of  (a IW-I W (0 )  ; t h e  i n f r a r e d  c u t o f f  i s  erovided 
W 

u l t i m a t e l y  by t h e  zo-mass. We remark t h a t  t h e  i n f r a r e d - f i n i t e  terms 

2 
o f  O(a ) i nvo lve  i n c a l c u l a b l e  s t r o n g  hyperco lor  i n t e r a c t i o n s .  

3.3 .  ~ i n i m i z i n g  t h e  Vacuum Energy 

To w r i t e  an  e x p l i c i t  exp re s s ion  f o r  E(W) , we d e f i n e  f i r s t  t h e  four-  

fermion condensa tes  1\ and A '  , by 
PO 8 8 

A s  i n  Eq.(9),  i t  i s  understood t h a t  t h e  four-fermion o p e r a t o r s  have been 

O 8 G renu&alized.  
H C A~~ 

and A '  I can be r e l a t e d  t o  i n t e g r a l s  of s p e c t r a l  
P P 

func t ions  f o r  sideways c u r r e n t s ;  they  a r i s e  from graphs of  t h e  type  shown 

i n  F igs .  2a and 2b. The A '  , term i n  Eq.(17) i s  n Gf- inva r i an t ,  c o n t r i b u t i n g  
D B 

a t r i v i a l  a d d i t i v e  cons tank to  E (W) . The .condensate A '  i s  of  o r d e r  A  A 
. , B o P o '  

2 
i.e., of o r d e r  f13f13 The 0 ( a  h l l a )  p a r t  o f  t h e  electroweak c o n t r i b u t i o n  

P 0' 

t o  E ( W )  comes from t h e  graph i n  Fig.  3 [26] .  

Then, a p a r t  from t r i v i a l  c o n s t a n t s ,  t h e  c o n t r i b u t i o n  of h ighe r  .dimension 

L 
o p e r a t o r s ,  and O(a ) electroweak terms, t h e  vaccum energy i s  given  by 



Here -rrY i s  an SU(2)W genera tor ,  normalized t o  Tr (T?) = 2n 6 and 
P P P P 043' 

I = I i s  a r e a l  i n t e g r a l  over a prodbct of  s p e c t r a l  functions--one f o r  
P o  op 

P o 
the  11 p a r t  of the  weak cur ren t ,  the  o the r  f o r  the  Q par t .  I ' i s  of 

PO 
2 2 2  

order  CY A A lM/r~. Using Eq. (15), one r e a d i l y  v e r i f i e s  t h a t  E (W) = E (W*) . 
P = 

Contributions t o  dimension-four opera tors  i n  K' S from higher-order 

2 2 
sideways exchanges (involving add i t iona l  powers of g S (A S ) /8n ) do not  

change the  s t r u c t u r e  of E(W) i n  any 'very e s s e n t i a l  way. Dimension-six 

and h igher  opera tors  con t r ibu te  addikional  f a c t o r s  of W bu t  they a r e  
P ' - 2 

suppressed by powers of s o  
The l a r g e s t  terms i n  EOJ) involve i n t e -  

g ra t ions  over hyperfermions only. I n  the  sideways term, these  a r e  

6 2 
nominally - ( 1  T ~ V )  / (100 TeV) 2 (100 G ~ v ) ~  times group-theoret ic  

f a c t o r s ;  we expect ,  but  have not proved, t h a t  b i s  pos i t ive .  I n  
Po 

simple model ca lcu la t ions  of I we f ind  t h a t  i t  i s  p o s i t i v e  and t h a t  
PO' . , 

the  electroweak te'rm i s  comparable or somewhat less i n  magnitude than 

the  sideways term. F ina l ly ,  these same calculatLons i n d i c a t e  t h a t  the  

2 2 
neglected O(a ) terms are 5-10 times smaller  than the  O(a M / a )  ones. 

The vacuum energy i s  t o  be minimized sub jec t  t o  the  cons t ra in t s  

t h a t  W i s  un i t a ry  and s a t i s f i e s  the modularity condit ions (11). 
P 

Actual minimization requ i res  a s p e c i f i c  model, of  course. However, 

an important condi t ion  on a l l  extrema of E can be obtained from a 



s imple  g e n e r a l i z a t i o n  of  Nuyts' method [ 2 7 ]  of i n t roduc ing  Lagrange 

m u l t i p l i e r s  and ex t remiz ing  the  q u a n t i t y  

The motr-ccr X and the seal 'parnmcters  $ and u ., are Llrc Lagrango mu1 tiplrers. 
P f*. , , 

W e  f i n d  t h a t  E i s  s t a i o n a r y  a t  W provi'ded t h a t  

where t he  "mass" M i s  def ined  by 
Q 

I n  p a r t i c u l a r ,  a t  t he  minimum W = U  of  t h e  vacuum energy,  M i s  given  by 
B 



R 
The s e p a r a t e  d e t e r m i n a t i o n  o f  Up and U: w i l l  be  e x p l a i n e d  'soon. F i r s t ,  

l e t  u s  improve Eq.(20):  It is  e a s y  t o  show from Eqs.(20) and (22) t h a t  

Also ,  s i n c e  G and G are embedded i n  G 2 C n T~ = 2 C n p ~ i  . Thus, 
H C S ' 

P P P  B 

v - - IJ a r e f l e c t i o n  o f  t h e  f a c t  t h a t  BS i s  unobservable .  Eq. (20) 
H C ' .  

becomes 

.. . 

Most o f  o u r  remaining d i s c u s s i o n  f o l l o w s  from Eqs.(22) a n d . ( 2 3 ) .  

. F i r s t ,  we can  i l l u m i n a t e  t h e  meaning o f  t h e  mass M and t h e  
P 

L a g r a n g e . m u l t i p l i e r  v by c o n s i d e r i n g  the '  problem o f  vacuum a l ignment  
C 

i n  QCD. We assume n f l a v o r s  o f  quark qr w i t h  G = S ~ ( n ) ~ @ , S u ( n ) ~ @  UV(l) ,  
. .. 

. ..? 
f 

vacuum symnetry S = S U ( ~ ) ~ ' @  U (1) &responding t o  t h e  condensa tes  
f v . . ' 0. 

. .. 
6 A (Aq.= A* > 0 )  , and c h i r a l  p e r t u r b a t i o n  ("IpLrqRSI") = - r s  

4 : 
. . 

w i t h  m a n  n x n "naive" quark  mass m a t r i x .  Any vacuum a n g l e  ( 8  ) 
C 

dependcncc i~ c s n t a i n ~ d  i n  m We are t o  minimize 
c t0  

t 
s u b j e c t  t o  t h e  c o n s t r a i n t s  t h a t  W = WR WL i s  u n i t a r y  and unimodular 

( i . e . ,  t h e r e  i s  no approximate  ~ ~ ( 1 )  symmetry which i s  spon taneous ly  . .  I. 

. . 
,. . . . .  



broken). A t  t he  extrema of E ,  we f ind  

where v i s  t he  Lagrange m u l t i p l i e r  f o r  the  c o n s t r a i n t  detW = 1 , 

' and ( a t  the  minimum of E '  i n  p a r t i c u l a r )  
4 ' 

t 
Minimizing E de te r~ l l l~ les  only U = UR UL . However, M i s  the  t r u e  

quark mass matrix,  t o  be used i n  ca lcu la t ions  of c h i r a l  symmetry 

. t 
breaking, and i t  ought t o  be diagonal.  Since M - M i s  propor t ional  

t t o  1, M and M can be sim;ltaneously diagonalized by a un i t a ry  Sf 

t ransformation matr ix  V. This removes the  ambiguity i n  UR and U 
L ' 

t 
and we assume henceforth t h a t  M and M a r e  diagonal. 

Now, i f  v # 0,  we know t h a t  the  t r u e  c h i r a l  perturbatcon,  

- 
dl  K' U = qL M q + h.c. 

R 
, .has a P- and T- v i o l a t i n g  p a r t ,  

4 

[i\)/Aq) Y 5  q , and L11at v/A vanishes a s  the  l i g h t e s t  quark mass [9]. 
4 

However, i t  i s  easy t o  see  chat  v = 0 i f  m can be made diagonal,  wi th  

r e a l  p o s i t i v e  eigenvalues,  by un5.tary U and U with  d e t  U = 1 :  Suppose 
L R 

we co1.11d remove thc  c o n s t r a i ~ l r  J e t  W e  1. Then the  absolute  minimum of 

E would occur f o r  U' and U I  such t h a t  M i s  r e a l ,  diagonal ,  and pos i t ive .  
4 L R .  

If det  D; U L ~  = 1, then v =  0. W i t h t h e  $-dependence ahsorbed i n  m 
-.  Q ' 

t h i s  condi t ion  f o r  v t o  be zero corresponds t o  8 = a rg (de t  m) = 0. 

Now r e t u r n  t o  the  main problem. A s  i n  QCD, a l l  ambiguity i n .  

L R .t . U and U . i s  removed by demanding t h a t  M and M a r e  diagonal.  This 
P P P D 

i s  a sens ib le  prescription,~especially f o r  quarks. ( p = q ) .  Indeed, we 

now argue t h a t  M i s  e s s e n t i a l l y  the  same a s  the quark current-algebra 
4 

mass matrix 111 and, i n  p a r t i c u l a r ,  . 
4 



- 9 
I m m q =  ImMq+re la t ive  o rde r  10 

C - 9 
= (v T 128 ) l  + r e l a t i v e  o r d e r  10 . 

c q  q  q  
(24 

- 
By d e f i n i t i o n ,  m r i s  the  c o e f f i c i e n t  of  qLr qRr i n  an  e f f e c t i v e  

q r r  

low-energy i n t e r a c t i o n  obta ined  from X' by i n t e g r a t i n g  o u t  a l l  degrees 

of freedom (hyperfermions, hypergluons, and hard  G -gluons) above - 
C 

100 GeV. 

, . 
F i r s t ,  n o t i c e  t h a t  e l e c t r i c  charge i s  conserved a f t e r  vacuum 

alignment i f  and only  i f  a l l  uLyR a r e  block-diagonal : 
P 

Our assumptions on the  s t r u c t u r e  of  GS-representat ions and of  G and 
f  

S  were designed,  i n  p a r t ,  {to ensure  t h a t  charge is  conserved, and we . . 

f  
. . . ,'; 

assume hencefor th  t h a t  i t  is .  From Eq.(22),  i t  i s  c l e a r  t h a t  t h e  
. . 

electroweak c o n t r i b u t i o n  t o  M involves  only  SU(2)W-index a - 3 ,  and t h a t  
P 

t h i s  c o n t r i b u t i o n  i s  r e a l  f o r  every p.  . , 

The quark mass ma t r ix  m is  genera ted  mainly by the  graph 
q . ' 

shown i n  F ig . lb ;  e lectroweak con t r ibu t ions  can be ignored. I n  t he  

oame approximation t h a t  Eq.(12) i s  v a l i d ,  t h e  sideways c o n t r i b u t i o n  

t o  m is  given by 
4  . . 

. . . . 

- 9 . +  terms of  r e l a t i v e  o r d e r  10 > . . .  . . . , . .  .: .., . #  

, . 

Here, t he  sum runs  over  hyperfermions (f) only ,  and t h e  neglected : . ,",,: . . .  :.. . 

terms a r e  of o r d e r  A / A  - lo- '  . (Higher-order sideways exchanges, 
q  0 



2 2 - 2 
whether suppressed by powers of gs (As) /8n o r  AS , a l t e r  (M ) and (m ) '' . 

q s  q s 
i n  the  same way.) I f  hyperfermions @' have no ordinary  (GC) co lo r  i n t e r -  

ac t ions ,  i t  i s  easy  t o  show t h a t  A = 28 A i n  which case (m ) = (Mq),., 
qa  q 0' q s  - 9 

up t o  terms of  r e l a t i v e  order  10 due t o  graphs i n  Figs.(2a) and . (4a )  in -  

volving quarks alone. Allowing f o r  the  p o s s i b i l i t y  t h a t  hyperfermions 

a l s o  ca r ry  ordinary  co lo r ,  and , t ak ing  i n t o  account the  usual  renormaliza- 

t i o n  of  A AD, and G - v e r t i c e s ,  i t  can be shown t h a t  [26] 
4 ' s n 

I&  

2 2 
Here, C i s  a group- t h e o r e t i c a l  filetor and  (ac(%) /m)  / z1~-9 . 

0 

* 
This e s t a b l i s h e s  Eq.(24)., I n , p a r t i c u l a r ,  even i f  v = O  so  t h a t  M = M  , 

C 4 4 
- 9 

m i s  not necessa r i ly  r e a l ;  m may have an imaginary p a r t  of order  10 
q q .  

t imes i t s  r e a l  p a r t .  (Note,' however, t h a t  i f  only one hyperfermion species  

con t r ibu tes  t o  M and m botht iare  r e a l  o r  complex together .)  . -  
q 4 , 

Eq.(24) i s  of c e n t r a l  importance t o  the  d iscuss ion of CP v i o l a t i o n  

which comes next. Although the  e f f e c t i v e  low-energy quark Hami;ttoni.an 

- 9 
may involve a d d i t i o n a l  CP-violating terms, they a r e  a t  most O(10 ) times 

the  quark mass .term. Thlls, the p s s s i b i l i t y  of s t rung  CP vio lae ion i s  

con t ro l l ed  e n t i r e l y  by the  magnitude of  v,:. 

4. The Character  of  CP Nonconservation 

There a r e  th ree  possi hl P gutcomes t o  t h c  vaeui.rrn a l i g r n l ~ ~ n t  problem: 

(i) U=U*. I n  this case, CP invariance i s  not spontaneously 

t 1 8  

broken. M M i s  a real symmetrio matrdx, fo r  each p ,  and so U 
P P Q 

and U' a r e  r e a l  orthogonal matr ices a l so .  v = 0, and there  i s  no CP 
P C 

v i o l a t i o n  of any kind. We know one c l a s s  of theor ie s  ' i n  which t h i s  , 

happens, namely v e c t o r i a l   sideway^ i n t e r a c t i o n s .  These have 



t tLa = tRa i n  both t h e  up and down s e c t o r s ,  hence E(W) = E(W ), 
p,a ? , a  

, . 

. . 

and it can be shown t h a t  t h e  t r i v i a l  U = 1 minimizes E. It i s  both . '  . ' 

P P 

i n t e r e s t i n g  and f o r t u n a t e  t h a t  v e c t o r i a l  t h e o r i e s  a r e  a l r e a d y  r u l e d  
. # .  . 

o u t  on o t h e r  grounds: Because they have an  o v e r a l l  SU(2)R a s  w e l l  

. . 

a s  SU(2)L symmetry, up-and down-quark masses a r e  equa l  i n  pa i r s , - and  . .. 
. . 

a l l  Cabibbo-KM ang le s  vanish  [15,28].  i 

( i i )  U f U * ,  v C #  0. I n  t h i s  ca se ,  s t r o n g  CP nonconservat ion 

C 
occurs .  A s  noted e a r l i e r ,  t h e  CP-nonconserving term i ( v  T 128 ) 7 Y5 q 

c q  4 

i n  t h e  e f f e c t i v e  Hamiltonian l eads  t o  a neutron e l e c t r i c  d i p o l e  

C - 16 
momentd - 1 0  ( v T / m A )  e - c m [ 9 j , w h e r e m u - 5 M e ~ i s  t h e u p  

N c q  u q  

quark mass. But,  i t  i s  c l e a r  from Eqs. (22) and (23) t h a t ,  i f  

V f 0 ,  i t s  n a t u r a l  s c a l e  i s  m A and dN exceeds t h e  experimental  
C u q' 

8 
bound by 10 [ l o ] .  A s  f a r  a s  we know, t h i s  c a s e  i s  a l o g i c a l  poss i -  

. .  , . . , .  . .  ' 
b i l i t y :  Even though a l l  ba re  masses (and vacuum ang le s )  a r e  ze ro  and 

, .?.' 

a l l  syrmnetry breaking dynamical, therc2 may be  s t r o n g  CP v i o l a t i o n .  

( i i? . )  U #u*, vC = 0. t h i s  ca se ,  CP inva r i ance  i s  spontane- 

ous ly  broken, b u t  t h e r e  i s  no l a r g e  c o n t r i b u t i o n  t o  dN. If m i s  
4 

n o t  r e a l ,  i t  c o n t r i b u t e s  a t  most - e-cm t o  dd. Other 

G -induced c o n t r i b u t i o n s  t o  dN i nc lude :  
S 

PV 
(1)  A CP-violat ing p i ece  i n  t h e  o p e r a t o r  < Q~ J qR , where 

F i s  t h e  e lec t romagnet ic  f i e l d .  This  a r i s e s  from t h e  graphs shown 
CL v 

i n  Fig.4. Even i f  M i s  real, t h e r e  i s  no reason  f o r  t he se  t o  be 
'I 

r e a l  un l e s s  on ly  one s p e c i e s  o f  hyperfermion appears  i n  t h e  i n t e r - ,  

mediate  state. The c o n t r i b u t i o n  o f  Fig.5a i s  n a t u r a l l y  . . 

h3 - 26 - eg2--H~ "usd  -10 R e-cm: 
( 4 ) 4 a  s 4 lNe  ~~1 1 

ps 



where R1 i s  a mixing-angle f a c t o r  and we have used ILS - 100 TeV 
. . 

a s  i s  a p p r o p r i a t e  f o r  gene ra t i ng  t h e  smal l  u  and d masses. Naively,  

2 2 - 21 
t h e  graph i n  Fig. 4b c o n t r i b u t e s  -. e gS%/pS -. 10 e-cm t o  dw This  

estimate i s  wrong. Because o f  t h e  dynamical n a t u r e  of  t h e  hyperfermion 

m a s s ,  dropping o f f  l i k e  4 / p 2  above A - 1 TeV[29], . t h i s  g r aph ' s  con- 
H 

- 26 
t r i b u t i o n  i s  suppressed  t o  t h e  same l e v e l  as (dN) 4a,namely 10 e-cm 

t i m e s  mixing-angle f a c t o r s .  

(2) The Hamiltonian 5~' (Eq. (12))  con ta in s  four-quark terms i n -  

' 

volving produc t v  o f  bo th  f lavor -conserv ing  and nonconserving GS-currents . 
.-. 

The c o e f f i c i e n t  o f  t e r m s  such as u L ~ p C L s ? u R  and ~ L ~ p S L ~ R ~ d R  w i l l ,  

i n  g e n e r a l ,  be  complex wi th  phases .o f  o r d e r  one and magnitude 

- 1 
< I O ' ~ ~ ( G ~ V ) - ~  . Allowing f o r  an  a d d i t i o n a l  suppress ion  o f  10  - lo-' 
N 

= 

due t o  t h e  d i f f i c u l t y  o f '  f i nd ing  a  s t r a n g e  o r  charmed quark.  p a i r  i n s i d e  

a neut ron ,  t h e s e  terms a r e  expected t o  g ive  

-11 
(dN)4- quark - e MN(10 - 10- l2  G ~ v - ~ )  R2 

R, i s  ano the r  unknown mixing-angle f a c t o r ,  
L 

(3 )  The on ly  o t h e r  source  o f  a neut ron  e l e c t r i c  d i p o l e  moment 
, . 

i s  t h e  e lec t roweak  i n t e r a c t i o n s .  The Cabibbo-Kobayashi-Maskawa 

mat r ix  i n  t h e  charged weak c u r r e n t  f o r  quarks is  ULt uL 
4,UP q,down ' 

R 
I f  U i s  complex, then we expec t  t h a t  bo th  uL and U w i l l  be a l s o .  

q- 4 q 

And i f  U 
L4' uL 

con ta in s  p h a s e s  which &n.not be e l i m i n a t e d  by 
q , . u p  q ,down 

a n  anomaly-free r e d e f i n i t i o n  of  quark- f ie ld  phases ,  charged weak in -  

t e r a c t i o n s  v i o l a t e  CP conserva t ion  .a l a  t he  KM midel[3]  . . However,. 

t h i s  c o n t r i b u t e s  on ly  - e-cm t o  dN [19]  . 



To sum up: A v a r i e t y  of  sideways-induced e f f e c t s  produce a neut ron  

-26 6 4 
moment d -10 e-em, which i s  10 -10 t imes l a r g e r  than  expected 

N 

i n  t h e  s tandard  KM model. While one can  t h i n k  of s i t u a t i o n s  i n  which 

some o f  t he se  e f f e c t s  van ish  (Im m = 0 ,  e .g . ) ,  i t  i s  d i f f i c u l t  t o  imagine 
4 

t h a t  they a l l  do s o  long a s  U iS complex. 

F i n a l l y ,  l e t  us  t u rn  t o  CP v i o l a t i o n  i n  t h e  neutral-K system. :Elec- 

troweak c o n t r i b u t i o n s  t o  t h e  CP-violat ing parameters  s and s ' have been 

d iscussed  e x t e n s i v e l y  elsewhere [30 ] ,  s o  w e  w i l l  concen t r a t e  on those  

due t o  broken sideways. i n t e r a c t i o n s .  The nominal s t r e n g t h  of  four-quark 

. -2 - 5 
terms i n  i s  (100TeV) = 10 Gp t imes (poss ib ly)  complex mixing-angle 

f a c t o r s .  Thus, t h e r e  i s  n e g l i g i b l e  c o n t r i b u t i o n  t o  F '. from any 1 AS 1 = 1 
- - 

terms appearing i n  xi.  If I A S I  = 2 terms occur ,  e s p e c i a l l y  s Y d s ?d 
L b L R  R,  

a cu r r en t - a lgeb ra  c a l c u l a t i o n  of  t h e i r ' c o r i t r i b u t i o n  t o  A?. i s  i n  agree- .  . . . . . .  . :I. ,. 

ment wi th  experiment i f  t h e  r e a l  p a r t  o f  t h e  mixing-angle f a c t o r  i s  I. , .. 

~ 1 0 - I  - 151. T h i s  i s  a reasonable  expec t a t i on  f o r  t he  c o e f f i c i e n t  
. . 

. . 

of  1 AS 1 = 2 terms. But, e q u a l l y  reasonable  t h e  imaginary p a r t  should be  

.. ' , . 

comparable t o  t h e  r e a l  p a r t ;  un l e s s  something s p e c i a l  happens, a l l  CP- . 
v i o l a t i n g  phases a r e  expected t o  be o r d e r  one. This  produces 6-1, th ree '  . . + . . . , . 

o r d e r s  of magnitude too  l a rge !  

Th i s  i s  one o f  the  most s e r i o u s  problems f ac ing  t h e  gene ra l  program 

of  c o n s t r u c t i n g  dynamically broken e lec t roweak  gauge t h e o r i e s .  It empha- 

s i z e s  once aga in  the  need f o r  a model r e a l i s t i c  enough t o  have a n o n - t r i v i a l ;  

CP-nonconserving s o l u t i o n  t o  vacuum al ignment .  Only then can one c r i t i -  . . 

ca 11 y a s s e s s  t he  magnitude of  t he  I AS 1 = 2 problem. A p o s s i b l e  r e s o l u t i o n  

o f  t h e  I AS 1 = 2 problem w i l l  be  o u t l i n e d  below. 

We have s t r e s s e d  t h a t  t he  s t r u c t u r e  of  GS and t h e  p a t t e r n  o f  i ts  

breakdown determines,  i n  p r i n c i p l e ,  t h e  CP-transformation p r o p e r t i e s  

o f  t h e  low-energy quark i n t e r a c t i o n .  C l e a r l y ,  on ly ,  t h e  type . ( i i i )  , .  . 
. . 

models, those  f o r  which U # Ua and vC = 0 ,  have a n y  .hope of desc r ib ing  , . 



t he  observed CP v i o l a t i o n .  We should ask,  then: When i s  vC= O ?  

We would l i k e  to  have a physica l  c r i t e r i o n  f o r  which s o r t  of models 

w i l l  be type ( i i i )  , and which w i l l  not. So f a r ,  our only d e f i n i t e  

c r i t e r i o n  i s  a mathematical one, a l ready apparent i n  our discuss-  

i o n  o f  QCD: Suppose we remove the  c o n s t r a i n t  proscr ib ing c h i r a l  

t ransfoknat ions  with GH - o r  GC - anomalies, thereby genera l iz ing  

E(W) t o  inc lude  dependence on 0 -  = 4 (eC-BH) . Then i t  i s  easy t o  show 

t h a t  vC=O i f  w e  f ind  t h a t  (a) wi th  r e spec t  t o  W-var ia t ions ,E is  

minimized a t  W=U, 9 = O ;  and (b) wfth respec t  t o  9 -vnriatlonzc, E - 

One c l a s s  of models i n  which it. may be poss ib le  t o  f ind  U # U * ,  

but  vC = 0 ,  i s  suggested by &e f a c t  t h a t  the  vacuum, energy f o r  .a 

v e c t o r i a l  GS-theory i s  minimized by U = l .  Consider a model which ' 

i s  v e c t o r i a l  i n  the  down s e c t o r ,  bu t  not i n  the  1 . 1 ~  sec to r :  

La 
(tLa ) = ( t  ) - - Ra ) 

Ra 

p,o up p,o down ( t O , o  downf (tp,b)up. 
So long a s  e l e c t r i c  

. - charge i s  conserved, U p ,  down - I p ,  down extremizes the  vacuum energy 

and, i n  f a c t ,  minimizes the  down-sector con t r ibu t ion  t o  E, From 

E ~ S .  (22) and (23), t h i s  extrelllum has v = 0. O f  course , U 
C 

i s  
P,UP . 

t i e d  t o  U through the  modularity cons t ra in t s .  But i f  these  
g , d'3wn 

permit E t o  be minimized with a t r i v i a l  u and complex U 
p , down PYUPY 

the  model has  type ( i i i )  CP-yiolation. 

There i s . a n  important bonus i n  t h i s  scenario:  i t  solves  the  

!AS1 = 2 problem, es  we.11 as the StFuIZg CP problcm. With v e c t o r i a l  

sideways i n t e r a c t i o n s  i n  the  down s e c t o r ,  i t  seems l i k e l y  t o  us 

t h a t  M . w i l l  be diagonal ( a s  well  a s  r e a l  and pos i t ive )  with 
P ,  Cbwn 

. uL = #  = 1 To see  - t h i s ,  examine the  form Eq. (22) 
p ,  down p ,  down p ,  down . * 

L 
takes  when, i n  the  down s e c t o r , '  we put  tLa = tRa 5 ta and U =J(= 1: 



b 
rl 

(Mpr r  "down A p  = $b 1 p r ,  CJS t 0s , p r  ' $ 0 ' ~  '6 rr , ) n  - 0 I P O .  (30) 

0 9  s 0 

a 
Gauge group g e n e r a t o r s  t a r e  g e n e r a l l y  such t h a t  t h e  f i r s t  term 

P r ,  0s 

on t h e  r i g h t  s i d e  o f  Eq. (30) a l s o  i s  p r o p o r d s n a l  t o  6 r . Thus, 
rr 

t h e r e  a r e  no mixing ang le s  a t  a l l  i n  t h e  down s e c t o r ,  a s  w e l l  as no 

reason  t o  expec t  1 AS 1 = 2 sideways i n t e r a c t i o n s .  

I n  t h i s  s c e n a r i o ,  a l l  mixing ang le s  r e s i d e  i n  t h e  up s e c t o r .  

- 
And, i n  gene ra l ,  we would expec t  1 AC 1 = 2 terms such a s  c L ~ p u L ~ R ? u R  . 
A c rude  e s t i m a t e  of  t h e i r  c o n t r i b u t i o n  t o  %o g i v e s  

. . 

-2 2 
(100 TeV) f D % o R .  

R i s  ano the r  (model-dependent) mixing-angle f a c t o r ,  and f D  is  t h e  

D-meson decay c o n s t a n t ,  expected t o  be approximately equa l  t o  f  =100MeV. 
7T 

- 1 - 2 
Th i s ,  g i v e s  w 1 0 - ~ ~ 8  GeV. With R expected t o  be -10 t o  10  , 

t h i s  i s  s u r p r i $ i n g l y  c l o s e  t o  t h e  c ,anonical  e s t i m a t e  of  t h e  Do -w id th :  

2 
rD0 ' 5GF 4 / 1 9 2 n 3  ~2 X 10- l2  GeV. I n  view o f  t h i s ,  w e  s t r o n g l y  urge 

a renewed sea rch ,  with h igh  s t a t i s t i c s ,  f o r  Do - b0 mixing. Such a 

s ea rch  should be' c a r r i e d  o u t  by t h e  MARK I11 d e t e c t o r  a t  SPEAR, 

3 
u t i l i z i n g  the  1 Dl charmonium s t a t e  1)" (3772). 

4. Summary 

Dynamically broken gauge t h e o r i e s  o f  t h e  electroweak i n t e r a c t i o n s  

provide t h e  on ly  c l e a r  i n s i g h t  t o  t h e  o r i g i n  o f  CP-violat ion a s  w e  

observe i t ,  'J3ough t h e  dynamical ly  determined Hamiltonian K O  + X' 

and t h e  ground s t a t e  10) may appear  t o  be CP i n v a r i a n t ,  t h i s  can be 

an i l l u s i o n .  Spontaneous CP nonconservat ion can occur  a s  a d i r e c t  

consequence o f  t he  need f o r  vacuum al ignment  i n  any theory  w i th  both ., 

spontaneous and e x p l i c i t  symmetry breaking.  



Even though a l l  vacuum ang le s  n a t u r a l l y  can be zero ,  t h e r e  s t i l l  

may be a s t r o n g  CP problem, mani fes ted  by a l a r g e  imaginary p a r t  o f  

t h e  quark mass m a t r i x  and a neut ron  e l e c t r i c  d i p o l e  moment dNwhich  

i s  e i g h t  o r d e r s  o f  magnitude l a r g e r  than  allowed. With t h e  Peccei-Quinn 

mechanism f o r  avoid ing  s t rong  CP v i o l a t i o n  appa ren t ly  c l o s e d  t o  u s ,  t he  

o n l y  p o s s i b i l i t y  appears  t o  be t h a t  t h e  energy o f  the  t r u e  ground s t a t e  

i s  s t a t i o n a r y  w i t h  r e s p e c t  , t o  v a r i a t i o n s  i n  t h e  vacuum angles .  I f  

t h i s  happens, t h e  o v e r a l l  phase of t h e  quark mass ma t r ix  i s  a t  most 

- 9 
O(10 ) We emphasize t h a t  t h i s  s t r o n g  suppression is  ve ry  speci-f ix 

I 

t o  model s wi th  dynamical symmetry breaking ,  cha rac t e r i zed  by fermion 

condensates  i n s t e a d  o f  s c a l a r  f i e l d  vacuum expec t a t i on  va lues .  

I n  t h e  d e s i r a b l e  type ( i i i )  models, CP v i o l a t i o n  i n  t he  e l e c t r o -  

weak i n t e r a c t i o n s  is  p r e c i s e l y  a s  proposed by Kobayashi and .Maskawa. 

Now, however, t h e  o r i g i n  o f  t h e  phases  i s ' u n d e r s t o o d  and t h e y . a r e  

c a l c u l a b l e ,  a t  l e a s t  i n . p r i n c i p l e .  But t h e r e  i s  an even more immediate. 

depa r tu re  from t h e  s tandard  KM model: Addi t iona l  sources  of CP 

v i o l a t i o n ,  i n  t h e  quark mass m a t r i x  and o t h e r  low-energy e f f e c t s  of  

t h e  sideways i n t e r a c t i o n ,  seem t o  l ead  i n e v i t a b l y  t o  % -10. 
- 25f 1 

e-cm, 

Thus, ff t h e  electr ic d ipo le  moment o f  t h e  neut ron  i s  no t  found a t  

t h i s  l e v e l ,  our  g e n e r a l  approach t o  CP nonconservat ion w i l l  almost 

c e r t a i n l y  be r u l e d  ou t .  

F i n a l l y ,  i n  t h i s  paper ,we have proposed a p a r t i c u l a r  c l a s s  o f  

models in which t h e r e  a r e  good reasons t o  b e l i e v c  t h a t  t h e  otrong 

CP problem i s  so lved  au toma t i ca l l y .  These " v e c t o r i a l  down-sector" 

models s imul taneous ly  so lve  t h e  problem o f  unacceptably l a r g e  (AS 1 = 2 

e f f e c t s  mediated by t h e  sideways i n t e r a c t i o n s .  With a l l  n o n t r i v i a l  

ang le s  and phases  i n  t h e  u p , s e c t o r ,  i t  i s  expected t h a t  t he se  models 



0 -0 
w i l l  have I AC I= 2 processes  such a s  D - D mixing. Our e s t i m a t e  o f  AM,.,. 

. > + - 
sugges ts  t h a t  DO - mixing may soon be observable  i n  e e ann ih i -  

l a t i o n  experiments.  
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Figure  Cap 3 ons 

1.. (a) The b a s i c  t r a n s i t i o n  from a hyperfennion t o  an o rd ina ry  fermion, 

mediated by a heavy sideways gauge boson. 

(b) Typica l  graph producing a mass f o r  a quark o r  l ep ton .  The 

shaded b lob  r e p r e s e n t s  t h e  dynamical mass o f  t h e  h y p e r f e d o n .  It 

i s  understood t h a t  a l l  p o s s i b l e  gluon and hypergluon c o r r e c t i o n s  

t o  t h e  fermion l i n e s  a r e  included.  

2. Graphica l  s t r u c t u r e  of (a) A and (b) A 1 , ' The heavy dots a r e  
pa, 

GS-vert ices .  It i s  understood t h a t  a l l  p o s s i b l e  gluon andthyper -  

gluon c o r r e c t i o n s  t o  t h e  fermion loops a r e  inc luded .  

2 .  
3 .  The 0 (a hl/a) c o n t r i b u t i o n  of e l e c  troweak i n t e r a c t i o n s  t o  t h e  

vacuum energy. The cross-hatched blobs r e p r e s e n t  t h e  po l a r i za -  

4 -ik. ,x 
t ior i  t e n s o r  2J d x e  ( 0 I W - ~ T ( ~ : ~  (x) (0)) (,a) ; t h e  wavy l i n e s  

a r e  (massless)  GW-boson propagators. ,  

CLV 
4 .  Cont r ibu t ions  t o  t h e  CP-violat ing p a r t  of  qLopg qR . Tile n o t a t i o n  

i s  a s  i n  F i g . 1 .  These graphs assurnr that t h e  r e l e v a n t  C s -gauge 

bosons and' hyperferml.ons are electrically charged. 



Figures I (a )  and 1 (b) 
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Figure 2 




