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M easurem ent o f c r ( p p  — > Z  +  X )  • B r (Z  — > t + t  ) at y/s  =  1.96 TeV
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W e p re se n t a  m e a su re m e n t o f th e  cross sec tio n  for Z  b o so n  p ro d u c tio n  tim es  th e  b ra n c h in g  fra c tio n  

to  t a u  le p to n  p a irs  a (p p  —>■ Z  +  X ) -B r{Z  —>■ t + t ~ )  in  pp  co llisions a t  Ĵ~s =  1.96 TeV . T h e  m e asu re 

m e n t is p e rfo rm e d  in  th e  ch a n n e l in  w h ich  one t a u  le p to n  decays in to  a  m u o n  an d  n e u tr in o s , an d  th e  

o th e r  t a u  le p to n  decays h a d ro n ica lly  o r in to  a n  e lec tro n  a n d  n e u tr in o s . T h e  d a ta  sam p le  co rresp o n d s 

to  a n  in te g ra te d  lu m in o sity  o f 1.0 fb -1  co llec ted  w ith  th e  D 0  d e te c to r  a t  th e  F e rm ilab  T e v a tro n  C ol

lider. T h e  sam p le  c o n ta in s  1511 c a n d id a te  ev en ts  w ith  a n  e s tim a te d  20% b a c k g ro u n d  from  je ts  or 

m u o n s m isid en tified  as t a u  lep to n s. W e o b ta in  a  • B r  =  240 ±  8 ( s ta t)  ± 1 2  (sys) ± 1 5  (lum ) p b , w hich  

is c o n s is te n t w ith  th e  s ta n d a rd  m o d e l p red ic tio n .
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P A C S  n u m b e r s :  1 3 .3 8 .D g , 1 3 .8 5 .Q k

T h e  r e s o n a n t  p r o d u c t io n  o f  t a u  le p to n  p a i r s  is  a s  i n t e r 

e s t in g  fo r  t h e  s t u d y  o f  s t a n d a r d  m o d e l  (S M ) p h y s ic s  a s  

th e  p r o d u c t io n  o f  l ig h te r  l e p to n  p a i r s .  F o r  n e w  p h e n o m 

e n a ,  e s p e c ia l ly  fo r  d e c a y s  o f  p a r t ic le s  c o u p le d  t o  m a s s , 

s u c h  a s  S M  o r  s u p e r s y m m e tr ic  H ig g s  b o s o n s ,  t h e  d e 

t e c t io n  o f  r e s o n a n t  p a i r s  o f  t a u  l e p to n s  b e c o m e s  e v e n  

m o re  in te r e s t in g .  T h is  is  d u e  t o  t h e  f a c t  t h a t  t a u  le p 

to n s  a re  m u c h  h e a v ie r  t h a n  th e  o th e r  le p to n s ,  in c r e a s in g  

th e  c h a n c e  t h a t  th e s e  n e w  p h e n o m e n a  w o u ld  b e  o b s e rv e d  

f i r s t  in  t h i s  c h a n n e l .  U n f o r tu n a te ly ,  t h e  d e te c t io n  o f  t a u  

le p to n s  is  f a r  m o re  d if f ic u lt  t h a n  t h a t  o f  m u o n s  o r  e lec 

t r o n s .

A  m e a s u r e m e n t  o f  j ( p p  ^  Z  +  X ) - B r ( Z  ^  t + t - ) in  

p p  c o llis io n s  a t  y fs  =  1 .96  T e V  is  d e s c r ib e d  in  t h i s  L e t 

t e r .  T h e  a n a ly s is  is  b a s e d  o n  a n  e v e n t  s a m p le  c o n ta in in g  

a  s in g le  is o la te d  m u o n  f ro m  a  t a u  l e p to n  d e c a y  a n d  a  t a u  

c a n d id a t e  r e c o n s t r u c te d  a s  a  n a r r o w  j e t  t h a t  c o u ld  b e  

p r o d u c e d  b y  a  t a u  l e p to n  d e c a y in g  e i th e r  h a d r o n ic a l ly  o r  

i n to  a n  e le c t r o n  a n d  n e u t r in o s .  T h is  m e a s u r e m e n t  is  o f  

i n te r e s t  n o t  o n ly  a s  a  t e s t  o f  t h e  S M  p r e d ic t io n  b u t  a lso  

b e c a u s e  a n y  e x c e ss  o v e r  t h e  e x p e c te d  j - B r  c o u ld  b e  a n  

i n d ic a t io n  o f  a  s o u rc e  o th e r  t h a n  Z  b o s o n s  fo r  e v e n ts  c o n 

t a in in g  t a u  le p to n  p a i r s ,  s u c h  a s  t h e  H ig g s  b o s o n  [1]. T h e  

p re c is io n  o f  th i s  r e s u l t  is  s ig n if ic a n t ly  im p ro v e d  c o m p a r e d  

to  e a r l ie r  p u b l ic a t io n s  [2, 3 ].

T h e  a n a ly s is  p r e s e n te d  h e r e  is  b a s e d  o n  d a t a  c o lle c te d  

b e tw e e n  S e p te m b e r  2 0 0 2  a n d  F e b r u a r y  2 0 0 6  b y  th e  D 0 

e x p e r im e n t ,  c o r r e s p o n d in g  t o  a n  in t e g r a t e d  lu m in o s i ty  o f  

1003  ±  62  p b - 1  [4].

T h e  D 0  d e te c to r  [5] is  a  g e n e ra l  p u rp o s e ,  a x ia l ly  

a n d  fo rw a rd -b a c k w a rd  s y m e tr ic  d e te c to r ,  c o n s is t in g  o f  a  

c e n t r a l - t r a c k in g  s y s te m  lo c a te d  w i th in  a  2 T  s u p e r c o n 

d u c t in g  s o le n o id a l  m a g n e t ,  s u r r o u n d e d  b y  th r e e  liq u id -  

a r g o n / u r a n i u m  c a lo r im e te r s  a n d  a  m u o n  d e te c to r .  T h e  

s p a t i a l  c o o r d in a te s  o f  t h e  D 0  d e te c to r  a r e  d e f in e d  u s in g  

a  r ig h th a n d e d  C a r t e s i a n  s y s te m  w i th  th e  o r ig in  in  th e  

c e n te r  o f  t h e  d e te c to r .  T h e  p o s i t iv e  z - a x is  is  t h e  d ir e c 

t i o n  o f  t h e  p r o to n  b e a m , th e  p o s i t iv e  y -a x is  p o in t s  u p 

w a rd s  a n d  th e  p o s i t iv e  x - a x is  p o in t s  o u t  o f  t h e  T e v a t ro n  

r in g . T h e  a z im u th a l  a n g le  ^  is  m e a s u r e d  w i th  r e s p e c t  

t o  t h e  p o s i t iv e  x  d i r e c t io n .  P s e u d o r a p id i ty  is d e f in e d  a s  

n  =  — ln [ ta n ( 0 /2 ) ] ,  w h e re  th e  p o la r  a n g le  0 is  m e a s u r e d  

w i th  r e s p e c t  t o  t h e  p o s i t iv e  z  d i r e c t io n .  T h e  t r a c k in g  

s y s te m  h a s  c o v e ra g e  u p  to  n  ~  3. T h e  c a lo r im e te r  c o n 

s is ts  o f  a  c e n t r a l  s e c t io n  (C C )  c o v e r in g  |n | <  1.1 a n d  tw o  

e n d  c a lo r im e te r s  (E C )  t h a t  e x te n d  c o v e ra g e  to  |n | ~  4 .2 , 

a ll  h o u s e d  in  s e p a r a t e  c r y o s ta t s  a n d  s e g m e n te d  in to  ce lls  

o f  d im e n s io n s  0 .1  x  0 .1  in  n  — ^  s p a c e  [6]. T h e  m u o n  

s y s te m  [7] p ro v id e s  a  c o v e ra g e  u p  t o  n  ~  2 a n d  is  lo 

c a t e d  o u ts id e  th e  c a lo r im e te r ;  i t  c o n s is ts  o f  a  la y e r  o f  

t r a c k in g  d e te c to r s  a n d  s c in t i l la t io n  t r ig g e r  c o u n te r s  b e 

fo re  1 .8  T  i r o n  to r o id s ,  fo llo w ed  b y  tw o  s im ila r  la y e rs  

a f te r  t h e  to ro id s .  L u m in o s i ty  is  m e a s u r e d  u s in g  p la s t ic

s c in t i l l a to r  a r r a y s  lo c a te d  in  f ro n t  o f  t h e  E C  c r y o s ta t s ,  

c o v e r in g  2 .7  <  |n | <  4 .4 . A  th r e e  lev e l t r ig g e r  s y s te m  is 

d e s ig n e d  to  s e le c t  m o s t  in te r e s t in g  e v e n ts  b a s e d  o n  p r e 

l im in a r y  in f o r m a t io n  f ro m  th e  t r a c k in g ,  c a lo r im e try ,  a n d  

m u o n  s y s te m s , r e d u c in g  th e  n u m b e r  o f  r e c o rd e d  e v e n ts  

f ro m  th e  c o llis io n  r a t e  o f  «  2 M H z  t o  a  r a t e  o f  «  50  H z, 

w h ic h  is  w r i t t e n  t o  ta p e .

T h e  t r ig g e r in g  s t r a t e g y  u s e d  in  th i s  a n a ly s is  is  b a s e d  

o n  th e  t a u  le p to n  w h ic h  d e c a y s  in to  vT . A  s in g le  

m u o n  t r ig g e r  r e q u i r in g  h i t s  in  th e  m u o n  s y s te m  in  c o m 

b in a t io n  w i th  a  h ig h  t r a n s v e r s e  m o m e n tu m  (p T ) t r a c k  

r e c o n s t r u c te d  in  t h e  c e n t r a l  t r a c k in g  s y s te m  is  r e q u ir e d . 

T h e  a v e ra g e  t r ig g e r  effic ien cy , u l t im a te ly  p a r a m e t r i z e d  a s  

a  f u n c t io n  o f  >̂, n  a n d  z  u s in g  a  d a t a  s a m p le  o f  Z  ^  u +U-  

e v e n ts , is  (5 2 .3  ±  1 .4 )% . N o  d e p e n d e n c e  o n  th e  m u o n  

is  o b s e rv e d  a b o v e  15 G e V .

M o s t b a c k g r o u n d s  a s  w ell a s  t h e  e ffic ie n cy  o f  t h e  se 

l e c t io n  fo r  s ig n a l  Z  ^  t  + t  -  e v e n ts  a r e  e s t im a te d  u s in g  

M o n te  C a r lo  (M C ) s im u la t io n s .  A ll s im u la te d  s a m p le s  

a r e  g e n e r a te d  w i th  P Y T H I A  [8] u s in g  th e  C T E Q 6 .1 L  p a r -  

t o n  d i s t r i b u t io n  fu n c t io n  ( P D F )  s e t .  S im u la t io n  o f  th e  

D 0  d e te c to r  is  d o n e  u s in g  G E A N T 3  [9]. N o ise  in  t h e  d e te c 

t o r  a n d  th e  c o n t r ib u t io n s  f ro m  o th e r  s im u l ta n e o u s  in t e r 

a c t io n s  a re  s im u la te d  b y  a d d in g  r a n d o m  u n t r ig g e r e d  d a t a  

e v e n ts  t o  t h e  M C  s im u la t io n .  T h e s e  e v e n ts  w e re  c h o s e n  

s u c h  t h a t  t h e  e ffe c tiv e  i n s t a n ta n e o u s  lu m in o s i ty  d i s t r i b u 

t i o n  in  M C  is  t h e  s a m e  a s  in  d a t a .  T h e  c o d e  u s e d  fo r th e  

r e c o n s t r u c t io n  o f  s im u la te d  e v e n ts  is  id e n t ic a l  t o  t h e  o n e  

u s e d  fo r d a t a .

C o r r e c t io n s  a r e  a p p l ie d  t o  a ll  M C  e v e n ts  t o  o b ta in  

o v e ra l l  g o o d  a g re e m e n t  b e tw e e n  t h e  s im u la t io n  a n d  co l 

l id e r  d a t a .  T h e  m o m e n tu m  sc a le  a n d  r e s o lu t io n  fo r 

m u o n s  in  th e  M C  a r e  t u n e d  t o  r e p r o d u c e  th e  Z  b o s o n  

in v a r ia n t  m a s s  d i s t r ib u t io n  o b s e rv e d  in  d a t a .  S im ila r ly , 

t h e  j e t  e n e rg y  r e s o lu t io n  is  t u n e d  t o  m a tc h  t h a t  o b s e rv e d  

in  d a t a  fo r  e a c h  r e g io n  o f  t h e  d e te c to r .  T h e  s p e c t r u m  

o f  th e  Z  b o s o n  fo r e v e n ts  g e n e r a te d  w i th  P Y T H I A  h a s  a  

d if f e re n t  s h a p e  t h a n  t h a t  m e a s u r e d  in  d a t a ;  th e r e fo r e  th e  

o f  t h e  Z  b o s o n  is  r e w e ig h te d  t o  f it  t h e  d i r e c t  m e a 

s u r e m e n t  in  d a t a  [10]. S m a ll  d if fe re n c e s  in  a c c e p ta n c e  

b e tw e e n  d a t a  a n d  s im u la t io n  a r e  c o r r e c te d  fo r  b y  w e ig h t 

in g  th e  s im u la te d  z  p o s i t io n  o f  th e  p r im a r y  v e r te x  in  M C  

e v e n ts  t o  r e p r o d u c e  t h a t  o b s e rv e d  in  d a t a .

R e c o n s t r u c t io n  e ffic ie n c ie s  fo r  m u o n s  a n d  t r a c k s  a r e  

c a lc u la te d  b o t h  in  d a t a  a n d  M C  u s in g  s a m p le s  o f  Z  ^  

U + U -  e v e n ts . E ff ic ie n c y  c o r r e c t io n  f a c to r s  fo r  M C  e v e n ts  

a s  a  fu n c t io n  o f  m u o n  o r  t r a c k  >̂, n  a n d  z  a r e  a p p l ie d . 

T h e  s ig n a l  o r  b a c k g r o u n d  s a m p le s  a re  n o rm a l iz e d  t o  th e  

e x p e c te d  n u m b e r  o f  e v e n ts  e v a lu a te d  u s in g  th e  lu m in o s 

i t y  o f  t h e  d a t a  s a m p le  a n d  th e  th e o r e t ic a l  v a lu e s  o f  th e  

n e x t - to - n e x t - to - le a d in g  o r d e r  (N N L O ) c ro s s  s e c t io n s  in  

t h e  c a s e  o f  Z  b o s o n  p r o d u c t io n  [11 , 12 ] o r  n e x t - to - le a d in g  

o r d e r  (N L O )  c ro s s  s e c t io n s  fo r  a ll o th e r  p ro c e s s e s  w h e re
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F IG . 1: N N  o u tp u t  d is tr ib u tio n s  fo r (a) ty p e  1, (b) ty p e  2, an d  (c) ty p e  3 t a u  can d id a te s . T h e  ra t io  o f s igna l to  b ack g ro u n d  

is a rb itra ry , b u t  th e  re la tiv e  a m o u n ts  o f ty p e  1, ty p e  2, an d  ty p e  3 ev en ts  in  b a ck g ro u n d  a n d  s igna l a re  n o t. T h e  d is tr ib u tio n s  

a re  n o rm alized  w ith  re sp e c t to  each  o th e r  su ch  t h a t  th e  su m  over th e  th re e  ty p e s  is 1 for b o th  s igna l a n d  b ack g ro u n d .

th e  N N L O  c a lc u la t io n  is  n o t  a v a ila b le . W  b o s o n  p r o d u c 

t i o n  is  n o rm a l iz e d  f ro m  d a ta .

In  th i s  a n a ly s is ,  m u o n s  a re  id e n t i f ie d  s t a r t i n g  w ith  

t h e i r  s ig n a tu r e  in  t h e  m u o n  d e te c to r .  T h e  t r a c k  re c o n 

s t r u c t e d  f ro m  h i t s  in  t h e  m u o n  la y e rs  is  r e q u i r e d  t o  m a tc h  

a  t r a c k  f ro m  th e  c e n t r a l  t r a c k in g  d e te c to r s .  T h e  m u o n  

m o m e n tu m  is  m e a s u r e d  u s in g  o n ly  th e  c e n t r a l  t r a c k in g  

d e te c to r s .

A  t a u  c a n d id a t e  is a  c o l le c t io n  o f  (i) a  c a lo r im e te r  c lu s 

t e r  r e c o n s t r u c te d  u s in g  a  s im p le  c o n e  a lg o r i th m  [13], (ii)  

t r a c k s  a s s o c ia te d  w i th  th e  c a lo r im e te r  c lu s te r  o f  w h ic h  

a t  le a s t  o n e  h a s  p T >  1 .5  G e V  b u t  w i th  a  t o t a l  in 

v a r i a n t  m a s s  le ss  t h a n  1 .8  G e V , a n d  (iii)  e le c t r o m a g 

n e t ic  (E M ) s u b - c lu s te r s  c o n s t r u c te d  f ro m  th e  c e lls  in  

th e  E M  s e c t io n  o f  t h e  c a lo r im e te r .  T h e  s iz e  o f  t h e  

c o n e  u s e d  fo r r e c o n s t r u c t io n  o f  t h e  c a lo r im e te r  c lu s te r  is 

R  =  \ / ( A 4>)2 +  ( A r/)2 =  0 .5 , w h e re  A</> is  t h e  d if fe re n c e  

in  a z im u th a l  a n g le , a n d  A n  th e  d if fe re n c e  in  p s e u d o r a 

p id i ty  b e tw e e n  th e  c o n e  a x is  a n d  e a c h  o f  t h e  c a lo r im e te r  

to w e rs . I s o la t io n  v a r ia b le s  a r e  c a lc u la te d  u s in g  a  c o n e  o f  

R  =  0 .3 . T h e  t r a c k s  a s s o c ia te d  w i th  th e  t a u  c a n d id a te  

m u s t  a ls o  b e  c o n ta in e d  w i th in  th i s  R  =  0 .3  c o n e .

T a u  c a n d id a te s  a r e  c la s s if ie d  a s  ty p e  1, 2 o r  3 , d e p e n d 

in g  o n  th e  n u m b e r s  o f  t r a c k s  a n d  E M  s u b - c lu s te r s  th e y  

p o s s e s s . T y p e  1 t a u  c a n d id a te s  h a v e  e x a c t ly  o n e  a s s o c i 

a t e d  t r a c k  a n d  n o  E M  s u b -c lu s te r s ,  ty p e  2 h a v e  o n e  a s s o 

c i a te d  t r a c k  a n d  o n e  o r  m o re  E M  s u b - c lu s te r s ,  a n d  ty p e

3 h a v e  a t  le a s t  tw o  a s s o c ia te d  t r a c k s .  T h e s e  c a te g o r ie s  

c o r r e s p o n d  r o u g h ly  t o  p u r e  o n e -p ro n g  d e c a y s , o n e -p ro n g  

p lu s  n e u t r a l  p io n  d e c a y s  a s  w ell a s  d e c a y  in to  e le c tro n s ,  

a n d  th r e e - p r o n g  d e c a y s  o f  t h e  t a u  le p to n .

D u e  to  t h e  la rg e  n u m b e r  o f  j e t s  r e c o n s t r u c te d  a s  t a u  

c a n d id a te s ,  a d d i t io n a l  s e le c t io n  c r i t e r i a  m u s t  b e  a p p l ie d  

in  o r d e r  to  d is t in g u is h  t a u  l e p to n s  f ro m  j e t s .  T h r e e  n e u 

r a l  n e tw o rk s  (N N ), o n e  fo r e a c h  t a u  ty p e ,  a r e  t r a i n e d  

u s in g  Z  ^  t + t -  M C  e v e n ts  a s  s ig n a l  a n d  e v e n ts  w i th  a  

j e t  b a c k - to - b a c k  w i th  a  n o n - is o la te d  m u o n  f ro m  d a t a  a s  

b a c k g ro u n d .  T h e  N N s  u se  i s o la t io n  v a r ia b le s  b a s e d  o n

t r a c k s ,  h a d r o n ic  a n d  E M  c a lo r im e te r  c lu s te r s ,  a s  w ell a s  

s h o w e r  s h a p e  v a r ia b le s  a n d  c o r r e la t io n  v a r ia b le s  b e tw e e n  

c a lo r im e te r  a n d  t r a c k s .  F ig u r e  1 sh o w s  th e  d is c r im in a 

t i o n  o b ta in e d  u s in g  th e  N N s. R e q u ir in g  t h a t  t h e  N N  o u t 

p u t  b e  la r g e r  t h a n  0 .9  r e s u l t s  in  a  b a c k g r o u n d  r e je c t io n  o f  

a lm o s t  a  f a c to r  o f  50  fo r  a ll  th r e e  t a u  ty p e s .  T h is  r e d u c e s  

th e  p r o b a b i l i ty  fo r  a  j e t  t o  b e  m is id e n t i f ie d  a s  a  t a u  le p 

t o n  to  1 .1%  fo r t h e  s u m  o f  a ll  ty p e s  ( f ro m  52 %  w i th o u t  

t h e  N N  o u t p u t  r e q u i r e m e n t) ,  w h ile  m a in ta in in g  a  t o t a l  

e ff ic ie n cy  o f  c lo se  t o  70 %  fo r t a u  l e p to n s  w h ic h  d e c a y  

h a d r o n ic a l ly  o r  t o  a n  e le c t ro n  a n d  n e u t r in o s .  E le c t r o n s  

a r e  t r e a t e d  a s  t y p e  2 t a u  c a n d id a te s ,  s in c e  th e  e ffic ie n c y  

fo r  t h e m  t o  b e  r e c o n s t r u c t e d  a s  s u c h  a n d  p a s s  t h e  N N  

o u t p u t  r e q u i r e m e n t  is  98 % . F o r  a  c o m p le te  d e s c r ip t io n  

o f  t h e  n e u r a l  n e tw o rk s  a n d  d e ta i l s  o n  th e i r  p e r fo rm a n c e  

see  R ef. [14].

T h e  v a r ia b le  c h o s e n  t o  b e s t  i l l u s t r a t e  t h e  Z  ^  t + t -  

s ig n a l  is t h e  v is ib le  m a s s , g iv e n  b y :

V is ib le  M a s s  =  +  P T +  f T ) 2 , (1 )

w h e re  P Mit  =  (E m,t ,P ^ t ,P^,t ,P^,t ) a r e  t h e  fo u r-  

m o m e n tu m  v e c to r s  o f  t h e  m u o n  a n d  th e  t a u  c a n d id a te ,  

a n d  p T  =  (Et , E t , E T , 0 ) , w i th  E T b e in g  th e  m is s in g  

t r a n s v e r s e  e n e r g y  in  t h e  e v e n t  a n d  E x , E y  b e in g  i t s  p r o 

j e c t io n s  a lo n g  th e  x  a n d  y  d i r e c t io n s .  T h e  u n c o r r e c te d  

m is s in g  t r a n s v e r s e  e n e r g y  is  d e f in e d  a s  t h e  v e c to r  e q u a l  

in  l e n g th  a n d  o p p o s i te  in  d i r e c t io n  t o  t h e  v e c to r ia l  s u m  

o f  t r a n s v e r s e  e n e rg ie s  o f  t h e  c a lo r im e te r  c e lls . T h e  t r a n s 

v e rs e  m o m e n ta  o f  m u o n s  a re  s u b t r a c t e d  f ro m  th i s  v e c to r , 

a f t e r  c o r r e c t io n s  fo r t h e  e n e r g y  d e p o s i te d  b y  th e  m u o n s  

in  t h e  c a lo r im e te r  h a v e  b e e n  a p p l ie d .  W h e n  th e  t a u  c a n 

d id a t e  m a tc h e s  a  r e c o n s t r u c te d  e le c tro n , t h e  e n e r g y  c o r 

r e c t io n s  d e r iv e d  fo r e le c tro n s  a r e  a p p l ie d .  F o r  j e t s  c o r 

r e s p o n d in g  t o  t a u  c a n d id a te s ,  t h e  t a u  e n e r g y  c o r r e c t io n s  

d e s c r ib e d  b e lo w  a r e  a p p l ie d .  J e t  e n e r g y  c o r r e c t io n s  a p 

p l ie d  t o  a ll o th e r  j e t s  in  t h e  e v e n t  a r e  p r o p a g a te d  t o  th e  

m is s in g  E T  c a lc u la t io n .



6

To  c o m p a r e  th e  v is ib le  m a s s  d i s t r i b u t io n s  o f  t h e  t a u  

p a i r s  b e tw e e n  d a t a  a n d  M C , i t  is  i m p o r t a n t  t o  h a v e  th e  

c o r r e c t  e n e rg y  sc a le  fo r  t h e  t a u  c a n d id a te .  F o r  ty p e  1 

t a u  c a n d id a te s ,  t h e  m o m e n tu m  o f  t h e  t r a c k  is  u s e d  a s  th e  

b e s t  e s t im a te  o f  t h e  e n e r g y  o f  t h e  t a u  c a n d id a t e  w h e n  th e  

t r a c k in g  r e s o lu t io n  is  s u p e r io r  t o  t h e  c a lo r im e te r  e n e rg y  

r e s o lu t io n  (u p  t o  c a lo r im e te r  c lu s te r  e n e rg y  o f  70  G e V ). 

F o r  ty p e  2 c a n d id a te s  m a tc h in g  e le c tro n s ,  t h e  e n e rg y  c o r 

r e c t io n s  d e r iv e d  fo r  e le c tro n s  a r e  a p p l ie d .  F o r  ty p e  2 c a n 

d id a te s  n o t  m a tc h in g  e le c tro n s  a n d  ty p e  3 t a u  c a n d id a te s ,  

th e  e n e rg y  is  e s t im a te d  u s in g

E
corr _  \  A ^ trk trk

(2)

w h e re  p t rk is  t h e  m o m e n tu m  o f  t r a c k  i a s s o c ia te d  w i th  

th e  t a u  c a n d id a te ,  E cal is  t h e  e n e rg y  d e p o s i te d  b y  th e  

t a u  c a n d id a t e  in  t h e  c a lo r im e te r ,  a n d  R ( p trk , n ) r e p r e 

s e n ts  t h e  r e s p o n s e  o f  t h e  c a lo r im e te r  t o  t h e  w h ic h  

p r o d u c e d  t r a c k  i a s s o c ia te d  w i th  t h e  t a u  c a n d id a te ,  a s  a  

f u n c t io n  o f  t h e  e n e rg y  a n d  r a p i d i t y  o f  t h e  . T y p ic a lly , 

0 .6  <  R ( p t r k , n ) <  0 .9 . A s  th e  r e s o lu t io n  o f  t h e  c a lo r im e 

t e r  is  b e t t e r  t h a n  t h a t  o f  t h e  t r a c k in g  a t  c a lo r im e te r  

c lu s te r  e n e rg ie s  h ig h e r  t h a n  70  G e V  ( ty p e  1), 100 G e V  

( ty p e  2 ), o r  120 G e V  ( ty p e  3 ), t h e  e n e rg y  o f  t h e  c a lo r im e 

t e r  c lu s te r  is  u s e d  in  th e s e  c a se s , a f te r  a p p ly in g  n  a n d  

e n e rg y  d e p e n d e n t  c o r r e c t io n s  o b ta in e d  f ro m  M C .

T h e  d e f a u l t  p r o g r a m  in  th e  D 0  G E A N T  s im u la t io n  

fo r  h a d r o n ic  in te r a c t io n s ,  G E I S H A  [15], d o e s  n o t  r e p r o 

d u c e  th e  c h a rg e d  p io n  r e s p o n s e  in  d a t a  w ell. T h e re fo r e  

gCALOR [16] is  u s e d  fo r  a  m o re  p re c is e  s im u la t io n  o f  s in 

g le  c h a rg e d  p io n  in te r a c t io n s .  T h e  c h a rg e d  p io n  r e s p o n s e  

o b ta in e d  u s in g  th e s e  s p e c ia l  s im u la t io n s  w a s  fo u n d  to  

b e  in  r e a s o n a b le  a g re e m e n t  w i th  p r e l im in a r y  d a t a  m e a 

s u r e m e n ts  in  t h e  c e n t r a l  c a lo r im e te r  [17]. T h e  e n e rg y  

m e a s u r e m e n t  fo r  n e u t r a l  p a r t ic le s ,  m o s t ly  i m p o r t a n t  fo r 

ty p e  2 t a u s ,  is  d o m in a te d  b y  e le c t r o m a g n e t ic  sh o w e rs  in  

th e  c a lo r im e te r .  T h e  s im u la t io n  o f  e le c t r o m a g n e t ic  sh o w 

e r s  in  G E A N T  is  s u f f ic ie n tly  a c c u r a te  fo r t h e  p u r p o s e  o f  

t h i s  m e a s u re m e n t .

T h e  p r e s e le c t io n  r e q u i r e s  o n e  i s o la te d  m u o n  re c o n 

s t r u c t e d  w i th in  th e  p s e u d o r a p id i ty  in te r v a l  |n | <  1.6 . 

T h e  t r a n s v e r s e  m o m e n tu m  o f  t h e  m u o n  a s  m e a s u r e d  

b y  th e  c e n t r a l  t r a c k in g  d e te c to r s  m u s t  s a t i s f y  p ^  >  

15 G e V . N o  o th e r  m u o n  m a tc h e d  t o  a  c e n t r a l  t r a c k  w ith  

p T >  10 G e V  is  a llo w e d  in  t h e  e v e n t .  T h e  m u o n  iso 

l a t io n  r e q u ir e s  t h e  s u m  o f  e n e rg ie s  o f  a ll c e lls  s i t u a t e d  

in  a  h o llo w  c o n e  a r o u n d  th e  d i r e c t io n  o f  t h e  m u o n  w ith  

0 .1  <  R  <  0 .4 , a s  w e ll a s  t h e  s u m  o f  a ll  t r a c k s  in  a  

c o n e  o f  R  <  0 .5 , e x c lu d in g  th e  m u o n  t r a c k ,  t o  b e  less  

t h a n  2 .5  G e V .

T h e  p re s e le c t io n  f u r th e r  r e q u ir e s  o n e  t a u  c a n d id a te  

w i th  p T >  15 G e V , |n | <  2, s c a la r  s u m  o f  t h e  t r a n s v e r s e  

m o m e n ta  o f  a ll t r a c k s  a s s o c ia te d  w i th  t h e  t a u  c a n d id a te  

>  15 G e V  fo r  ty p e s  1 a n d  3 a n d  >  5 G e V  fo r ty p e  2 t a u  

c a n d id a te s ,  N N  >  0 .3 , a n d  n o  o th e r  m u o n  m a tc h in g  th e  

t a u  c a n d id a te .  T y p e  3 t a u  c a n d id a te s  w i th  tw o  t r a c k s

a r e  o n ly  c o n s id e r e d  if  b o t h  t r a c k s  h a v e  th e  s a m e  c h a rg e . 

T h e  t a u  c a n d id a te  is  r e q u i r e d  to  h a v e  a  c h a rg e  w i th  o p 

p o s i te  s ig n  to  t h a t  o f  t h e  m u o n . T h e  d is ta n c e s  in  t h e  z 

d i r e c t io n  a t  t h e  t r a c k ’s p o in t  o f  c lo s e s t  a p p r o a c h  b e tw e e n  

th e  m u o n  a n d  th e  p r im a r y  v e r te x ,  t h e  t a u  c a n d id a t e  a n d  

th e  p r im a r y  v e r te x ,  a s  w e ll a s  t h e  d is ta n c e  b e tw e e n  th e  

m u o n  a n d  th e  t a u  c a n d id a t e  m u s t  b e  le ss  t h a n  1 cm .

In  t o t a l  8 3 1 6  e v e n ts  p a s s  th e s e  c r i t e r i a .  T o  r e d u c e  th e  

W  +  j e t s  a n d  th e  Z  ^  U -  b a c k g ro u n d s ,  a n o th e r  se 

l e c t io n  c r i t e r io n  is  u s e d , b a s e d  o n  a  v a r ia b le  w h ic h  g iv e s  

a n  a p p r o x im a t io n  o f  t h e  W  b o s o n  m a s s , r e f e r r e d  to  a s

— ^ j 2 E ^ E n ( l  — co s  A </>), (3 )

w h e re  E v =  E t  • E M/p ^ , is  a n  a p p r o x im a t io n  o f  t h e  n e u 

t r i n o  e n e rg y , a n d  A ^  is  t h e  a n g le  b e tw e e n  E t  a n d  th e  

m u o n  in  th e  t r a n s v e r s e  p la n e .

F o r  t h e  f in a l s e le c t io n , a ll t h e  p r e s e le c t io n  c r i t e r i a  a re  

a p p l ie d .  A d d i t io n a l ly ,  t h e  lo w e r l im i t  o n  th e  N N  o u t p u t  

fo r  t h e  t a u  c a n d id a te s  is r a i s e d  to  0 .9  fo r  ty p e s  1 a n d  2, 

a n d  t o  0 .9 5  fo r ty p e  3 t a u  c a n d id a te s .  T h e  f in a l s e le c t io n  

a ls o  r e q u i r e s  m * <  20  G e V . A  t o t a l  o f  1511 e v e n ts  p a s s  

a ll  t h e  s e le c t io n  c r i t e r ia .

T h e  d o m in a n t  r e m a in in g  b a c k g r o u n d  a r is e s  f ro m  m u l 

t i j e t  p ro c e s s e s , m a in ly  f ro m  bb e v e n ts  w h e re  th e  m u o n  

is o la t io n  r e q u i r e m e n t  is  m e t  a n d  o n e  o f  t h e  j e t s  s a t is f ie s  

t h e  t a u  c a n d id a t e  s e le c t io n  c r i t e r ia .  A n o th e r  s ig n if ic a n t  

s o u rc e  o f  e v e n ts  w i th  i s o la te d  m u o n s  a n d  t a u  c a n d id a te s  

is  W  +  j e t s  p r o d u c t io n ,  w h e re  th e  W  b o s o n  d e c a y s  to  

U v a n d  o n e  o f  th e  j e t s  is  m is id e n t i f ie d  a s  a  t a u  c a n d id a te .  

T h e  Z  ^  u + U -  b a c k g r o u n d  is r e d u c e d  b y  th e  r e q u i r e 

m e n t  t h a t  n o  o th e r  m u o n  b e  fo u n d  in  t h e  e v e n t ,  b u t  a  

s m a ll  n u m b e r  o f  e v e n ts  w ill b e  s e le c te d  w h e n  o n e  o f  th e  

m u o n s  is  n o t  r e c o n s t r u c te d .  S m a ll  c o n t r ib u t io n s  a re  a lso  

e x p e c te d  f ro m  W  ^  t v  a n d  W W  ^  I v lv , a s  w ell a s  

t t  p r o d u c t io n .  C o n t r ib u t io n s  f ro m  W Z  a n d  Z Z  e v e n ts  

y ie ld  le ss  t h a n  o n e  e v e n t  e a c h  a f te r  t h e  f in a l s e le c t io n  

c r i t e r i a  a n d  a r e  th e r e fo r e  n e g le c te d .  A ll b a c k g ro u n d s ,  

e x c e p t  t h e  m u l t i j e t  b a c k g ro u n d ,  a r e  e s t im a te d  u s in g  M C  

s im u la t io n s .

T h e  m u l t i j e t  b a c k g r o u n d  is  e s t im a te d  u s in g  th e  d a t a  

e v e n ts  t h a t  s a t i s f y  a ll r e q u i r e m e n ts  p la c e d  o n  th e  s ig n a l  

s a m p le  e x c e p t  t h a t  t h e  m u o n  a n d  th e  t a u  c a n d id a t e  h a v e  

th e  s a m e  s ig n  c h a rg e .  W e  c a ll  th i s  t h e  s a m e -s ig n  (S S ) 

s a m p le .  T o  o b ta in  th e  a p p r o p r i a t e  n o r m a l iz a t io n  fo r th i s  

b a c k g ro u n d ,  a  s p e c ia l  d a t a  s a m p le  is  s e le c te d , t h e  “m u l t i 

j e t  s a m p le ,” c o n ta in in g  e v e n ts  t h a t  p a s s  a ll r e q u i r e m e n ts  

p la c e d  o n  th e  s ig n a l  s a m p le  e x c e p t  t h e  is o la t io n  c r i t e r i a  

a n d  th e  c u t  o n  th e  t a u  N N  o u t p u t .  I n s t e a d  o f  t h e  iso 

l a t io n  r e q u i r e m e n t  u s e d  fo r t h e  s ig n a l  e v e n ts ,  t h e  e v e n ts  

in  t h e  m u l t i j e t  s a m p le  h a v e  th e  s u m  o f  e n e rg ie s  o f  a ll 

c a lo r im e te r  c e lls  in s id e  th e  h o llo w  is o la t io n  c o n e  in  th e  

r a n g e  2 .5  t o  10 G e V . T h e  s u m  o f  a ll n o n -m u o n  t r a c k s  

p T w i th in  th e  t r a c k  is o la t io n  c o n e  is  r e q u i r e d  to  b e  in  th e  

s a m e  in te r v a l  2 .5  — 10 G e V . T o  a v o id  c o n ta m in a t io n  f ro m

*
m

*
m
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s ig n a l  e v e n ts , a n  u p p e r  l im i t  o n  th e  t a u  N N  w h e re  N ^  is  t h e  n u m b e r  o f  W  +  j e t s  e v e n ts , N ^ ■ is  t h eZ  ^  t

o u t p u t  is p la c e d  a t  0 .8 . T o  in c re a s e  th e  s t a t i s t i c s  o f  th i s  

s a m p le ,  t h e  m u o n  p T is  r e q u i r e d  t o  b e  a t  le a s t  10 G e V  

in s te a d  o f  15 G e V . T h e  m u l t i j e t  s a m p le  is  e x p e c te d  to  

b e  c o m p le te ly  d o m in a te d  b y  m u l t i j e t  p ro c e s s e s , b u t  m a y  

a ls o  in c lu d e  e v e n ts  in  w h ic h  a  W  d e c a y in g  in to  a  m u o n  is 

p r o d u c e d  in  a s s o c ia t io n  w i th  a  j e t .  T h e  W  +  j e t s  c o n t r i 

b u t io n  is r e d u c e d  b y  r e q u i r in g  t h a t  t h e  m u o n  a n d  th e  t a u  

c a n d id a t e  a r e  b a c k  t o  b a c k  ( |^ M — ^ T | >  2 .5 ) . A  s l ig h t  

e x c e s s  o f  o p p o s i te  s ig n  (O S )  o v e r  SS  e v e n ts  is o b s e rv e d  

in  t h e  m u l t i j e t  s a m p le .  N o  s ig n if ic a n t  d e p e n d e n c e  o f  th e  

O S /S S  r a t i o  a s  a  f u n c t io n  o f  p T o r  N N  o u t p u t  is  o b s e rv e d  

fo r  t h e  th r e e  ty p e s  o f  t a u  c a n d id a te s  in  t h e  m u l t i j e t  s a m 

p le . C o r r e c t io n  f a c to r s  ( / ¿ j )  o f  1 .1 3  ±  0 .0 3 ,1 .0 8  ±  0 .0 1 , 

a n d  1. 0 6  ±  0 .0 1  fo r t a u  ty p e s  1 t o  3 a re  o b ta in e d ,  b e in g  

u s e d  a s  d is c u s s e d  b e lo w  t o  n o rm a liz e  th e  m u l t i j e t  b a c k 

g r o u n d  in  t h e  f in a l s ig n a l  s a m p le .

T h e  n u m b e r  o f  e v e n ts  in  t h e  SS  s a m p le  is c o r r e c te d

fo r  t h e  c o n t r ib u t io n  f ro m  Z M+ M , Z a n d

W  ^  t v  o b ta in e d  f ro m  M C , m u l t ip l ie d  b y  a n  a d d i t io n a l  

c o r r e c t io n  f a c to r  w h ic h  ta k e s  in to  a c c o u n t  t h e  d if fe re n c e  

b e tw e e n  th e  c h a rg e  m is id e n t i f ic a t io n  r a t e s  in  d a t a  a n d  

M C . T o ta ls  o f  6 e v e n ts  fo r  ty p e  1, 16 e v e n ts  fo r  t y p e  

2, a n d  18 e v e n ts  fo r ty p e  3 t a u  c a n d id a te s  f ro m  Z  ^

M+M , Z a n d  > t v  a r e  e s t im a te d  to  h a v e  a

m is id e n t i f ie d  c h a rg e  a f t e r  a ll c u t s  a n d  a r e  s u b t r a c t e d  f ro m  

th e  n u m b e r  o f  SS  e v e n ts  w h e n  th e  m u l t i j e t  b a c k g r o u n d  

is  c a lc u la te d .  T h e  c o n t r ib u t io n  f ro m  W  ^  u v  e v e n ts  is 

a c c o u n te d  fo r  s e p a ra te ly .

A  p a r t  o f  t h e  W  +  j e t s  b a c k g r o u n d  is  a l r e a d y  in c lu d e d  

in  th e  SS  s a m p le .  H o w e v e r , w e e x p e c t  a  s ig n if ic a n t  e x c e ss  

o f  O S  e v e n ts  c o m p a r e d  t o  t h e  n u m b e r  o f  SS  e v e n ts  d u e  to  

t h e  f a c t  t h a t  a  h ig h  p e r c e n ta g e  o f  W  + 1  j e t  e v e n ts  c o m e s  

f ro m  q u a r k  j e t s .  T h e  n u m b e r  o f  W  + j e t s  e v e n ts  in  d a t a  is 

e s t im a te d  b y  s e le c t in g  a  s a m p le  t h a t  is  e x p e c te d  t o  h a v e  

a  la rg e  c o n t r ib u t io n  f ro m  W  b o s o n  p ro c e s s e s  a n d  lo w  o r  

n e g lig ib le  c o n t r ib u t io n s  f ro m  Z  b o s o n  p r o d u c t io n .  S u c h  a  

W  + j e t s  e n r ic h e d  s a m p le  c a n  b e  o b ta in e d  b y  r e q u i r in g  a n  

i s o la te d  m u o n  w i th  p T >  20  G e V , a  t a u  c a n d id a t e  w ith  

0 .3  <  N N  <  0 .8 , |^ M — ^ T | <  2 .7 , a n d  m * >  4 0  G eV . 

M o s t ly  m u l t i j e t  a n d  W  + j e t s  e v e n ts  c o n t r ib u te  t o  th i s  

s a m p le .  T h e  e x c e s s  o f  O S  e v e n ts  c o m p a r e d  t o  SS  e v e n ts  

is  g iv e n  fo r  t h e  m u l t i j e t  b a c k g r o u n d  b y  / ¿ j  fo r t a u  ty p e  i. 

F o r  t h e  W  + j e t s  s a m p le ,  s im ila r  f a c to r s  ( / ^ ) o f  2 .3 9  ±  

1 .0 1 , 3 .1 5  ±  1 .1 7 , a n d  1 .6  ±  0 .2 6  a r e  e s t im a te d  f ro m  d a ta ,  

in  t h e  s a m p le  w i th  th e  c u t s  l i s te d  a b o v e , b u t  r e q u i r in g  a  

t i g h te r  c u t  m * >  60  G e V . U s in g  th is ,  w e c a n  c a lc u la te  t h e  

n u m b e r  o f  W  + j e t s  e v e n ts  in  t h e  W  + j e t s  e n r ic h e d  d a t a  

s a m p le  b y  s o lv in g  th e  fo llo w in g  s y s te m  o f  tw o  e q u a t io n s  

fo r  e a c h  t a u  ty p e  i:

ƒ w  +  1

N 1, ■ 
+  1 mj

\ S S

N q s  -  NSs

(4 )

(5 )

n u m b e r  o f  m u l t i j e t  e v e n ts  a n d  N O S , N ^ S a r e  t h e  n u m 

b e r s  o f  O S , r e s p e c t iv e ly  SS  e v e n ts  in  t h e  W  +  j e t s  e n 

r ic h e d  d a t a  s a m p le .  T h e  r a t io s  b e tw e e n  th e  n u m b e r  o f  

W  +  j e t s  e v e n ts  c a lc u la te d  in  d a t a  b y  s o lv in g  th e  a b o v e  

s y s te m  o f  e q u a t io n s  a n d  th e  o n e  e x p e c te d  f ro m  M C  fo r 

e a c h  t a u  ty p e  a r e  u s e d  a s  n o r m a l iz a t io n  f a c to r s  fo r th i s  

b a c k g r o u n d  in  t h e  s ig n a l  re g io n . T h e  u n c e r t a in ty  o n  N ^  

f ro m  d a t a  is  ta k e n  a s  a  s y s te m a t ic  u n c e r ta in ty .  T h e  e s t i 

m a te d  n u m b e r  o f  W  +  j e t s  e v e n ts  in  t h e  s ig n a l  s a m p le , 

n o t  in c lu d in g  th o s e  in  th e  SS  s a m p le ,  is  14 ±  5 e v e n ts .

S e v e ra l d i s t r ib u t io n s  s u c h  a s  m u o n  a n d  t a u  c a n d id a te  

t r a n s v e r s e  m o m e n tu m , p s e u d o ra p id i ty ,  a n d  a z im u th a l  

a n g le , a s  w ell a s  E T , m * , a n d  v is ib le  m a s s  a re  c o m p a re d  

b e tw e e n  th e  d a t a  a n d  th e  p r e d ic te d  s u m  o f  b a c k g ro u n d s  

a n d  Z  ^  t + t -  fo r t h e  S M  c ro s s  s e c t io n  a n d  b r a n c h in g  

r a t io .  A ll th e s e  d i s t r i b u t io n s  sh o w  g o o d  a g r e e m e n t  a f 

t e r  e a c h  o f  t h e  p re s e le c t io n , N N  s e le c tio n , a n d  a n t i - W  

r e q u i r e m e n t  s ta g e s .

In  F ig .  2 t h e  v is ib le  m a s s  d i s t r i b u t io n  fo r  e v e n ts  w h ic h  

p a s s  t h e  f in a l s e le c t io n  r e q u i r e m e n ts  is  s h o w n  s e p a r a te ly  

fo r  e a c h  o f  t h e  t a u  ty p e s ,  w h ile  F ig . 3 sh o w s  th e  s a m e  

d i s t r i b u t io n  fo r t h e  s u m  o f  a ll ty p e s .  G o o d  a g re e m e n t  

is  o b s e rv e d  b e tw e e n  th e  d a t a  a n d  th e  s u m  o f  t h e  b a c k 

g r o u n d  S M  p ro c e s s e s  a n d  Z  ^  t + t -  s ig n a l , n o rm a l iz e d  

u s in g  th e  N N L O  S M  p r e d ic t io n  [11, 12].

T a b le  I sh o w s  th e  n u m b e r  o f  e v e n ts  e x p e c te d  fo r  e a c h  

t a u  ty p e  f ro m  e a c h  o f  t h e  b a c k g ro u n d s ,  a s  w ell a s  f ro m  

th e  Z  ^  t  + t -  s ig n a l . I t  a ls o  sh o w s  t h e  t o t a l  n u m b e r s  o f  

e x p e c te d  b a c k g r o u n d  a n d  s ig n a l  e v e n ts  in  c o m p a r is o n  to  

t h e  n u m b e r s  o f  e v e n ts  o b s e rv e d  in  d a t a  fo r  th r e e  lev e ls  

o f  s e le c tio n : p r e s e le c t io n , p re s e le c t io n  p lu s  N N  o u t p u t  

r e q u i r e m e n t ,  a n d  a f te r  a ll s e le c t io n  c r i t e r i a  a re  a p p l ie d .  

G o o d  a g re e m e n t  is  o b s e rv e d  b e tw e e n  th e  p r e d ic te d  a n d  

o b s e rv e d  n u m b e r s  o f  e v e n ts  a t  e a c h  le v e l o f  s e le c t io n  fo r 

a ll  t a u  ty p e s .

W e e s t im a te  t h a t  a p p r o x im a te ly  1 .2 %  o f  a ll  Z

e v e n ts  h a v e  th e  w ro n g  s ig n  fo r e i th e r  t h e  m u o n  o r  th e  

t a u  c a n d id a te ,  th e r e f o r e  a p p e a r in g  a s  SS  e v e n ts . F ro m  

th e  n u m b e r  o f  Z  ^  t  + t -  e v e n ts  o b ta in e d  b y  s u b t r a c t in g  

th e  e s t im a te d  b a c k g r o u n d  f ro m  th e  n u m b e r  o f  e v e n ts  in  

t h e  f in a l s a m p le ,  w e c a lc u la te  t h e  n u m b e r  o f  Z  ^  t + t -  

e v e n ts  r e c o n s t r u c t e d  a s  SS  t o  b e  17. T h is  n u m b e r  is  

a d d e d  to  t h e  n u m b e r  o f  e v e n ts  in  t h e  O S  s a m p le  w h e n  

c a lc u la t in g  th e  Z  ^  t + t -  c ro s s  s e c t io n .

R e c o n s t r u c t io n  o f  a  s e c o n d  t r a c k  c lo se  t o  a  f i r s t  re c o n 

s t r u c t e d  t r a c k  is  fo u n d  t o  b e  m o re  e f f ic ie n t in  M C  t h a n  

in  d a t a .  A  c o r r e c t io n  f a c to r  o f  0 .9 7  ±  0 .0 2 8  is  a p p l ie d  to  

s im u la te d  e v e n ts  c o n ta in in g  ty p e  3 t a u  c a n d id a te s .  T h is  

f a c to r  is  o b ta in e d  b y  c o m p a r in g  th e  r a t io s  o f  ty p e  3 t a u  

c a n d id a te s  w i th  tw o  a n d  th r e e  t r a c k s  in  d a t a  a n d  M C  

a n d  t a k in g  in to  a c c o u n t  t h a t  t h e r e  a re  tw ic e  a s  m a n y  SS 

a s  O S  c o m b in a t io n s  w h e n  o n e  o f  t h e  th r e e  t r a c k s  is  lo s t .

S y s te m a t ic  u n c e r t a in t i e s  o n  th e  m u l t i j e t  a n d  W  +  j e t s  

b a c k g r o u n d s  a r e  d e r iv e d  f ro m  th e  s t a t i s t i c a l  u n c e r ta in t i e s  

o f  t h e  c o n t r o l  s a m p le s  u s e d  to  e s t im a te  th e s e  b a c k g r o u n d s

t + t

t  + t
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F IG . 2: V isib le  m ass  d is tr ib u tio n  for (a) ty p e  1 t a u  ev en ts , (b ) ty p e  2 t a u  even ts, a n d  (c) ty p e  3 t a u  even ts. T h e  d a ta  a re  th e  

p o in ts  w ith  e rro r  b a rs . T h e  d iffe ren t co m p o n en ts  o f th e  SM  e x p e c ta tio n  a re  as g iv en  in  th e  legend . T h e  Z  ^  t +t -  s igna l is 

no rm alized  to  th e  th e o re tic a l e x p e c ta tio n  c a lc u la ted  a t  N N L O  u sing  M R S T 2 0 0 4  P D F s  [11, 12].

T y p e  1 T y p e  2 T y p e  3

P ro cess P re se le c tio n P re se lec tio n A ll c u ts P re se lec tio n P re se lec tio n A ll c u ts P re se lec tio n P re se le c tio n A ll c u ts

+  N N  >  0.9 +  N N  >  0.9 +  N N  >  0.95

Z / 7* —>■ T + T ~ 302 ± 4 230 ± 4 146 ± 3 1469 ± 9 1131 ± 8 786 ± 7 693 ± 6 484 ± 5 358 ±  5

Z / 7 *  -*■ n + 58 ± 2 43 ±  2 6.1 ±  0.6 176 ± 3 108 ±  3 14.0 ± 0 .8 184 ± 3 38 ±  1 8.9 ±  0.7

w w 7.2 ± 0 .3 6.1 ±  0.3 0.4 ± 0 .1 79 ± 1 74 ±  1 6.9 ± 0 .3 9.3 ± 0 .4 6.1 ±  0.5 0.5 ±  0.1

t t 2.7 ±  0.3 2.0 ±  0.3 0.2 ±  0.1 33 ± 1 28 ±  1 2.4 ± 0 .3 29 ± 1 4.2 ±  0.4 0.5 ±  0.1

W  —> T V 10 ± 2 4 ± 1 1.5 ±  0.8 50 ± 4 14.1 ±  2.2 1.4 ±  0.7 168 ±  7 22.0 ±  2.7 3 .7 ± 1 .2

W  -► y v 127 ±  11 42 ±  5 2.1 ± 0 .9 470 ± 1 8 116 ±  9 6.7 ±  1.9 1384 ± 3 2 202 ±  13 14.1 ±  2.7

M u ltije t 208 ± 1 5 46 ± 8 25 ± 5 584 ±  25 123 ± 1 2 61 ± 8 2265 ± 4 7 273 ± 1 8 145 ± 1 3

P re d ic te d 715 ± 1 8 373 ± 1 1 181 ± 7 2861 ± 3 2 1594 ± 1 8 878 ± 1 2 4732 ± 5 9 1029 ± 2 3 531 ± 1 5

D a ta 720 380 170 2836 1546 843 4760 981 498

T A B L E  I: N u m b e r o f O S ev en ts  e x p e c te d  for each  t a u  ty p e  from  th e  Z  ^  t +t -  s igna l as well as from  each  o f th e  b ack g ro u n d s, 

th e ir  su m  an d  th e  n u m b e r o f O S ev en ts  ob serv ed  in  d a ta ,  fo r th re e  levels o f se lection: p rese lec tio n , p re se lec tio n  +  N N  o u tp u t  

>  0.9 (0.95 fo r ty p e  3) a n d  a f te r  all se lec tio n  c r ite r ia  a re  ap p lied  (p rese lec tio n  +  N N  o u tp u t  >  0.9 o r 0.95 +  m* < 20 G eV ). 

T h e  u n c e rta in ie s  a re  s ta tis tic a l.

a n d  f ro m  th e  s y s te m a t ic  u n c e r ta in t i e s  o n  th e  c o r r e c t io n  

f a c to r s  u s e d  fo r  t h e i r  n o r m a l iz a t io n .

T h e  s y s te m a t ic  u n c e r t a in ty  r e l a t e d  t o  t h e  t a u  e n e rg y  

m e a s u r e m e n t  is  e s t im a te d  b y  s c a l in g  th e  c h a r g e d  p io n  

re s p o n s e  u s e d  fo r d a t a  b y  th e  l a r g e s t  d if fe re n c e  fo u n d  

b e tw e e n  t h e  r e s p o n s e  m e a s u r e d  in  d a t a  a n d  th e  r e s p o n s e  

o b ta in e d  u s in g  gOALOR (6 % ) a n d  r e c a lc u la t in g  th e  a c 

c e p ta n c e  a p p ly in g  a ll  c u ts .  T h e  v a lu e  o f  t h i s  u n c e r t a in ty  

is  1% .

N N  s y s te m a t ic  u n c e r ta in t i e s  a re  c a lc u la te d  u s in g  s t a 

t i s t i c a l  e n s e m b le s  o f  e v e n ts  in  w h ic h  e a c h  in p u t  v a r ia b le  

is  a llo w e d  t o  f lu c tu a te  w i th in  th e  d if fe re n c e  o b s e rv e d  b e 

tw e e n  t h e  d i s t r i b u t io n s  o f  t h a t  p a r t i c u l a r  v a r ia b le  in  d a t a  

a n d  M C . T h e  R M S  o f  t h e  r a t i o  o f  t h e  n u m b e r  o f  e v e n ts  

p a s s in g  a  c e r t a in  N N  c u t  t o  t h e  n u m b e r  o f  e v e n ts  in  th e  

e n s e m b le s , c a l le d  th e  e n s e m b le  c u t  r a t io ,  is  t a k e n  a s  a  

m e a s u r e  o f  t h e  N N  u n c e r ta in ty .  T h e  e s t im a te d  u n c e r 

t a in t i e s  a r e  4 .3 %  fo r ty p e  1, 2 .0 %  fo r ty p e  2, a n d  3 .8 %  

fo r  ty p e  3 t a u  c a n d id a te s ,  w h ic h  r e s u l t s  in  a  t o t a l  u n c e r 

t a i n t y  o f  2 .7 % .

T h e  u n c e r t a in ty  d u e  t o  t h e  t a u  c a n d id a t e  t r a c k  re c o n 

s t r u c t io n  e ff ic ie n c y  is  t a k e n  t o  b e  t h e  s a m e  a s  t h e  u n c e r 

t a i n t y  o n  r e c o n s t r u c t in g  m u o n  t r a c k s  a n d  is  e s t im a te d  

u s in g  Z  ^  u +U-  e v e n ts  t o  b e  1 .4 % . T h e  u n c e r t a in ty  

o n  th e  c o r r e c t io n  f a c to r  d u e  to  d if fe re n c e s  b e tw e e n  d a t a  

a n d  M C  in  t r a c k in g  e ff ic ie n c y  fo r ty p e  3 t a u s  is  a d d e d  in  

q u a d r a t u r e  t o  th i s  v a lu e , r e s u l t in g  in  a  t o t a l  u n c e r t a in ty  

r e l a t e d  t o  th e  t a u  c a n d id a te  t r a c k s  o f  1 .6 % . T h e  s y s te m 

a t i c  u n c e r t a in t i e s  d u e  t o  m u o n  id e n t i f ic a t io n  a n d  m u o n  

t r a c k  m a tc h in g  a re  d e te r m in e d  t o  b e  0 .6 %  a n d  0 .8 % , r e 

s p e c tiv e ly . T h e  s y s te m a t ic  u n c e r t a in ty  d u e  t o  t h e  c h a rg e  

m is id e n t i f ic a t io n  is  1% . T h e  u n c e r t a in ty  o n  th e  t r ig g e r  

e ff ic ie n cy  is 2 .7 %  a n d  t a k e s  in to  a c c o u n t  th e  b ia s  r e la te d  

to  th e  c h o ic e  o f  t h e  c o n t r o l  s a m p le ,  t h e  v a r ia t io n  d u e  to  

p o s s ib le  b a c k g r o u n d  c o n ta m in a t io n ,  v a r ia t io n s  in  t im e  o r  

d u e  t o  c h a n g in g  lu m in o s ity , t h e  c h o ic e  o f  b in n in g , a n d  th e  

c h o ic e  o f  p a r a m e te r s  fo r t h e  effic ien cy , a s  w ell a s  t h e  l im 

i t e d  s t a t i s t i c s .  T h e  u n c e r t a in ty  o n  th e  t o t a l  i n t e g r a t e d  

lu m in o s i ty  is  6 .1 %  [4], w i th  a n  a d d i t io n a l  s y s te m a t ic  u n 

c e r t a in ty  o f  1%  r e l a t e d  to  t h e  in f lu e n c e  o n  th e  lu m in o s i ty  

o f  a p p ly in g  th e  d a t a  q u a l i t y  c r i t e r i a  u s e d  t o  r e je c t  e v e n ts  

w i th  c o h e r e n t  c a lo r im e te r  n o ise .



9

Visible Mass [GeV]

F IG . 3: V isib le  m ass  d is tr ib u tio n  for all t a u  ty p e s . T h e  

Z  — t + t -  s igna l is n o rm alized  to  th e  th e o re tic a l e x p e c ta 

t io n  c a lc u la ted  a t  N N L O  u sing  M R S T 2004  P D F s.

T h e  P D F  u n c e r t a in ty  o f  2 .0 %  is  e s t im a te d  u s in g  a  N L O  

c a lc u la t io n  [19] a n d  th e  C T E Q 6 .1  e r r o r  s e ts . T h is  u n c e r 

t a i n t y  is  o b ta in e d  f ro m  th e  v a r ia t io n  in  a c c e p ta n c e  w h e n  

th e s e  e r r o r  s e ts  a r e  u s e d , a d d e d  in  q u a d r a t u r e  w i th  th e  

d if fe re n c e  in  a c c e p ta n c e  w h e n  u s in g  t h e  M R S T 2 0 0 4  e r 

r o r  s e ts  a t  N L O  a n d  w i th  th e  a d d i t io n a l  v a r ia t io n  w h e n  

g o in g  f ro m  N L O  t o  N N L O  w i th  M R S T 2 0 0 4 . T a b le  I I  

s u m m a r iz e s  a ll  t h e  s y s te m a t ic  u n c e r ta in t ie s .

S ource  V alue

T a u  energy  scale 1.0 %

T a u  id en tif ic a tio n 2.7 %

T a u  tra c k  re c o n s tru c tio n l .6 %

M u ltije t b ack g ro u n d l.6 %

W  ^  y v  b ack g ro u n d 0.5 %

T rigger 2.7 %

M u o n  tra c k  m a tc h 0.S %

M u o n  id e n tif ic a tio n 0.6 %

M u o n  m o m e n tu m  reso lu tio n 0.4 %

C h arg e  m is id en tif ic a tio n l .0 %

M C  s ta tis tic s 0.6 %

P D F 2.0 %

T o ta l (ex cep t lu m in o sity ) 5.2 %

L u m in o sity 6.2 %

T A B L E  II: S y s te m a tic  u n c e r ta in tie s  o n  th e  <r(pp —— Z/Y * +  

X ) • B r(Z /Y *  — t +t  ) m easu rem en t.

T h e  c ro s s  s e c t io n  t im e s  b r a n c h in g  r a t i o  fo r  t h e  p ro c e s s  

p p  ^  Z /y *  +  X  ^  t +  t -  +  X  is  g iv e n  b y  th e  n u m b e r  

o f  s ig n a l  e v e n ts  d iv id e d  b y  th e  p r o d u c t  o f  t h e  t o t a l  ef 

f ic ie n c y  a n d  th e  in t e g r a t e d  lu m in o s ity . T h e  n u m b e r  o f  

s ig n a l  e v e n ts  e s t im a te d  f ro m  T a b le  I, w i th  th e  c o r r e c t io n  

fo r  s ig n a l  e v e n ts  r e c o n s t r u c te d  a s  SS , is  1227 . S in c e  T a 

b le  I sh o w s  t h e  e s t im a te d  n u m b e r  o f  e v e n ts  in  t h e  Z / y  * 

m a s s  r a n g e  15 — 5 0 0  G e V , o th e r  c o r r e c t io n s  h a v e  to  b e  

m a d e  in  o r d e r  t o  c o m p a r e  th e  r e s u l t  o f  th i s  a n a ly s is  w ith

th e o r e t ic a l  c ro s s  s e c t io n s . T o  l im i t  t h e  m a s s  r a n g e  to  

60  — 130 G e V , th e  n u m b e r  o f  e v e n ts  e x p e c te d  f ro m  th e  

m a s s  r e g io n  15 — 60  G e V  (7  e v e n ts )  a s  w e ll a s  f ro m  th e  

130 — 5 0 0  G e V  m a s s  r e g io n  (2 6  e v e n ts )  a r e  s u b t r a c t e d  

f ro m  th e  n u m b e r  o f  s ig n a l  e v e n ts  in  d a t a .  T h e  t o t a l  effi 

c ie n c y  fo r  Z  ^  t + t -  e v e n ts  in  t h e  60  — 130 G e V  m a s s  

r e g io n  is  4 .9  x  1 0 - 3 , w h ic h  a ls o  in c lu d e s  th e  t r ig g e r  effi 

c ie n c y  o f  5 2 .3 % . F in a lly , a  f a c to r  o f  0 .9 8  [20] is  a p p l ie d  

to  e s t im a te  th e  Z  b o s o n  c ro s s  s e c t io n  a s  o p p o s e d  t o  th e  

Z / y * c ro s s  s e c t io n  fo r t h i s  m a s s  re g io n .

G iv e n  th e  s y s te m a t ic  u n c e r t a in t i e s  l is te d  in  T a b le  I I  

a n d  a n  in t e g r a t e d  lu m in o s i ty  o f  1003  p b - 1 , w e e s t im a te  

a ( p p  ^  Z  +  X ) • B r ( Z  ^  t + t - ) =  2 4 0  ±  8 ( s t a t )  ±  

12 (sy s) ±  15 ( lu m )  p b , w h ic h  is  in  g o o d  a g r e e m e n t  w i th  

th e  S M  p r e d ic t io n  o f  2 5 1 .9 - 1 108 p b  [11, 12] t h a t  r e s u l t s  

f ro m  th e  N N L O  c a lc u la t io n  u s in g  th e  M R S T 2 0 0 4  P D F s ,  

a s  w ell a s  w i th  t h e  2 4 1 .6 + 3 '2  p b  [11, 18] v a lu e  o b ta in e d  

a t  N N L O  u s in g  th e  C T E Q 6 .1 M  P D F  p a r a m e t r i z a t io n .  

T h is  r e s u l t  is  t h e  m o s t  p re c is e  m e a s u r e m e n t  o f  <r(pp ^  

Z  +  X ) • B r ( Z  ^  t + t - ) t o  d a t e ,  in  g o o d  a g r e e m e n t  w i th  

p r e v io u s  m e a s u r e m e n ts  o f  t h e  Z  b o s o n  c ro s s  s e c t io n  t im e s  

b r a n c h in g  r a t i o  t o  l e p to n s  a t  a/ s  =  1 .9 6  T e V  [2, 3 , 2 1 ].

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

in s t i t u 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 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 ra n c e ) ;  

F A S I, R o s a to m  a n d  R F B R  (R u s s ia ) ;  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 A E  a n d  D S T  

( 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  a n d  K O S E F  (K o re a ) ;  C O N I C E T  a n d  U B A C y T  

(A rg e n t in a ) ;  F O M  (T h e  N e th e r la n d s ) ;  S T F C  ( U n ite d  

K in 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 ic ) ;  C R C  

P r o g r a m ,  C F I ,  N S E R C  a n d  W e s tG r id  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 rm a n y ) ;  S F I  ( I r e la n d ) ;  T h e  S w e d ish  

R e s e a rc h  C o u n c il  (S w e d e n ) ; C A S  a n d  C N S F  (C h in a ) ;  

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  (G e r 

m a n y ) .

[a] V is ito r from  A u g u s ta n a  College, S ioux  Falls , SD , U SA .

[b] V is ito r from  T h e  U n iv e rs ity  o f L iverpoo l, L iverpoo l, U K .

[c] V is ito r from  E C F M , U n iv ers id ad  A u to n o m a  de  S inalo a, 

C u liacan , M exico.

[d] V is ito r from  II . P h y sik a lisch es In s t i tu t ,  G eo rg -A u g u st- 

U n iversity , G ö ttin g e n , G erm any .

[e] V is ito r from  H elsin k i In s t i tu te  o f P h y sics, H elsin k i, F in 

land .

[f] V is ito r from  U n iv e rs itö t B ern , B ern , S w itzerlan d .

[g] V is ito r from  U n iv e rs ita t  Z örich , Z örich , S w itzerlan d .
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