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15C PPM , A ix -M a r s e i l le  U n iv e rs ité , C N R S /IN 2P 3 , M a r s e i l le ,  F ra n ce  

16LAL , U n iv e r s ité  P a r is -S u d , IN 2 P 3 /C N R S , O rsay , F ra n c e  

17LP N H E , IN 2 P 3 /C N R S , U n iv e r s ite s  P a r is  V I  a n d  VII, P a ris, F ra n ce  

18CEA , Ir fu , SPP , S a c la y , F ra n c e  

19IP H C , U n ive rs ite í d e  S tra sb o u rg , C N R S /IN 2P 3 , S t ra sb o u rg , F ra n c e  

20IP N L , U n iv e r s ite  L y o n  1, C N R S /IN 2P 3 , V illeu rb a nn e , F ra n c e  a n d  U n iv e r s i te  d e  L yo n , L yo n , F ra n ce  

21III. P h y s ik a l is c h e s  In s t i tu t  A , R W T H  A a c h e n  U n iv e rs ity , A a c h e n ,  G e rm a n y  

22P h y s ik a l is c h e s  In s ti tu t, U n iv e r s itä t B o nn , B o nn , G e rm a n y  

23P h y s ik a l is c h e s  In s t itu t, U n iv e r s i tä t  F re ib urg , F re ibu rg , G e rm an y  

24II. P h y s ik a l is c h e s  In s t itu t,  G e o r g -A u g u s t-U n iv e r s ita t G  G o t tin g e n , G e rm a n y  

25In s t i tu t  f u r  P h y s ik , U n iv e r s itä t M a in z , M a in z ,  G e rm a n y  

26L u d w ig -M a x im il ia n s -U n iv e r s i ta t  M ü n ch e n , M ü n c h e n , G e rm a n y  

27F a c h b e re ic h  P h y s ik , U n iv e rs ity  o f  W upp e r ta l, W upp e r ta l, G e rm a n y  

28P a n ja b  U n iv e rs ity , C h an d ig a rh , In d ia  

29D e lh i  U n iv ersity , D e lh i, I n d ia  

30Ta ta  In s t i tu te  o f  F u n d a m e n ta l  R e se a rch , M um b a i,  In d ia  

31 U n iv e r s i ty  C o lleg e  D ub lin , D u b lin , I r e la n d  

32K o re a  D e te c to r  L a b o ra to r y ,  K o re a  U n iv e rs ity , S e o u l, K o re a  

33S u n g K y u n K w a n  U n iv e rs ity , S u w o n , K o rea  

34C INVESTAV , M e x ic o  C ity, M e x ic o  

35F O M -In s ti tu te  N IK H E F  a n d  U n iv e rs ity  o f  A m ste rd am /N IK H E F , A m s te rd am , T h e  N e th e r la n d s  

36R a d b o u d  U n iv e rs ity  N ijm eg e n /N IK H E F , N ijm eg e n , T h e  N e th e r la n d s
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37 J o in t  I n s t i tu te  f o r  N u c le a r  R e se a rc h ,  D ub n a , R u s s ia  

38In s ti tu te  f o r  T h e o r e tic a l a n d  E x p e r im e n ta l  P h y s ic s ,  M o sc ow , R u s s ia  

39M o s c o w  S ta te  U n iv e rs ity , M o scow , R u s s ia  

40In s t i tu te  f o r  H ig h  E n e rg y  P h y s ic s ,  P ro tv in o ,  R u s s ia  

41P e te rs b u rg  N u c le a r  P h y s ic s  In s t itu te , S t. P e te rsb u rg , R u s s ia  

42S to c k h o lm  U n iv ersity , S to c k h o lm , Sw ed e n , a n d  U pp sa la  U n iv e rs ity , U ppsa la , S w e d e n  

43L a n c a s te r  U n iv e rs ity , L a n ca s te r , U n ite d  K in g d o m  

44Im p e r ia l  C o lleg e , L o nd on , U n ite d  K in g d om  

45U n iv e rs ity  o f  M an c h e s te r ,  M an c h e s te r , U n ite d  K in g d om  

46U n iv e r s ity  o f  A r iz o n a , T u c so n , A r iz o n a  8 5 7 21 , U SA  

41 C a li fo r n ia  S ta te  U n iv e rs ity , F re sno , C a li fo r n ia  9 3 7 40 , U SA  

48U n iv e rs ity  o f  C a lifo rn ia , R iv e rs id e , C a li fo r n ia  9 2 5 21 , U SA  

49F lo r id a  S ta te  U n iv ers ity , T a lla h a ssee , F lo r id a  3 2 306 , U SA  

50F e rm i N a t io n a l  A c c e le r a to r  L a b o ra to ry ,  B a ta v ia , I ll in o is  6 0 5 1 0 , U SA  

51 U n iv e rs ity  o f  I ll in o is  a t  C h ica g o , C h ica g o , I ll in o is  6 0 6 07 , U SA  

52N o r th e r n  I l l in o is  U n iv e rs ity , D eK a lb , I l l in o is  6 0 1 15 , U SA  

53N o r th w e s te r n  U n iv e rs ity , E v a n s to n ,  I l l in o is  6 0 2 08 , U SA  

54In d ia n a  U n iv e rs ity , B lo om in g to n , In d ia n a  4 7 4 0 5 , U SA  

55U n iv e r s i ty  o f  N o tr e  D am e , N o tr e  D am e , In d ia n a  4 6 55 6 ,  U SA  

56P u rd u e  U n iv e rs ity  C a lum e t, H am m on d , I n d ia n a  4 6 32 3 , U SA  

51 Io w a  S ta te  U n iv ersity , A m e s ,  Io w a  5 0 01 1 , U SA  

58U n iv e rs ity  o f  K an sa s , L aw ren ce , K a n sa s  6 6 0 4 5 , U SA  

59K a n sa s  S ta te  U n ive rsity , M a n h a tta n , K a n sa s  6 6 5 06 , U SA  

60L o u is ia n a  T ech  U n iv e rs ity , R u s to n , L o u is ia n a  7 1272 , U SA  

61U n iv e rs ity  o f  M a ry la n d , C o lleg e  P ark , M a r y la n d  2 0 7 42 , U SA  

62B o s to n  U n iv ersity , B o s to n , M a s sa c h u s e t ts  0 2 2 1 5 , U SA  

63N o r th e a s te r n  U n iv e rs ity , B o s to n , M a s sa c h u s e t ts  0 2 1 15 , U SA  

64U n iv e r s i ty  o f  M ic h ig a n , A n n  A rb or , M ic h ig a n  4 8 10 9 , U SA  

65M ic h ig a n  S ta te  U n iv e rs ity , E a s t  L a n s in g , M ic h ig a n  4 8 8 2 4 , U SA  

66U n iv e r s ity  o f  M is s is s ip p i,  U n iv ersity , M is s is s ip p i  3 8 6 7 7 , U SA  

61U n iv e r s ity  o f  N e b r a s k a ,  L in c o ln , N e b r a s k a  6 8 5 88 , U SA  

68P r in c e to n  U n iv e rs ity , P r in c e to n , N e w  J e r s e y  0 8 5 4 4 , U SA  

69S ta te  U n iv e rs ity  o f  N ew  York, B u ffa lo , N ew  York  1 42 60 , U SA  

10C o lu m b ia  U n iv e rs ity , N ew  York, N ew  Y ork  1 00 27 , U SA  

11U n iv e r s ity  o f  R o ch e s te r , R o c h e s te r , N ew  York  1 4627 , U SA  

12S ta te  U n iv e rs ity  o f  N e w  York, S to n y  B ro o k , N e w  York 1 1 7 94 , U SA  

13B ro o k h a v e n  N a t io n a l  L a bo ra to ry , U p ton , N ew  Y o rk  1 1 973 , U SA  

14L a n g s to n  U n iv e rs ity , L a n g s to n ,  O k la h om a  7 3050 , U SA  

75 U n iv e r s i ty  o f  O k la h om a , N o rm an , O k la h om a  7 3 019 , U SA  

76O k la h om a  S ta te  U n iv e rs ity , S tillw a te r , O k la h om a  7 4078 , U SA

11 B r ow n  U n ive rsity , P ro v id en c e , R h o d e  I s la n d  0 2 912 , U SA  

78U n iv e rs ity  o f  Texas, A r l in g to n , T exa s  7 60 19 , U SA  

19S o u th e rn  M e th o d is t  U n iv e rs ity , D a l la s ,  T exas  7 5275 , U SA  

80R ic e  U n iv e rs ity , H o u s to n , T exas  7 70 05 , U SA  

81 U n iv e r s ity  o f  V irg in ia , C h a r lo tte sv ille ,  V irg in ia  2 2 9 01 , U SA  

82U n iv e r s i ty  o f  W ash in g to n , S e a tt le , W a sh in g to n  9 8 195 , U SA  

(R e c e iv e d  3 A p r i l  2 0 0 9 ; p u b l is h e d  2  N o v e m b e r  2 0 0 9 )

W e  p ro v id e  th e  m o s t  p re c is e  m e a s u re m e n t  o f  th e  W W  p ro d u c t io n  c ro s s  s e c tio n  in  p p  c o lli s io n s  to  d a te  

a t a  c e n te r  o f  m a s s  e n e rg y  o f  1 .96  TeV , a n d  se t l im its  o n  th e  a s s o c ia te d  tr i l in e a r  g a u g e  c o u p lin g s . T h e  

W W  !  ' v ' v  ( ' ,  '  =  e , x )  d e c a y  c h a n n e ls  a re  a n a ly z e d  in  1 f b _1 o f  d a ta  c o lle c te d  b y  th e  D 0  d e te c to r  a t 

th e  F e rm ila b  T e v a tro n  C o ll id e r . T h e  m e a s u re d  c ro s s  s e c tio n  is  a ( p p  !  W W ) =  11 .5 ±  2 . 1 ( s ta t +  

sy s t)  ±  0 .7 ( lu m i)  p b . O n e -  a n d  tw o -d im e n s io n a l 9 5 %  C .L . l im its  o n  tr i l in e a r  g a u g e  c o u p lin g s  a re  

p ro v id e d .
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o f  W W  p r o d u c t i o n  a l s o  p r o b e s  t h e  t r i p l e  g a u g e - b o s o n  

c o u p l i n g s  ( T G C s ) ,  w h i c h  a r e  s e n s i t i v e  to  l o w - e n e r g y  m a n 

i f e s t a t i o n s  o f  n e w  p h y s i c s  f r o m  a  h i g h e r  m a s s  s c a l e ,  a n d  is  

s e n s i t i v e  to  t h e  p r o d u c t i o n  a n d  d e c a y  o f  n e w  p a r t i c l e s ,  s u c h  

a s  t h e  H i g g s  b o s o n  [ 1 ] .  S t u d y i n g  W W  p r o d u c t i o n  a t  th e  

F e r m i l a b  T e v a t r o n  C o l l i d e r  p r o v i d e s  a n  o p p o r t u n i t y  to  

e x p l o r e  c o n s t i t u e n t  c e n t e r  o f  m a s s  e n e r g i e s  ( V I )  h i g h e r  

t h a n  t h a t  a v a i l a b l e  a t  t h e  C E R N  e + e _  C o l l i d e r  ( L E P )  [2 ] , 

s i n c e  S M  W W  p r o d u c t i o n  a t  t h e  T e v a t r o n  h a s  a n  a v e r a g e  

p I  =  2 4 5  G e V  a n d  a  5 1 %  p r o b a b i l i t y  f o r  p I  >  2 0 8  G e V

[ 1]. T h e  T e v a t r o n  e x p e r i m e n t s  h a v e  b e e n  a c t i v e  i n  s tu d y in g  

th e  W W  c r o s s  s e c t i o n  a n d  T G C s  i n  t h e  p a s t  [3 - 5 ] . I n  th i s  

L e t t e r  w e  p r e s e n t  t h e  m o s t  p r e c i s e  m e a s u r e m e n t  o f  t h e  

W W  p r o d u c t i o n  c r o s s  s e c t i o n  i n  p p  c o l l i s i o n s  to  d a te  

a n d  u p d a t e d  l i m i t s  o n  a n o m a l o u s  W W y  a n d  W W Z  

c o u p l i n g s .

W e  e x a m i n e  W W  p r o d u c t i o n  v i a  t h e  p r o c e s s  p p ) !  

W + W € + v € ' _ v  ( ' ,  € ' =  e ,  x ;  a l l o w i n g  f o r  W  !  

t v  !  '  +  n v  d e c a y s )  a n d  u s e  c h a r g e d  l e p t o n  t r a n s v e r s e  

m o m e n t u m  ( p T) d i s t r i b u t i o n s  t o  s t u d y  th e  T G C s .  T h e  

d e c a y  o f  t w o  W  b o s o n s  i n to  e l e c t r o n s  o r  m u o n s  r e s u l t s  in  

a  p a i r  o f  i s o l a t e d ,  h i g h - p T , o p p o s i t e l y  c h a r g e d  l e p t o n s  a n d  

a  l a r g e  a m o u n t  o f  m i s s i n g  t r a n s v e r s e  e n e r g y  ( E T) d u e  t o  th e  

e s c a p i n g  n e u t r i n o s .  T h i s  a n a l y s i s  u s e s  p p  c o l l i s i o n s  a t  a  

c e n t e r  o f  m a s s  e n e r g y  o f  1 .9 6  T e V , a s  r e c o r d e d  b y  t h e  D 0  

d e t e c t o r  [6 ] a t  t h e  T e v a t r o n .  A  c o m b i n a t i o n  o f  s i n g l e 

e l e c t r o n  ( e e  a n d  e x  c h a n n e l s )  o r  s i n g l e - m u o n  ( x x  c h a n 

n e l )  t r i g g e r s  w e r e  u s e d  to  c o l l e c t  t h e  d a t a ,  w h i c h  c o r r e 

s p o n d  to  i n t e g r a t e d  l u m i n o s i t i e s  o f  1 1 0 4  ( e e ) ,  1 0 1 2  ( e x ) ,  

a n d  1 0 0 2  ( x x )  p b _ 1  [1 ].

E l e c t r o n s  a r e  i d e n t i f i e d  i n  t h e  c a l o r i m e t e r  b y  t h e i r  e l e c 

t r o m a g n e t i c  s h o w e r s ,  w h i c h  m u s t  o c c u r  w i t h i n  | ^ |  <  1 . 1  

o r  1 .5  <  | ^ |  <  3 .0  [ 8 ] . I n  t h e  e e  c h a n n e l ,  a t  l e a s t  o n e  

e l e c t r o n  m u s t  s a t i s f y  | ^ |  <  1 .1 . E l e c t r o n  c a n d i d a t e s  m u s t  

b e  s p a t i a l l y  m a t c h e d  to  a  t r a c k  f r o m  th e  c e n t r a l  t r a c k i n g  

s y s t e m ,  i s o l a t e d  f r o m  o t h e r  e n e r g e t i c  p a r t i c l e s ,  a n d  h a v e  a  

s h a p e  c o n s i s t e n t  w i t h  t h a t  o f  a n  e l e c t r o m a g n e t i c  s h o w e r .  

E l e c t r o n  c a n d i d a t e s  m u s t  a l s o  s a t i s f y  a  t i g h t  r e q u i r e m e n t  

o n  a  m u l t i v a r i a t e  e l e c t r o n  d i s c r i m i n a n t  w h i c h  t a k e s  i n to  

a c c o u n t  t r a c k  q u a l i t y ,  s h o w e r  s h a p e ,  c a l o r i m e t e r  a n d  t r a c k  

i s o l a t i o n ,  a n d  E / p ,  w h e r e  E  i s  t h e  c a l o r i m e t e r  c l u s t e r  

e n e r g y  a n d  p  i s  t h e  t r a c k  m o m e n t u m .  T h e  p T m e a s u r e m e n t  

o f  a n  e l e c t r o n  i s  b a s e d  o n  c a l o r i m e t e r  e n e r g y  i n f o r m a t i o n  

a n d  t r a c k  p o s i t i o n .

M u o n s  a r e  r e c o n s t r u c t e d  w i t h i n  | ^ |  <  2 .0 ,  m u s t  b e  s p a 

t i a l l y  m a t c h e d  to  a  t r a c k  f r o m  t h e  c e n t r a l  t r a c k i n g  s y s t e m ,  

a n d  a r e  r e q u i r e d  to  h a v e  m a t c h e d  s e t s  o f  w i r e  a n d  s c i n t i l 

l a t o r  h i t s  b e f o r e  a n d  a f t e r  t h e  m u o n  to r o i d .  T h e  d e t e c t o r  

s u p p o r t  s t r u c t u r e  l i m i t s  t h e  m u o n  s y s t e m  c o v e r a g e  i n  t h e  

r e g i o n  | ^ |  <  1 .1  a n d  4 .2 5  <  ^  <  5 .1 5  [ 8 ] ;  i n  t h i s  r e g i o n  a  

s i n g l e  s e t  o f  m a t c h e d  w i r e  a n d  s c i n t i l l a t o r  h i t s  i s  r e q u i r e d .  

A d d i t i o n a l l y ,  m u o n s  m u s t  b e  i s o l a t e d  s u c h  t h a t  t h e  p T s u m

o f  o t h e r  t r a c k s  i n  a  c o n e  R  =  V ( A ^ ) 2  +  ( A ^ ) 2  <  0 .5  is  

< 2 . 5  G e V  a n d  c a l o r i m e t e r  e n e r g y  w i t h i n  0 .1  <  R  <  0 .4  

i s  < 2 . 5  G e V .

T h e  E T is  d e t e r m i n e d  b a s e d  o n  t h e  c a l o r i m e t e r  e n e r g y  

d e p o s i t i o n  d i s t r i b u t i o n  w i t h  r e s p e c t  to  t h e  i n t e r a c t i o n  v e r 

t e x .  I t  i s  c o r r e c t e d  f o r  t h e  e l e c t r o m a g n e t i c  o r  j e t  e n e r g y  

s c a l e ,  a s  a p p r o p r i a t e ,  a n d  th e  p T o f  m u o n s .

S i g n a l  a c c e p t a n c e s  a n d  b a c k g r o u n d  p r o c e s s e s  a r e  

s t u d i e d  w i t h  a  d e t a i l e d  M o n t e  C a r l o  ( M C )  s i m u l a t i o n  

b a s e d  o n  PY TH IA  [9 ] i n  c o n j u n c t i o n  w i t h  t h e  CTEQ6L1

[ 1 0 ] p a r t o n  d i s t r i b u t i o n  f u n c t i o n s ,  w i t h  d e t e c t o r  s i m u l a 

t i o n  c a r r i e d  o u t  b y  G EA N T [ 1 1 ]. T h e  Z  b o s o n  p T s p e c 

t r u m  in  Z / y * !  M C  e v e n t s  i s  a d j u s t e d  to  m a t c h  

d a t a  [ 1 2 ] .

F o r  e a c h  f in a l  s t a t e ,  w e  r e q u i r e  t h e  h i g h e s t  p T ( l e a d in g )  

l e p t o n  to  h a v e  p T >  2 5  G e V ,  t h e  t r a i l i n g  l e p t o n  to  h a v e  

p T >  15  G e V ,  a n d  th e  l e p t o n s  to  b e  o f  o p p o s i t e  c h a r g e .  

B o t h  c h a r g e d  l e p t o n s  a r e  r e q u i r e d  to  o r i g i n a t e  f r o m  th e  

s a m e  v e r t e x .  T h e  l e p t o n s  m u s t  a l s o  h a v e  a  m i n i m u m  

s e p a r a t i o n  i n  7 7 - ^  s p a c e  o f  R ee >  0 . 8  i n  t h e  e e  c h a n n e l  

o r  R e x / x x  >  0 .5  i n  t h e  e x  a n d  x x  c h a n n e l s ,  i n  o r d e r  to  

p r e v e n t  o v e r l a p  o f  t h e  l e p t o n  i s o l a t i o n  c o n e s .

B a c k g r o u n d  c o n t r i b u t i o n s  t o  W W  p r o d u c t i o n  f r o m  W  +  

j e t s  a n d  m u l t i j e t  p r o d u c t i o n  a r e  e s t i m a t e d  f r o m  th e  d a t a .  

T h o s e  f r o m  Z / y *  !  ' ' ,  t t ,  W Z , W y ,  a n d  Z Z  a r e  e s t i m a t e d  

f r o m  th e  M C  s i m u l a t i o n .

A f t e r  t h e  i n i t i a l  e v e n t  s e l e c t i o n ,  t h e  d o m i n a n t  b a c k 

g r o u n d  in  e a c h  c h a n n e l  i s  Z / y * !  ( '  =  e ,  x ,  T). 

M u c h  o f  t h i s  b a c k g r o u n d  i s  r e m o v e d  b y  r e q u i r i n g  E T >  

4 5  ( e e ) ,  2 0  ( e x ) ,  o r  3 5  ( x x )  G e V .  F o r  t h e  e e  c h a n n e l ,  w e  

r e q u i r e  E T >  5 0  G e V  i f  |M Z — m ee | <  6  G e V  t o  f u r t h e r  

r e d u c e  th e  Z / y *  !  b a c k g r o u n d .  I n  e v e n t s  c o n t a i n i n g  

m u o n s ,  a  r e q u i r e m e n t  o n  t h e  a z i m u t h a l  s e p a r a t i o n  ( A ^ )  

b e t w e e n  th e  l e p t o n s  i s  m o r e  e f f e c t i v e  a t  r e d u c i n g  th e  

Z / y *  !  b a c k g r o u n d  t h a n  a n  i n v a r i a n t  m a s s  r e q u i r e 

m e n t ,  s i n c e  t h e  m o m e n t u m  r e s o l u t i o n  f o r  h i g h  p T m u o n s  

i s  p o o r e r  t h a n  t h e  c a l o r i m e t e r  e n e r g y  r e s o l u t i o n  f o r  e l e c 

t r o n s .  T h e  e x  c h a n n e l  a d d i t i o n a l l y  r e q u i r e s  E T >  4 0  ( i n 

s t e a d  o f  2 0 )  G e V  i f  A ^ e x  >  2 .8 ,  a n d  th e  x x  c h a n n e l  

r e q u i r e s  A ^ x x  <  2 .4 5 .

M i s m e a s u r e m e n t  o f  t h e  m u o n  m o m e n t u m  c a n  l e a d  to  

s p u r i o u s  E T w h i c h  i s  c o l l i n e a r  w i t h  t h e  m u o n  d i r e c t i o n .  

E s p e c i a l l y  i n  t h e  x x  c h a n n e l ,  m i s m e a s u r e m e n t  o f  th e  

m u o n  m o m e n t u m  c a n  a l l o w  Z  b o s o n  e v e n t s  to  s a t i s f y  t h e  

E T r e q u i r e m e n t .  T o  s u p p r e s s  t h e s e  e v e n t s  i n  t h e  x x  c h a n 

n e l ,  w e  r e q u i r e  t h a t  t h e  t r a c k  f o r  e a c h  m u o n  c a n d i d a t e  

i n c l u d e  a t  l e a s t  o n e  s i l i c o n  m i c r o s t r i p  t r a c k e r  h i t ,  f o r  b e t t e r  

m o m e n t u m  r e s o l u t i o n ,  a n d  t h a t  t h e  a z i m u t h a l  a n g l e  b e 

t w e e n  e a c h  m u o n  a n d  t h e  d i r e c t i o n  o f  t h e  E T s a t i s f i e s

I c o s ( A ^ E T,x ) l  <  0 .9 8 .

A  s e c o n d  b a c k g r o u n d  i s  t t  p r o d u c t i o n  f o l l o w e d  b y  th e  

l e p t o n i c  d e c a y  o f  W  b o s o n s .  T h i s  b a c k g r o u n d  c a n  b e  s u p 

p r e s s e d  b y  r e q u i r i n g  q T =  | p T'  +  p T'  +  E T I <  2 0  ( e e ) ,  

2 5  ( e x ) ,  o r  1 6  ( x x )  G e V .  T h i s  q u a n t i t y  i s  t h e  p T o f  th e  

W W  s y s t e m  a n d  i s  e x p e c t e d  to  b e  s m a l l  f o r  s i g n a l  e v e n t s .  

H o w e v e r ,  f o r  t t  p r o d u c t i o n  a n d  o t h e r  b a c k g r o u n d  p r o 

c e s s e s ,  q T c a n  b e  l a r g e ,  s o  t h i s  v a r i a b l e  i s  a  p o w e r f u l  

d i s c r i m i n a n t  a g a i n s t  t h e s e  b a c k g r o u n d s .
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T h e  W y  p r o c e s s  i s  a  b a c k g r o u n d  f o r  o n l y  t h e  e e  a n d  e x  

c h a n n e l s ,  s i n c e  t h e  p r o b a b i l i t y  f o r  a  p h o t o n  to  b e  m i s i d e n -  

t i f i e d  a s  a  m u o n  i s  n e g l i g i b l e .  W e  d e t e r m i n e  t h e  p r o b a b i l i t y  

t h a t  a  p h o t o n  i s  m i s i d e n t i f i e d  a s  a n  e l e c t r o n  w i t h  p h o t o n s  

f r o m  Z / y *  !  e e y  d e c a y s  a n d  u s e  i t  to  c o r r e c t  t h e  M C -  

b a s e d  p r e d i c t i o n  o f  t h e  W y  b a c k g r o u n d .  T h e  W  +  j e t s  

b a c k g r o u n d ,  i n  w h i c h  a  j e t  i s  m i s i d e n t i f i e d  a s  a n  e l e c t r o n  

o r  m u o n ,  i s  d e t e r m i n e d  f r o m  th e  d a t a  b y  s e l e c t i n g  d i l e p t o n  

s a m p l e s  w i t h  l o o s e  a n d  t i g h t  l e p t o n  r e q u i r e m e n t s  a n d  

s e t t i n g  u p  a  s y s t e m  o f  l i n e a r  e q u a t i o n s  to  s o lv e  f o r  t h e  W  +  

j e t  b a c k g r o u n d s  a f t e r  a l l  e v e n t  s e l e c t i o n  c u t s ,  s i m i l a r  to  t h e  

m u l t i j e t  b a c k g r o u n d  e s t i m a t i o n  p e r f o r m e d  in  [ 1 3 ]. T h e  

m u l t i j e t  b a c k g r o u n d  c o n t a i n s  j e t s  t h a t  a r e  m i s i d e n t i f i e d  a s  

t h e  tw o  l e p t o n  c a n d i d a t e s .  I t  i s  r e p r e s e n t e d  b y  a  d a t a  

s a m p l e  w h e r e  t h e  r e c o n s t r u c t e d  l e p t o n s  f a i l  t h e  l e p t o n  

q u a l i t y  r e q u i r e m e n t s .  T h i s  s a m p l e  i s  n o r m a l i z e d  w i t h  a  

f a c t o r  d e t e r m i n e d  a t  p r e s e l e c t i o n  u s i n g  l i k e - c h a r g e d  l e p t o n  

e v e n t s .  I t  i s  a s s u m e d  t h a t  m i s i d e n t i f i e d  j e t s  r e s u l t  i n  r a n 

d o m l y  a s s i g n e d  c h a r g e  s ig n s .

T h e  l e p t o n i c  d e c a y  o f  W Z  a n d  Z Z  e v e n t s  c a n  m i m i c  

th e  W W  s i g n a l  w h e n  o n e  o r  m o r e  o f  t h e  c h a r g e d  l e p t o n s  

i s  n o t  r e c o n s t r u c t e d  a n d  i n s t e a d  c o n t r i b u t e s  t o  E T . T h e  

Z Z  !  ' ' v v  p r o c e s s  i s  s u p p r e s s e d  b y  t h e  |M Z — m e e | o r  

A 0 "  c u t .

F o r  e a c h  c h a n n e l ,  t h e  e x a c t  s e l e c t i o n  r e q u i r e m e n t s  o n  

E T , a n d  |M Z — m e e | o r  A ^ "  a r e  c h o s e n  b y  p e r f o r m i n g  

a  g r i d  s e a r c h  o n  s i g n a l  M C  a n d  e x p e c t e d  b a c k g r o u n d ,  

m i n i m i z i n g  th e  c o m b i n e d  s t a t i s t i c a l  a n d  s y s t e m a t i c  u n c e r 

t a i n t y  o n  th e  e x p e c t e d  c r o s s  s e c t i o n  m e a s u r e m e n t .  T h e  

f i n a l  l e p t o n  p T d i s t r i b u t i o n s  a r e  s h o w n  i n  F ig .  1 [ 1 4 ].

T h e  o v e r a l l  d e t e c t i o n  e f f i c i e n c y  f o r  s i g n a l  e v e n t s  is  

d e t e r m i n e d  u s i n g  M C  w i t h  f u l l  d e t e c t o r ,  t r i g g e r ,  a n d  r e 

c o n s t r u c t i o n  s i m u l a t i o n  a n d  i s  1 .1 8 %  ( e e ) ,  1 3 .4 3 %  ( e x ) ,  

a n d  5 .3 4 %  ( x x )  f o r  W W  !  € v € 'v  ( ' ,  '  =  e ,  x )  d e c a y s  

a n d  2 .2 4 %  ( e e ) ,  4 .3 6 %  ( e x ) ,  a n d  1 .3 0 %  ( x x )  f o r  W W  !  

r v ' v / r v r v  !  +  n v  d e c a y s .  T h e  n u m b e r s  o f  e s t i 

m a t e d  s i g n a l  a n d  b a c k g r o u n d  e v e n t s  a n d  t h e  n u m b e r  o f  

o b s e r v e d  e v e n t s  f o r  e a c h  c h a n n e l  a f t e r  t h e  f in a l  e v e n t

s e l e c t i o n  a r e  s u m m a r i z e d  in  T a b le  I . T h e  o b s e r v e d  e v e n t s  

a r e  s t a t i s t i c a l l y  c o n s i s t e n t  w i t h  t h e  S M  e x p e c t a t i o n  in  e a c h  

c h a n n e l .  A s s u m i n g  t h e  W  b o s o n  a n d  t  b r a n c h i n g  r a t i o s  

f r o m  [ 1 5 ], t h e  o b s e r v a t i o n s  i n  d a t a  c o r r e s p o n d  to  ^ ( p p  !  

W W )  =  1 0 .6  ±  4 .6 ( s t a t )  ±  1 .9 ( s y s t )  ±  0 .7 ( l u m i )  p b  i n  th e  

e e  c h a n n e l ,  1 0 .8  ±  2 .2  ±  1 .1 ±  0 .7  p b  i n  t h e  e x  c h a n n e l ,  

a n d  1 6 .9  ±  5 .7  ±  1 .4  ±  1 .0  p b  i n  t h e  x x  c h a n n e l .  T h e  

d o m i n a n t  s o u r c e s  o f  s y s t e m a t i c  u n c e r t a i n t y  f o r  e a c h  c h a n 

n e l  a r e  t h e  s t a t i s t i c s  a s s o c i a t e d  w i t h  t h e  e s t i m a t i o n  o f  t h e  

W + j e t  c o n t r i b u t i o n  i n  t h e  e e  c h a n n e l ,  t h e  p h o t o n  m is id e n -  

t i f i c a t i o n  p r o b a b i l i t y  u s e d  to  e s t i m a t e  t h e  W y  c o n t r i b u t i o n  

i n  th e  e x  c h a n n e l ,  a n d  th e  M C  s t a t i s t i c s  f o r  b a c k g r o u n d s  in  

t h e  x x  c h a n n e l  [ 1 4 ].

T h e  c r o s s  s e c t i o n  m e a s u r e m e n t s  i n  t h e  i n d i v i d u a l  c h a n 

n e l s  a r e  c o m b i n e d  u s i n g  t h e  b e s t  l i n e a r  u n b i a s e d  e s t i m a t o r  

( B L U E )  m e t h o d  [ 1 6 ] y i e l d i n g :  ^ ( p p  !  W W )  =  1 1 .5  ±  

2 . 1 ( s t a t  +  s y s t )  ±  0 .7 ( l u m i )  p b .  T h e  s t a n d a r d  m o d e l  c a l 

c u l a t i o n  o f  t h e  W W  p r o d u c t i o n  c r o s s  s e c t i o n  a t  t h e  

T e v a t r o n  c e n t e r  o f  m a s s  e n e r g y  i s  1 2 .0  ±  0 .7  p b  [ 1 7 ].

T h e  T G C s  t h a t  g o v e r n  W W  p r o d u c t i o n  c a n  b e  p a r a m e 

t e r i z e d  b y  a  g e n e r a l  L o r e n t z - i n v a r i a n t  L a g r a n g i a n  w i t h  

1 4  i n d e p e n d e n t  c o m p l e x  c o u p l i n g  p a r a m e t e r s ,  s e v e n  e a c h  

f o r  t h e  W W y  a n d  W W Z  v e r t i c e s  [ 1 ] . L i m i t s  o n  t h e  a n o m a 

l o u s  c o u p l i n g s  a r e  o f t e n  o b t a i n e d  b y  t a k i n g  t h e  p a r a m e t e r s  

t o  b e  r e a l ,  e n f o r c i n g  e l e c t r o m a g n e t i c  g a u g e  in v a r i a n c e ,  a n d  

a s s u m i n g  c h a r g e  c o n j u g a t i o n  a n d  p a r i t y  i n v a r i a n c e ,  r e d u c 

i n g  t h e  n u m b e r  o f  i n d e p e n d e n t  c o u p l i n g s  t o  f iv e :  g Z , KZ , 

/cy , A Z , a n d  A y ( u s in g  n o t a t i o n  f r o m  [ 1] ) .  I n  t h e  S M , g Z  =  

k z  =  K y =  1 a n d  A Z =  A y =  0 .  T h e  c o u p l i n g s  t h a t  a r e  

n o n z e r o  in  t h e  S M  a r e  o f t e n  e x p r e s s e d  in  t e r m s  o f  t h e i r  

d e v i a t i o n  f r o m  t h e  S M  v a lu e s ,  e .g . ,  A g Z  =  g Z  — 1. 

E n f o r c i n g  S U ( 2 ) L ®  U ( 1 ) Y s y m m e t r y  i n t r o d u c e s  t w o  r e l a 

t i o n s h i p s  b e t w e e n  t h e  r e m a i n i n g  p a r a m e t e r s :  k z  =  g Z  — 

( t f y — 1 ) t a n 2 0 W a n d  A Z =  A y , r e d u c i n g  t h e  n u m b e r  o f  f r e e  

p a r a m e t e r s  to  t h r e e  [ 1 8 ] .  A l t e r n a t i v e l y ,  e n f o r c i n g  e q u a l i t y  

b e t w e e n  th e  W W y  a n d  W W Z  v e r t i c e s  ( W W y  =  W W Z )  

s u c h  t h a t  Ky =  k z , A y =  AZ , a n d  g Z  =  1 r e d u c e s  th e  

n u m b e r  o f  f r e e  p a r a m e t e r s  t o  tw o .
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F IG . 1 ( c o lo r  o n lin e ) . D is tr ib u tio n s  o f  th e  (a ) le a d in g  a n d  (b )  tr a i l in g  le p to n  p T a f te r  f in a l s e le c tio n , c o m b in e d  fo r  a ll  c h a n n e ls  

( e e  +  e x  +  x x ) .  D a ta  a re  c o m p a re d  to  e s tim a te d  s ig n a l, ^ ( W W )  =  12  p b , a n d  b a c k g ro u n d  su m .

1 9 1 8 0 1 - 5



P R L  103, 1 9 1 8 0 1  ( 2 0 0 9 ) P H Y S I C A L  R E V I E W  L E T T E R S
w eek ending

6 N O V EM B E R  2009

T A B L E  I. N u m b e rs  o f  s ig n a l a n d  b a c k g ro u n d  e v e n ts  e x p e c te d  a n d  n u m b e r  o f  e v e n ts  o b s e rv e d  

a f te r  th e  f in a l e v e n t s e le c tio n  in  e a c h  c h a n n e l.  N e g l ig ib le  c o n tr ib u tio n s  a re  n o t  sh o w n . 

U n c e r ta in t ie s  in c lu d e  c o n tr ib u tio n s  f ro m  s ta t is tic s  a n d  le p to n  s e le c tio n  e ff ic ie n c ie s .

P ro c e s s e e e x x x

Z / y *  !  e e / x x 0  . 2 7  ±  0  . 2 0 2. 5 2  ±  0. 56 0. 7 6  ±  0. 36

Z / y *  !  t t 0. 2 6  ±  0. 05 3. 6 7  ±  0. 46

t t 1. 10  ±  0. 10 3. 7 9  ±  0 .1 7 0  2 2  ±  0  0 4

W Z 1. 4 2  ±  0. 14 1. 2 9  ±  0 .1 4 0. 9 7  ±  0. 11

Z Z 1. 7 0  ±  0. 0 4 0  0 9  ±  0  01 0. 8 4  ±  0. 03

W y 0. 2 3  ±  0. 16 5 21  ±  2  97

W  +  j e t 6  0 9  ±  1 7 2 7. 5 0  ±  1. 83 0  12  ±  0  2 4

M u lt i je t 0  01  ±  0  01 0. 14  ±  0 .13

W W  ! 10. 9 8  ±  0. 59 3 9  25  ±  0  81 7  18 ±  0  3 4

WW !  ' t / t t  ! 1 4 0  ±  0  2 0 5. 18 ±  0. 29 0. 71  ±  0. 10

T o ta l e x p e c te d 2 3  4 6  ±  1 9 0 68. 6 4  ±  3. 88 10. 7 9  ±  0. 58

D a ta 2 2 6 4 14

O n e  e f f e c t  o f  i n t r o d u c i n g  a n o m a l o u s  c o u p l i n g  p a r a m e 

t e r s  i n t o  t h e  S M  L a g r a n g i a n  i s  a n  e n h a n c e m e n t  o f  t h e  c r o s s  

s e c t i o n  f o r  t h e  q q  !  Z / y *  !  W  + W — p r o c e s s ,  w h i c h  

l e a d s  t o  u n p h y s i c a l l y  l a r g e  c r o s s  s e c t i o n s  a t  h i g h  e n e r g y .  

T h e r e f o r e ,  t h e  a n o m a l o u s  c o u p l i n g s  m u s t  v a n i s h  a s  t h e  

p a r t o n i c  c e n t e r  o f  m a s s  e n e r g y  V I  ! i .  T h i s  i s  a c h i e v e d  

b y  i n t r o d u c i n g  a  d i p o l e  f o r m  f a c t o r  f o r  a n  a r b i t r a r y  c o u 

p l i n g  a  (g Z , , o r  A V): a ( I )  =  a 0 / ( 1  +  I / A 2) 2 , w h e r e  

t h e  f o r m  f a c t o r  s c a l e  A  i s  s e t  b y  n e w  p h y s i c s ,  a n d  l i m i t s  a r e  

s e t  i n  t e r m s  o f  a 0 . U n i t a r i t y  c o n s t r a i n t s  p r o v i d e  a n  u p p e r  

l i m i t  f o r  e a c h  c o u p l i n g  t h a t  i s  d e p e n d e n t  o n  t h e  c h o i c e  o f  

A .  F o r  t h i s  a n a l y s i s  w e  u s e  A  =  2  T e V ,  t h e  a p p r o x i m a t e  

c e n t e r  o f  m a s s  e n e r g y  o f  t h e  T e v a t r o n .

T h e  l e a d i n g  o r d e r  M C  e v e n t  g e n e r a t o r  b y  H a g i w a r a ,  

W o o d s i d e ,  a n d  Z e p p e n f e l d  [ 1 ] i s  u s e d  to  p r e d i c t  th e  

c h a n g e s  i n  W W  p r o d u c t i o n  c r o s s  s e c t i o n  a n d  k i n e m a t i c s  

a s  c o u p l i n g  p a r a m e t e r s  a r e  v a r i e d  a b o u t  t h e i r  S M  v a lu e s .  

A t  e a c h  p o i n t  o n  a  g r i d  i n  T G C  p a r a m e t e r  s p a c e ,  e v e n t s  a r e  

g e n e r a t e d  a n d  p a s s e d  t h r o u g h  a  p a r a m e t e r i z e d  s i m u l a t i o n  

o f  t h e  D 0  d e t e c t o r  t h a t  i s  t u n e d  to  d a t a .  T o  e n h a n c e  th e  

s e n s i t i v i t y  to  a n o m a l o u s  c o u p l i n g s ,  e v e n t s  a r e  s o r t e d  b y  

l e p t o n  p T i n t o  a  t w o - d i m e n s i o n a l  h i s t o g r a m ,  u s i n g  l e a d i n g  

a n d  t r a i l i n g  l e p t o n  p T v a l u e s  i n  t h e  e e  a n d  x x  c h a n n e l s ,  

a n d  e  a n d  x  p T v a l u e s  i n  t h e  e x  c h a n n e l .  F o r  e a c h  b i n  in  

l e p t o n  p T s p a c e ,  t h e  e x p e c t e d  n u m b e r  o f  W W  e v e n t s  

p r o d u c e d  i s  p a r a m e t e r i z e d  b y  a  q u a d r a t i c  f u n c t i o n  in  

t h r e e - d i m e n s i o n a l  ( A « y , A y , A g Z )  s p a c e  o r  t w o 

d i m e n s i o n a l  (A k , A) s p a c e ,  a s  a p p r o p r i a t e  f o r  t h e  T G C  

r e l a t i o n s h i p  s c e n a r i o  u n d e r  s tu d y .  I n  t h e  t h r e e - d i m e n s i o n a l  

c a s e ,  c o u p l i n g  p a r a m e t e r s  a r e  i n v e s t i g a t e d  in  p a i r s ,  w i t h  

t h e  t h i r d  p a r a m e t e r  f i x e d  to  t h e  S M  v a lu e .  A  l i k e l i h o o d  

s u r f a c e  i s  g e n e r a t e d  b y  c o n s i d e r i n g  a l l  c h a n n e l s  s i m u l t a 

n e o u s ly ,  i n t e g r a t i n g  o v e r  t h e  s ig n a l ,  b a c k g r o u n d ,  a n d  l u 

m i n o s i t y  u n c e r t a i n t i e s  w i t h  G a u s s i a n  d i s t r i b u t i o n s  u s i n g  

th e  s a m e  m e t h o d o l o g y  a s  t h a t  u s e d  i n  p r e v i o u s  s t u d i e s  [5 ] .

T h e  o n e - d i m e n s i o n a l  9 5 %  C .L .  l i m i t s  f o r  A  =  2  T e V  

a r e  d e t e r m i n e d  to  b e  —0 . 5 4  <  A « y <  0 . 8 3 ,  —0 . 1 4  <

A y =  AZ <  0 . 1 8 , a n d  —0 . 1 4  <  A g Z  <  0 . 3 0  u n d e r  th e  

S U ( 2 ) l  ®  U ( 1 ) Y- c o n s e r v i n g  c o n s t r a i n t s ,  a n d  —0 . 1 2  <  

A K y =  A k z  <  0 . 3 5 ,  w i t h  t h e  s a m e  A l i m i t s  a s  a b o v e ,  

u n d e r  t h e  W W y  =  W W Z  c o n s t r a i n t s .  O n e -  a n d  t w o 

d i m e n s i o n a l  9 5 %  C .L .  l i m i t s  a r e  s h o w n  in  F ig .  2 .

I n  s u m m a r y ,  w e  h a v e  m a d e  th e  m o s t  p r e c i s e  m e a s u r e 

m e n t  o f  W W  p r o d u c t i o n  a t  a  h a d r o n i c  c o l l i d e r  t o  d a t e ,  

^ ( p p  !  W W )  =  11 . 5  ±  2 . 1 ( s t a t  +  s y s t )  ±  0 . 7 ( l u m i )  p b ,  

u s i n g  1 f b — 1 o f  d a t a  a t  t h e  D 0  e x p e r i m e n t .  T h i s  r e s u l t  is

0 .4

0 .2

<£ o  

-0 .2  

-0 .4

:(a)

; r

D 0 , 1 fb -1

: V

0 .4

0 .2

N r- A
u> 0
<

-0 .2

-0 .4

(b) D 0 , 1 fb -1

^  /

A k y A k y

A,

F IG . 2. O n e  a n d  tw o -d im e n s io n a l  9 5 %  C .L . lim its  w h e n  e n 

fo rc in g  S U (2 )l  ® U (1 )Y s y m m e try  a t A  =  2  T e V , fo r  (a)  A * y 

v s  Ay , (b )  A K y v s  A gZ , a n d  (c)  Ay v s A gZ , e a c h  w h e n  th e  th ird  

f r e e  c o u p l in g  is  se t to  its  S M  v a lu e ; lim its  w h e n  e n fo rc in g  th e  

W W y  =  W W Z  c o n s tr a in ts  a re  sh o w n  in  (d ) . T h e  c u rv e  r e p r e 

s e n ts  th e  tw o -d im e n s io n a l  9 5 %  C .L . c o n to u r  a n d  th e  t ic k s  a lo n g  

th e  a x e s  r e p re s e n t  th e  o n e -d im e n s io n a l  9 5 %  C .L . lim its . A n  

a s te r is k  (* )  m a rk s  th e  p o in t  w ith  th e  h ig h e s t  lik e l ih o o d  in  th e  

tw o -d im e n s io n a l  p la n e .

0 1 0 1

Ak y= A k z
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c o n s i s t e n t  w i t h  t h e  S M  p r e d i c t i o n  a n d  p r e v i o u s  T e v a t r o n  

r e s u l t s  [3 , 1 7 , 1 9 ] .  T h e  s e l e c t e d  e v e n t  k i n e m a t i c s  a r e  u s e d  to  

s i g n i f i c a n t l y  i m p r o v e  p r e v i o u s  l i m i t s  o n  a n o m a l o u s  T G C s  

f r o m  W W  p r o d u c t i o n  a t  t h e  T e v a t r o n ,  r e d u c i n g  t h e  a l l o w e d  

9 5 %  C .L .  i n t e r v a l  f o r  A y =  AZ a n d  A ^ y =  A k z  b y  n e a r l y  

a  f a c t o r  o f  2  [5 ,2 0 ].

W e  t h a n k  th e  s t a f f s  a t  F e r m i l a b  a n d  c o l l a b o r a t i n g  i n s t i 

t u t i o n s ,  a n d  a c k n o w l e d g e  s u p p o r t  f r o m  th e  D O E  a n d  N S F  

( U S A ) ;  C E A  a n d  C N R S / I N 2 P 3  ( F r a n c e ) ;  F A S I ,  R o s a t o m  

a n d  R F B R  ( R u s s i a ) ;  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 r a z i l ) ;  D A E  a n d  D S T  ( I n d i a ) ;  

C o l c i e n c i a s  ( C o l o m b i a ) ;  C O N A C y T  ( M e x i c o ) ;  K R F  a n d  

K O S E F  ( K o r e a ) ;  C O N I C E T  a n d  U B A C y T  ( A r g e n t i n a ) ;  

F O M  ( T h e  N e t h e r l a n d s ) ;  S T F C  a n d  th e  R o y a l  S o c i e t y  

( U n i t e d  K i n g d o m ) ;  M S M T  a n d  G A C R  ( C z e c h  R e p u b l i c ) ;  

C R C  P r o g r a m ,  C F I ,  N S E R C  a n d  W e s t G r i d  P r o j e 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 ) ;  S F I  ( I r e l a n d ) ;  

T h e  S w e d i s h  R e s e a r c h  C o u n c i l  ( S w e d e n ) ;  C A S  a n d  

C N S F  ( C h i n a ) ;  a n d  t h e  A l e x a n d e r  v o n  H u m b o l d t  

F o u n d a t i o n  ( G e r m a n y ) .

*V is ito r  f ro m  A u g u s ta n a  C o lle g e , S io u x  F a ll s ,  S D , U S A . 

^V is ito r  f ro m  R u tg e rs  U n iv e rs ity ,  P is c a ta w a y , N J , U S A . 

^V is ito r  f ro m  T h e  U n iv e rs i ty  o f  L iv e rp o o l,  L iv e rp o o l, 

U n ite d  K in g d o m .

^V is ito r  f ro m  C e n tro  d e  In v e s tig a c io n  e n  C o m p u ta c io n  - 

IP N , M e x ic o  C ity , M e x ic o .

kV is ito r  f ro m  E C F M , U n iv e rs id a d  A u to n o m a  d e  S in a lo a , 

C u lia c a n , M e x ic o .

{V is ito r  f ro m  H e ls in k i I n s ti tu te  o f  P h y s ic s ,  H e ls in k i , 

F in la n d .

* * V is ito r  f ro m  U n iv e rs ita t B e rn , B e rn , S w itz e rla n d . 

^ V is ito r  f ro m  U n iv e rs ita t Z ü r ic h , Z ü r ic h , S w itz e rla n d . 
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