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Measurement of Dijet Azimuthal Decorrelations at Central Rapidities 
in pp Collisions at /̂s = 1.96 TeV
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C orre la tio ns in  th e  az im u th a l angle betw een  th e  two la rg est tran sv erse  m o m en tu m  je ts  have been  
m easu red  using  th e  D 0  d e te c to r  in  p p  collisions a t a  center-of-m ass energy * fs  =  1.96 TeV. T h e  
analysis is based  on  an  inclusive d ije t event sam ple  in  th e  c e n tra l ra p id ity  reg ion  co rresponding  
to  an  in teg ra ted  lum inosity  of 150 p b - 1 . A z im u th a l co rre la tion s are stro n g er a t larger tran sv erse  
m om en ta . T hese  are w ell-described in  p e r tu rb a tiv e  Q C D  a t n ex t-to -le ad in g  o rder in  th e  stro n g  
coupling  co n s tan t, ex cept a t large az im u th a l differences w here soft effects a re significant.

P A C S  n u m b e r s :  1 3 .8 7 .C e ,1 2 .3 8 .Q k
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M u lt i - p a r to n  r a d ia t io n  is  o n e  o f  th e  m o re  c o m 

p le x  a s p e c ts  o f  p e r tu r b a t iv e  Q u a n tu m  C h ro m o d y n a m ic s  

(p Q C D ) a n d  i t s  th e o ry  a n d  p h e n o m e n o lo g y  a re  b e in g  a c 

t iv e ly  s tu d ie d  for th e  p h y s ic s  p ro g ra m s  a t  th e  F e rm ila b  

T e v a tro n  C o llid e r  a n d  th e  C E R N  L H C  [1]. T h e  p ro p e r  

d e s c r ip t io n  o f  r a d ia t iv e  p ro c e s se s  is c ru c ia l  fo r a  w id e  

r a n g e  o f  p re c is io n  m e a s u re m e n ts  a s  w e ll a s  for s e a rc h e s  

fo r n e w  p h y s ic a l  p h e n o m e n a  w h e re  th e  in f lu en c e  o f  Q C D  

r a d ia t io n  is u n a v o id a b le .  A  c le a n  a n d  s im p le  w a y  to  

s t u d y  r a d ia t iv e  p ro c e s se s  is t o  e x a m in e  th e i r  im p a c t  o n  

a n g u la r  d is t r ib u t io n s .  D ije t  p r o d u c t io n  in  h a d r o n - h a d ro n  

c o llis io n s , in  th e  a b se n c e  o f  r a d ia t iv e  e ffec ts , r e s u l ts  in  

tw o  j e t s  w ith  e q u a l t r a n s v e r s e  m o m e n ta  w ith  r e s p e c t  

t o  th e  b e a m  a x is  (pT ) a n d  c o r r e la te d  a z im u th a l  a n g le s  

A ^ d ije t  =  l^ je t i  — 2 1 =  n . A d d it io n a l  so ft r a d ia t io n  

c a u se s  sm a ll a z im u th a l  d e c o r re la t io n s , w h e re a s  dijet 

s ig n if ic a n tly  lo w er t h a n  n  is e v id e n c e  o f  a d d i t io n a l  h a r d  

r a d ia t io n  w ith  h ig h  p T . E x c lu s iv e  th r e e - je t  p ro d u c t io n  

p o p u la te s  2 n / 3  <  A ^  dijet <  n  w h ile  sm a lle r  v a lu e s  o f 

A ^  dijet r e q u ire  a d d i t io n a l  r a d ia t io n  su c h  a s  a  f o u r th  j e t  

in  a n  e v e n t. D is t r ib u t io n s  in  A ^  dijet p ro v id e  a n  id e a l 

t e s t in g  g ro u n d  for h ig h e r -o rd e r  p Q C D  p re d ic t io n s  w ith 

o u t  r e q u ir in g  th e  r e c o n s t ru c t io n  o f  a d d i t io n a l  j e t s  a n d  

o ffer a  w a y  to  e x a m in e  th e  t r a n s i t i o n  b e tw e e n  so f t a n d  

h a r d  Q C D  p ro c e s se s  b a s e d  o n  a  s in g le  o b s e rv a b le .

A  n e w  m e a s u re m e n t  o f  a z im u th a l  d e c o r re la t io n s  b e 

tw e e n  j e t s  p ro d u c e d  a t  h ig h  p T in  p p  c o llis io n s  is  p r e 

s e n te d  in  th is  L e t te r .  J e t s  a re  d e fin e d  u s in g  a n  i t e r 

a t iv e  se e d -b a s e d  c o n e  a lg o r i th m  ( in c lu d in g  m id -p o in ts )  

w i th  r a d iu s  R Cone =  0 .7  [2]. T h e  s a m e  j e t  a lg o r i th m  

is  u s e d  fo r p a r to n s  in  th e  p Q C D  c a lc u la tio n s , f in a l- s ta te  

p a r t ic le s  in  th e  M o n te  C a r lo  e v e n t g e n e ra to r s ,  a n d  re c o n 

s t r u c te d  e n e rg y  d e p o s i t io n s  in  th e  e x p e r im e n t .  A ^  dijet 

is  r e c o n s t ru c te d  f ro m  th e  tw o  j e t s  w i th  h ig h e s t  p T in  

a n  e v e n t. T h e  o b s e rv a b le  is d e f in e d  a s  th e  d if fe re n tia l 

d i je t  c ro s s  s e c t io n  in  A ^  dije t , n o rm a liz e d  b y  th e  d ije t  

c ro s s  s e c t io n  in te g ra te d  o v e r  A ^  dijet in  th e  s a m e  p h a s e  

s p a c e  ( 1 / a dije t) ( d a dije t/ d A ^ dije t). (T h e o re t ic a l  a n d  e x 

p e r im e n ta l  u n c e r ta in t ie s  a re  r e d u c e d  in  th is  c o n s t ru c 

t io n .)  C a lc u la t io n s  o f  th r e e - je t  o b s e rv a b le s  a t  n e x t- to -  

le a d in g  o rd e r  (N L O ) in  th e  s t ro n g  c o u p lin g  c o n s ta n t  a s , 

h a v e  re c e n t ly  b e c o m e  a v a ila b le  [3, 4 ]. Q u a n t i ta t iv e  c o m 

p a r is o n s  w i th  d a t a  y ie ld  in fo rm a tio n  o n  th e  v a l id i ty  o f 

th e  p Q C D  d e s c r ip t io n  a n d  in c re a s e  s e n s i t iv i ty  for g a u g 

in g  p o te n t i a l  d e p a r tu r e s  t h a t  c o u ld  s ig n a l th e  p re s e n c e  o f 

n e w  p h y s ic a l  p h e n o m e n a .

D a ta  w ere  o b ta in e d  w i th  th e  D 0  d e te c to r  [5] in  R u n  II  

o f  th e  F e rm ila b  T e v a tro n  C o llid e r  u s in g  p p  co llis io n s  a t  

a / s  =  1 .96  T eV . T h e  p r im a r y  to o l  for j e t  d e te c t io n  w as  a 

c o m p e n s a t in g , f in e ly  s e g m e n te d , l iq u id -a rg o n  a n d  u r a 

n iu m  c a lo r im e te r  t h a t  p ro v id e d  n e a r ly  fu ll so lid -a n g le  

c o v e ra g e . C a lo r im e te r  ce lls w e re  g ro u p e d  in to  p ro je c t iv e  

to w e rs  fo c u se d  o n  th e  n o m in a l  in te r a c t io n  p o in t  for t r ig 

g e r  a n d  r e c o n s t ru c t io n  p u rp o s e s .  E v e n ts  w ere  a c q u ire d  

u s in g  m u lt ip le - s ta g e  in c lu s iv e - je t  t r ig g e rs .  F o u r  a n a ly s is  

re g io n s  w ere  d e fin e d  b a s e d  o n  th e  j e t  w ith  la rg e s t  p T in

n/2 3n/4 n
dijet ( r a d )

F IG . 1: T h e  A 0dijet d is trib u tio n s  in  four regions of p™ax. 
D a ta  an d  p red ic tion s w ith  pm ax >  100 G eV  are scaled by  su c 
cessive fac to rs  of 20 for p u rp o se s of p resen ta tio n . T h e  solid 
(dashed) lines show  th e  N L O  (LO) p Q C D  predic tions.

a n  e v e n t (pm ax) w ith  th e  r e q u ire m e n t t h a t  th e  t r ig g e r  

e ffic ie ncy  b e  a t  le a s t  99% . T h e  a c c u m u la te d  in te g ra te d  

lu m in o s it ie s  fo r e v e n ts  w ith  pm ax >  75, 100, 130, a n d  

180 G e V  w ere  1 .1, 21, 90, a n d  150 p b - 1  (± 6 .5 % ) , re 

sp e c tiv e ly . T h e  se c o n d  le a d in g  p T  j e t  in  e a c h  e v e n t w as 

r e q u ir e d  to  h a v e  p T >  40  G e V  a n d  b o th  j e t s  w ere  re 

q u i re d  to  h a v e  c e n tr a l  r a p id i t ie s  w i th  |yje t | <  0 .5  w h e re  

i/jet =  \  In  ( ( E  +  p z ) / ( E  -  p z ))  a n d  E  a n d  p z axe th e  

e n e rg y  a n d  th e  lo n g i tu d in a l  m o m e n tu m  o f  th e  je t .

T h e  p o s i t io n  o f  th e  p p  in te r a c t io n  w as  r e c o n s t ru c te d  

u s in g  a  t r a c k in g  s y s te m  c o n s is t in g  o f  s ilic o n  m ic r o s t r ip  

d e te c to r s  a n d  s c in t i l la t in g  f ib e rs  lo c a te d  w i th in  a  2 T  

so le n o id a l m a g n e t .  T h e  v e r te x  z -p o s i t io n  w as  r e q u ir e d  to  

b e  w ith in  50  c m  o f  th e  d e te c to r  c e n te r  w h ic h  p re s e rv e d  

th e  p ro je c t iv e  n a tu r e  o f  th e  c a lo r im e te r  to w e rs . T h e  sy s 

t e m a t ic  u n c e r ta in ty  a s s o c ia te d  w ith  th e  v e r te x  se le c tio n  

e ffic ie ncy  is less t h a n  3%  for A ^  dj et >  2 n / 3  a n d  «  8%  

fo r A ^  dj et «  n / 2 .  T h e  m is s in g  t r a n s v e r s e  e n e rg y  w as 

c a lc u la te d  f ro m  th e  v e c to r  s u m  o f  th e  in d iv id u a l  t r a n s 

v e rse  e n e rg ie s  in  c a lo r im e te r  ce lls . B a c k g ro u n d  fro m  co s 

m ic  r a y s  a n d  in c o r re c t ly  v e r te x e d  e v e n ts  w as  e l im in a te d  

b y  r e q u ir in g  th is  m is s in g  t r a n s v e r s e  e n e rg y  to  b e  b e lo w

0 .7 pm ax. B a c k g ro u n d  in t ro d u c e d  b y  e le c tro n s , p h o to n s , 

a n d  d e te c to r  n o ise  t h a t  m im ic k e d  j e t s  w as  e l im in a te d
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FIG . 2: R a tio s  of d a ta  to  th e  N L O  p Q C D  ca lcu la tio n  for 
d ifferent regions of p™ax. T h eo re tica l u n c e rta in tie s  d ue  to  

v a ria tio n  of ^ r an d  ^ f  a re show n as th e  sh ad ed  regions; th e  
u n c e rta in ty  d ue  to  th e  P D F s  is in d ica te d  by  th e  solid lines. 
T h e  p o in ts  a t large A 0  dijet a re excluded  because  th e  ca lcu la 
tio n  h as  non -physica l b eh av io r n ea r th e  d ivergence a t n .

b a s e d  o n  c h a ra c te r is t ic s  o f  sh o w e r d e v e lo p m e n t e x p e c te d  

fo r g e n u in e  je ts .  T h e  o v e ra ll s e le c tio n  effic ie ncy  is ty p i 

c a lly  «  83%  fo r A ^  dijet <  5 n / 6  a n d  d ro p s  to  «  78%  as

A ^  dijet  ̂ n .

T h e  p T o f  e a c h  j e t  w as  c o r r e c te d  fo r c a lo r im e te r  sh o w 

e r in g  effec ts , o v e r la p s  d u e  to  m u lt ip le  in te r a c t io n s  a n d  

e v e n t p ile -u p , c a lo r im e te r  n o ise  e ffects , a n d  th e  e n e rg y  

r e s p o n s e  o f  th e  c a lo r im e te r .  T h e  c a lo r im e te r  re sp o n s e  

w as  m e a s u re d  f ro m  th e  p T im b a la n c e  in  p h o to n  +  j e t  

e v e n ts . T h e  re la t iv e  u n c e r ta in ty  o n  th e  j e t  e n e rg y  c a li 

b r a t io n  is «  7%  fo r j e t s  w i th  20 <  p T <  250 G eV . T h e  

s e n s i t iv i ty  o f  th e  m e a s u re m e n t t o  th is  c a l ib r a t io n  w as  re 

d u c e d  b y  n o rm a liz in g  th e  A ^  dijet d i s t r ib u t io n  to  th e  in te 

g r a te d  d i je t  c ro s s  se c tio n . N e v e r th e le s s , th is  p ro v id e s  th e  

la rg e s t  c o n t r ib u t io n  to  th e  s y s te m a t ic  u n c e r ta in ty  ( <  7%  

fo r A ^  dijet >  4 n / 5  b u t  u p  to  23%  fo r A ^  dijet <  2 n /3 ) .

T h e  c o r re c t io n  fo r m ig ra t io n s  b e tw e e n  b in s  d u e  to  fi

n i te  e n e rg y  a n d  p o s i t io n  r e s o lu t io n  w as  d e te r m in e d  fro m  

e v e n ts  g e n e ra te d  w i th  th e  H E R W IG  [6] a n d  P Y T H I A  [7] 

p ro g ra m s . T h e  g e n e r a te d  j e t s  w ere  s m e a re d  a c c o rd in g  

to  d e te c to r  r e s o lu t io n s  [8]. T h e  a n g u la r  j e t  re s o lu t io n  

w as  d e te r m in e d  f ro m  a  fu ll s im u la t io n  o f  th e  D 0  d e te c 

t o r  re sp o n s e . I t  w as fo u n d  to  b e  b e t t e r  t h a n  2 0 m r a d

fo r j e t s  w ith  e n e rg ie s  a b o v e  80  G eV . T h e  j e t  p T re s 

o lu t io n  w as  m e a s u re d  f ro m  th e  p T im b a la n c e  in  d i je t  

e v e n ts . I t  d e c re a s e s  f ro m  18%  a t  p T =  40  G e V  to  9%  for 

p T =  200 G eV . F in i te  j e t  p T re s o lu t io n  c a n  le a d  to  a m 

b ig u i t ie s  in  th e  se le c tio n  o f  th e  tw o  le a d in g  p T je ts .  T h is  

e ffect is la rg e  a t  sm a ll  A ^  dijet w h e re  c o n t r ib u t io n s  fro m  

h ig h e r  j e t  m u lt ip l ic i t ie s  d o m in a te .  T h e  g e n e ra te d  e v e n ts  

w ere  r e w e ig h te d  to  d e s c r ib e  th e  o b s e rv e d  A ^  dijet d i s t r i 

b u t io n .  T h is  p ro v id e d  a  g o o d  d e s c r ip t io n  o f  th e  o b s e rv e d  

p T s p e c t r a  o f  th e  fo u r  le a d in g  p T je ts .  T h e  c o r re c t io n  for 

m ig ra t io n s  is ty p ic a l ly  le ss  t h a n  8%  for A ^  dijet >  2 n / 3  

a n d  «  40%  fo r A ^  dijet «  n / 2  w ith  a  m o d e l d e p e n 

d e n c e  o f  less t h a n  2% . O n ly  fo r pm ax <  130 G e V  a n d  

a t  A ^  dijet «  n / 2 ,  is th e  m o d e l d e p e n d e n c e  a s  la rg e  as  

«  14% .

T h e  c o r r e c te d  d a t a  a re  p re s e n te d  in  F ig . 1 a s  a  fu n c 

t io n  o f  A ^  dijet in  fo u r r a n g e s  o f  p ^ ax . T h e  in n e r  e r ro r  

b a r s  r e p r e s e n t  th e  s t a t i s t i c a l  u n c e r ta in t ie s  a n d  th e  o u te r  

e r ro r  b a r s  c o r re s p o n d  to  th e  q u a d r a t ic  s u m  o f  th e  s t a 

t i s t ic a l  a n d  s y s te m a t ic  u n c e r ta in t ie s .  T h e  s p e c t r a  a re  

s t ro n g ly  p e a k e d  a t  A ^  dijet «  n ; th e  p e a k s  a re  n a rro w e r  

a t  la rg e r  v a lu e s  o f  p ^ ax . O v e r la id  o n  th e  d a t a  p o in ts  

in  F ig . 1 a re  th e  r e s u l ts  o f  p Q C D  c a lc u la t io n s  o b ta in e d  

u s in g  th e  p a r to n - le v e l  e v e n t g e n e ra to r  N L O J E T + — + [4] 

a n d  C T E Q 6 .1 M  [9] p a r t o n  d is t r ib u t io n  fu n c tio n s  (P D F s )  

w i th  a s (M Z ) =  0 .1 1 8 . T h e  o b s e rv a b le  w as  c a lc u la te d  

fro m  th e  r a t io  o f  th e  p re d ic t io n s  fo r 2 ^  3 p ro c e sse s  

(d<rdije t/ d A ^ d i j e t) a n d  2 ^  2 p ro c e s se s  ( a dije t), b o th  a t  

le a d in g  o rd e r  (L O ) o r  N L O ,

1 d a dijet

(N)LO
d A ^ dijet

(N)LO

T h e  r e n o r m a l iz a t io n  a n d  f a c to r iz a t io n  sc a le s  a re  c h o se n  

to  b e  ^ r  =  ^ f  =  0 .5 pm ax. T h e  r a t io  is  in se n s it iv e  to  

h a d r o n iz a t io n  c o r re c t io n s  a n d  th e  u n d e r ly in g  e v e n t [10].

N L O  p Q C D  p ro v id e s  a  g o o d  d e s c r ip t io n  o f  th e  d a ta .  

A s sh o w n  in  F ig . 2 d a t a  a n d  N L O  a g re e  w ith in  5 

10% . T h e  th e o re t ic a l  u n c e r ta in ty  d u e  to  th e  P D F s  [9] 

is e s t im a te d  to  b e  b e lo w  20% . A lso  s h o w n  is th e  ef 

fec t o f  r e n o rm a l iz a t io n  a n d  f a c to r iz a t io n  sc a le  v a r ia t io n  

(0 .2 5 pm ax <  Mr ,f  <  p “ ax)- T h e  la rg e  sc a le  d e p e n d e n c e  

fo r A ^  dijet <  2 n / 3  o c c u rs  b e c a u s e  th e  N L O  c a lc u la t io n  

o n ly  rece iv es  c o n t r ib u t io n s  f ro m  tre e - le v e l f o u r - p a r to n  fi

n a l  s t a te s  in  th is  re g im e . R e s u lts  f ro m  p Q C D  a t  la rg e  

A ^  dijet in  F ig s . 1 a n d  2 w ere  e x c lu d e d  b e c a u s e  fixed- 

o rd e r  p e r tu r b a t io n  th e o ry  fa ils  to  d e s c r ib e  th e  d a t a  in  

th e  re g io n  A ^ dij et ~  n  w h e re  so f t p ro c e s se s  d o m in a te .

M o n te  C a r lo  e v e n t g e n e ra to r s ,  su c h  a s  HERWIG a n d  

PYTHIA, u se  2 ^  2 L O  p Q C D  m a tr ix  e le m e n ts  w i th  p h e 

n o m e n o lo g ic a l p a r to n - s h o w e r  m o d e ls  to  s im u la te  h ig h e r  

o rd e r  Q C D  effec ts . R e s u lts  f ro m  HERWIG (v e rs io n  6 .50 5 ) 

a n d  PYTHIA (v e rs io n  6 .2 2 5 ), b o th  u s in g  d e fa u lt  p a r a m 

e te r s  a n d  th e  C T E Q 6 L  [9] P D F s ,  a re  c o m p a re d  to  th e  

d a t a  in  F ig . 3 . HERWIG d e sc r ib e s  th e  d a t a  w ell o v e r  th e  

e n t ir e  A ^  dijet r a n g e  in c lu d in g  A ^  dijet «  n .  PYTHIA w ith

1

2

1

2

1
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n/2 3n/4 n
dijet ( r a d )

FIG . 3: T h e  A 0  dijet d is tr ib u tio n s  in  d ifferent p^^ax ranges. 
R esu lts from  H E R W IG  an d  P Y T H I A  are overlaid  on  th e  d a ta . 

D a ta  an d  p red ic tion s  w ith  pm ax >  100 G eV  are scaled  by  suc 
cessive factors of 20 for purposes of p re sen ta tio n .

d e fa u l t  p a r a m e te r s  d e s c r ib e s  th e  d a t a  p o o r ly — th e  d is t r i 

b u t io n  is  to o  n a r ro w ly  p e a k e d  a t  A ^  dijet «  n  a n d  lies  sig 

n if ic a n t ly  b e lo w  th e  d a t a  o v e r  m o s t  o f  th e  A ^  dijet ra n g e . 

T h e  m a x im u m  p T in  th e  in i t ia l - s ta te  p a r to n  sh o w e r is 

d i r e c t ly  r e la te d  to  th e  m a x im u m  v i r tu a l i ty  t h a t  c a n  b e  

a d ju s te d  in  PYTHIA. T h e  s h a d e d  b a n d s  in  F ig . 3 in d ic a te  

th e  r a n g e  o f  v a r ia t io n  w h e n  th e  m a x im u m  a llo w e d  v ir tu -  

a l i ty  is s m o o th ly  in c re a s e d  f ro m  th e  c u r r e n t  d e fa u lt  b y  a 

fa c to r  o f  fo u r  [11]. T h e s e  v a r ia t io n s  r e s u l t  in  s ig n if ic a n t 

c h a n g e s  in  th e  low  A ^  dijet r e g io n  c le a r ly  d e m o n s tr a t in g  

th e  s e n s i t iv i ty  o f  th is  m e a s u re m e n t.  C o n s e q u e n tly , g lo b a l 

e ffo r ts  to  tu n e  M o n te  C a r lo  e v e n t g e n e ra to r s  sh o u ld  b e n 

e fit  f ro m  in c lu d in g  o u r  d a ta .

T o  su m m a r iz e , w e h a v e  m e a s u re d  th e  d i je t  a z im u th a l  

d e c o r r e la t io n  in  d if fe re n t r a n g e s  o f  le a d in g  j e t  p T a n d  

o b s e rv e  a n  in c re a s e d  d e c o r r e la t io n  to w a rd s  sm a lle r  p T . 

N L O  p Q C D  d e s c r ib e s  th e  d a t a  e x c e p t fo r v e ry  la rg e  

A ^  dijet w h e re  th e  c a lc u la t io n  is n o t  p re d ic tiv e .

W e w ish  to  th a n k  W . G ie le , Z. N agy, M . H . S ey 

m o u r , a n d  T . S jo s t r a n d  for m a n y  h e lp fu l d isc u ss io n s . 

W e th a n k  th e  s ta ffs  a t  F e rm ila b  a n d  c o lla b o r a t in g  in 

s t i tu t io n s ,  a n d  a c k n o w le d g e  s u p p o r t  f ro m  th e  D e p a r t-

m e n t  o f  E n e rg y  a n d  N a t io n a l  S c ien ce  F o u n d a t io n  (U S A ), 

C o m m is s a r ia t  a  l ’E n e rg ie  A to m iq u e  a n d  C N R S / I n s t i t u t  

N a t io n a l  d e  P h y s iq u e  N u c le a ire  e t  d e  P h y s iq u e  d e s  P a r 

t ic u le s  (F ra n c e ) , M in is try  o f  E d u c a t io n  a n d  Sc ience , 

A g e n c y  fo r A to m ic  E n e rg y  a n d  R F  P r e s id e n t  G r a n ts  P r o 

g ra m  (R u s s ia ) , C A P E S , C N P q , F A P E R J ,  F A P E S P  a n d  

F U N D U N E S P  (B ra z il) ,  D e p a r tm e n ts  o f  A to m ic  E n e rg y  

a n d  S c ien ce  a n d  T e c h n o lo g y  ( In d ia ) ,  C o lc ie n c ia s  (C o lo m 

b ia ) ,  C O N A C y T  (M e x ic o ), K R F  (K o re a ) ,  C O N IC E T  

a n d  U B A C y T  (A rg e n tin a ) ,  T h e  F o u n d a t io n  fo r F u n d a 

m e n ta l  R e s e a rc h  o n  M a t te r  (T h e  N e th e r la n d s ) ,  P P A R C  

(U n ite d  K in g d o m ) , M in is try  o f  E d u c a t io n  (C z e c h  R e p u b 

lic ) , N a tu r a l  S c ien ces  a n d  E n g in e e r in g  R e s e a rc h  C o u n c il 

a n d  W e s tG r id  P r o je c t  ( C a n a d a ) ,  B M B F  a n d  D F G  (G e r 

m a n y ) ,  A .P . S lo a n  F o u n d a t io n ,  C iv il ia n  R e s e a rc h  a n d  

D e v e lo p m e n t F o u n d a t io n ,  R e s e a rc h  C o r p o ra t io n ,  T e x a s  

A d v a n c e d  R e se a rc h  P r o g ra m , a n d  th e  A le x a n d e r  v o n  

H u m b o ld t  F o u n d a t io n .

[*] V is ito r from  U n iv ersity  of Z urich, Z urich , Sw itzerland .
[f] V is ito r from  In s ti tu te  of N uclea r Physics, K rakow , 

Poland.
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