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ABSTRACT 

a-- - 

The rate of like-charge dimuons has been measured with the MAC detector in 

hadronic events produced in e+e- annihilation at fi = 29 GeV. If the observed 

excess is attributed to B”-B” mixing, the corresponding value of the mixing 

parameter x = l?(B -+ pL-X)/I’(B + p*X) is x = 0.21f~:~~ and x > 0.02 at 

90% C.L. 
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Immediately after the discovery of the beauty quark bound state, upsilon,’ 

speculation began that significant mixing might occur between the B” and B” 

mesons. 2’3 UAl data provided the first indication of such mixing4 and the 

ARGUS collaboration recently reported a measurement which shows a large 

amount of Bj-B,O mixing.5 The MAC collaboration has performed a measurement 

of B”-B” mixing using data collected at the PEP storage ring of the Stanford 

Linear Accelerator Center. 

- To measure B”-B” mixing we use hadronic events with two identified muons. 

The muons provide flavor enrichment and also provide charge tagging to dis- 

criminate between the decays b + 1~1-u~~ and 8 + ~-I-v~E. Prompt dimuons 

in e+e- + b5 events have opposite charges if there is no mixing; with mix- 

ing like-charge prompt dimuons can also be produced. Like-charge backgrounds 

arise from events in which one of the muons is produced from the cascade decay 

b --+ c --) ~1 and from events in which a hadron is misidentified as a muon. 

The MAC detector is described in detail elsewhere.6 A brief description of 

the components most important for this measurement is given here. The central 

detector is a ten-layer drift chamber in an axial magnetic field of 5.7 kG, with six 

layers at angles of 53” to the beam axis, and with the first and last layers at radii 

of 12 and 45 cm, respectively. The vertex chamber inside the central detector 

has six layers of thin-walled axial drift tubes. Calorimeters. covering &3% of the ; 
a- _2_ solid angle surround the central detector. The barrel calorimeter has an electro- 

magnetic shower detector of lead interspersed with proportional wire chambers, 

comprising a total of 14 radiation lengths. The hadronic barrel and end-cap 

calorimeters are constructed of alternating layers of steel and proportional wire 
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c  i c h a m b e r s .- P e n e trat ing par t ic les t raverse a n  a v e r a g e  o f -6 .5 nuc lea r  in teract ion 
. 

l e n g ths  in  th e  ca lor imeters .  T h e  smal l  i nne r  d i a m e te r  o f th e  ca lor imeters  m ini-  

m izes th e  p a th  l e n g th  ava i lab le  fo r  decays  o f p ions  a n d  k a o n s  in to m u o n s . T h e  

steel  o f th e  had ron i c  ca lo r imeter  is to ro ida l ly  m a g n e t ized to  1 7  k G . T h e  e n tire 

ca lor imetr ic  d e tector  is s u r r o u n d e d  by  a n  o u te r  drift c h a m b e r  sys tem cons is t ing 

o f fou r  to  six layers  th a t m e a s u r e s  th e  exit  po la r  ang les  o f m u o n s  t ravers ing th e  

steel,  a n d  c o n s e q u e n tly m u o n  m o m e n ta  to  - 25% . 

M u o n s  a re  i d e n tifie d  ove r  9 5 %  o f th e  so l id  a n g l e  by  requ i r ing :  (1)  con -  

sistent m e a s u r e m e n ts o f th e  m u o n  m o m e n tu m  vector  f rom i n d e p e n d e n t recon-  

st ruct ion in  th e  inne r  a n d  o u te r  drift c h a m b e r s ; (2)  e n e r g y  depos i t i on  in  th e  

h a d r o n  ca lo r imeter  consis tent  wi th th e  p a s s a g e  o f a  m i n i m u m  ion iz ing  part ic le;  

(3)  2  <  p  <  1 0  G e V / c, w h e r e  p  is th e  w e i g h te d  a v e r a g e  o f th e  two i n d e p e n -  

d e n t m o m e n tu m  m e a s u r e m e n ts; a n d  (4)  p i /p  >  0 .1 , w h e r e  p l  is th e  t ransverse 

m o m e n tu m  re lat ive to  th e  thrust  axis,  to  r e m o v e  th e  fa k e  m u o n  b a c k g r o u n d  in  

th e  co re  o f th e  jet a n d  r e d u c e  b a c k g r o u n d  f rom c h a r m  decays .  T h e  thrust  ax is’ 

is d e te r m i n e d  f rom e n e r g y  depos i t i on  in  th e  ca lor imeters  wi th muon -assoc ia ted  

ca lo r imeter  e n e r g y  a u g m e n te d  to  co r respond  to  th e  m e a s u r e d  m u o n  m o m e n tu m . 

T o  h a v e  g r e a te r  assu rance  o f th e  rel iabi l i ty o f th e  thrust  ax is  reconst ruct ion,  

e v e n ts a re  re jec ted if th e  thrust  is less th a n  0 .7 2  o r  if th e  thrust  ax is  is wi th in  

3 0 ’ o f th e  b e a m  axis.  

_-  
_  .z .  T h e  success  o f th e  m u o n  i d e n ti f icat ion cr i ter ia m a y  b e  j u d g e d  by  th e  p robab i l -  

ity o f m is ident i fy ing a  h a d r o n  as  a  p r o m p t m u o n . H a d r o n s  wh ich  e i ther  p e n e trate 

th e  ca lor imeters  o r  d e c a y  in to seconda ry  m u o n s  m a y  fa k e  p r o m p t m u o n s . W e  u s e  

ta u s  wh ich  d e c a y  in to th r e e  c h a r g e d  par t ic les as  a  c lean  sou rce  o f h a d r o n s . W ith  
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k  i al l  o f th e  cuts l is ted a b o v e  e x c e p t th e  p i /p  cut, th e  m isident i f icat ion probabi l i ty  
. 

is fo u n d  to  b e  (0 .37&0 .09 )?  f o  o r  t a u  d a ta  a n d  (0 .40f0.04)%  fo r  ta u  M o n te  Car lo  

e v e n ts. T h e  a g r e e m e n t ind icates  th a t th e  m u o n  i d e n ti f icat ion is m o d e l e d  wel l  by  

th e  M o n te  Car lo .  For  had ron i c  e v e n ts wi th th e  p i /p  cut  th e  M o n te  Car lo  predic ts  

(0 .46  f O .O l)?’ o  m isident i f icat ion.  A  p red ic ted  (58  f 3 )%  o f th e  m isident i f icat ions 

a re  p e n e trat ing h a d r o n s  a n d  th e  b a l a n c e  a re  decays  ? r  +  p  a n d  K  +  p . 

T h e  fu l l  M A C  d a ta  s a m p l e  o f 3 1 0  pb -’ is u s e d  fo r  th is  analys is .  T h e  m u o n  

se lec t ion  cr i ter ia y ie ld  2 8 1 3  s ing le  m u o n  e v e n ts wi th 2 7 9 0  f 5 3  p red ic ted  by  th e  

M o n te  Car lo .  The re  a re  4 7  d i m u o n  e v e n ts wi th 5 1  f 5 .6  pred ic ted.  T h e  d a ta  a re  

m o d e l e d  wi th th e  L u n d  M o n te  Car lo :  a n d  E G S  a n d  H E T C ’ a re  u s e d  to  s imu la te  

th e  p a s s a g e  o f every  par t ic le  th r o u g h  th e  d e tector.  M o n te  Car lo  pred ic t ions  a re  

la rge ly  b a s e d  o n  a  2 8 0 0  pb -’ s a m p l e  o f g e n e r a te d  b e a u ty a n d  c h a r m  d i m u o n  

e v e n ts. H o w e v e r , th e  b a c k g r o u n d  d u e  to  m isident i f icat ion is d e te r m i n e d  f rom a  

3 0 7  pb -’ s a m p l e  o f g e n e r a te d  had ron i c  e v e n ts wi th a  n a tu ra l  m ixture o f flavors  

a n d  d e c a y  m o d e s . A g r e e m e n t b e tween  th e  d a ta  a n d  M o n te  Car lo  is i l lustrated 

by  th e  p  a n d  p l  spect ra  in  Fig.  1 . 

- 

_ -  _  .Y . 

D iv id ing  p l  in to “low” (<  1 .G e V /c) a n d  “h i g h ” (2  1  G e V /c) reg ions ,  th e  

d a ta  a re  par t i t ioned in to th r e e  b ins:  p l  <  1  fo r  b o th  m u o n s  (L-L) ,  p l  2  1  

fo r  on ly  o n e  m u o n  (L-H),  a n d  p l  2  1  fo r  b o th  m u o n s  (H-H).  S ince  h i g h  p l  is 

character is t ic  o f p r o m p t m u o n s  f rom b  lo  decays ,  th e  H-H-  b in  h a s  th e  g r e a test  

pur i ty  o f b 6  e v e n ts (a lmost  1 0 0 % ) . E v e n ts a re  d i v ided  in to two jets by  a  p l a n e  

pe rpend icu la r  to  th e  thrust  ax is  a n d  a re  c lassi f ied as  “same- je t” o r  “oppos i te- je t” 

d e p e n d i n g  o n  th e  d i rect ions o f th e  two m u o n  tracks. Tab le  1  s h o w s  n u m b e r s  o f 

d i m u o n - e v e n ts a n d  M o n te  Car lo  pred ic t ions  acco rd ing  to  th is  classi f icat ion. T h e  

4  
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i data agree well with ,the predictions. 

The significant quantities in measuring mixing are the relative numbers of 

like-charge and unlike-charge dimuons in opposite jets. Same-jet dimuons con- 

tain no information about mixing but are a good check on the modeling of 

backgrounds. Table 2 shows the data and the Monte Carlo predictions with- 

out mixing. The same-jet data agree very well with the predictions, however, the 

opposite-jet data deviate from the prediction in the H-H bin where, due to the 

high b6 purity, mixing would most increase the number of like-charge dimuons. 

The probability that the deviation in the H-H bin is a statistical fluctuation is 
- 

-8%. 

The fraction F = (number of like-charge dimuons)/(total dimuons) is plot- 

ted in Fig. 2 (a). We see reasonable agreement between data and Monte Carlo 

predictions without mixing for same-jet dimuons and for the first two bins of 

opposite-jet dimuons, but a discrepancy of -2~ in the opposite-jet H-H bin. 

Fig. 2(b) shows the sensitivity to mixing defined by S = (27~ - LB)/N where 

UB and Lg are the predicted numbers of unlike-charge and like-charge beauty 

flavored dimuon events without mixing and N is the total number of predicted 

events of all flavors. A maximum value of S = 1 would be obtained if all identi- 

fied muons were from prompt decays of hadrons containing b quarks. The large 

value of S for the H-H bin (0.64 f 0.14) suggests mixing as a natural explanation 

for the excess of like-charge dimuons in the data. 

C 

To describe the amount of mixing we use the parameter f defined by 

f = 2x(1 - x) 

5 



- 

;- 
where 

IyB --+ p-X) :.IyB + p+x> 
. x = I-p + /ufX) = IyB + pfX) 

that is, x is the fraction of “wrong” sign B decays, where B represents an average 

over the beauty particles in the sample (B:, Bj, Bz, &, etc). The parameters 

F, S, and f are related by 

F(f) = Fo + fS (1) 

where FO is the Monte Carlo prediction with zero mixing. If we attribute the 

deviation in the H-H bin to mixing, we can use Eq. 1 to calculate the amount of 

mixing 

hata = Fo + fS ===+ f = 0.37f;:;;. 

To fit all three bins we maximize the likelihood function L(f) given by 

In L(f) = C Liln (Foi + fSi) + UJn [1 - (Foi + j&)] 
i 

where Li and Vi are the numbers of like- and unlike-charge dimuon events in bin i 

of the data. The log likelihood is plotted in Fig. 3 with Monte Carlo uncertainties 

folded in and from it we determine the result 

f = 0.34t;:;; f > 0.04 at 90% C.L. 

or equivalently x = 0 2p.29 . 0.15 x > 0.02 at 90% C.L. 

_- _ .Y. The lower limit from this experiment is compatible with the results of other 

B”-B” mixing experiments shown in Table 3. However, we note some important 

distinctions. First, unlike e+e- collisions at the T(4s) resonance, e+e- collisions 

at the energy of PEP are above the threshold for production of Bf mesons. B,O 

C 
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. 
mixing.. is -expected to be much greater than Bz l5 mixing. Second, the MAC 

measurement relies exclusively on dimuon events which, unlike dielectron events, 

are not contaminated by 2-photon backgrounds. Third, in contrast with pjj colli- 

sions , the e+e- + b6 differential cross section is well-known, the events are quite 

clean, and cross checks on misidentification background are available. 

In summary, the present measurement from MAC utilizes a data sample 

which is well-understood and is sensitive to mixing of both Bf and Bj mesons. 

The data favor non-zero mixing and put a lower limit on the value of the mixing 

parameter x. 

_ 
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TABLE CAPTIQNS 

1. Numbers of dimuon events (Monte Carlo predictions in parentheses). Errors 

are due to finite Monte Carlo statistics. Errors due to uncertainties in Monte 

Carlo parameters make a negligible contribution. 

_ 2. Like and unlike charge dimuons (Monte Carlo predictions in parentheses). 

Errors are as in Table 1. 

3. Results of B”-B” mixing experiments. The parameter td16 is related to x 

by ‘-d = xd/(l - xd) and x = p,xs + PdXd where pi = proportion of BF in 

the sample and where equal semileptonic branching ratios are assumed for 

all beauty hadrons. 
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c  Tab le  1 . :. 
. 1  p l  b in  1  S a m e  Jet 1  O p p o s i te  Jet  1  T o ta l  

L -L  1  (1 .5  f 1 .0 )  1 1  ( 1 0 .2  f 1 .9 )  1 2  ( 1 1 .7  f 2 .1 )  

L -H  4  (4 .9 f 1 .5 )  1 1  (16 .3  f 2 .7 )  1 5  (21 .2  f 3 .1 )  

H -H  8  (7 .6 f 2 .1 )  1 2  (10 .5  f 1 .4 )  2 0  (18 .1  f 2 .5 )  

T o ta l  1 3  (14  f 2 .8 )  3 4  (37  f 3 .6 )  4 7  ( 5 1  f 4 .6 )  

Tab le  2 . 

I pl  b in  S a m e  Jet I O p p o s i te  Jet  

L ike  C h a r g e  Un l ike  C h a r g e  I I L i ke  C h a r g e  Un l ike  C h a r g e  

I I L -L  0  (o .5 + :$  1  ( 1 .0  f 0 .7 )  1  ( 2 .7  f 1 .3 )  1 0  ( 7 .5  f 1 .5 )  

L -H  1  (1 .0 f 1 .0 )  3  (3 .9 f 1 .1 )  4  (5 .0 f 1 .8 )  7  (11 .3  f 2 .0 )  

H -H  1  (2 .0 f 1 .4 )  7  (5 .6 f 1 .5 )  5  (1 .9  f 0 .8 )  7  ( 8 .6  f 1 .2 )  

T o ta l  2  (3 .5 f 1 .9 )  1 1  (10 .5  f 2 .0 )  1 0  (9 .6 f 2 .4 )  2 4  (27 .4  f 2 .8 )  

1  

e  

Tab le  3 . 

M o d e  o f P roduc t ion  E x p e r i m e n t Resul t  

e + e -  a t fi =  2 9  G e V  M A C  x =  ( ) .21+O*29  
-0 .15 

x >  0 .0 2  a t 9 0 %  C .L . 

e + e -  a t ,/Z =  2 9  G e V  Mark  1 1 1 2  x <  0 .1 2  a t 9 0 %  C .L . 

!+ e -  a t fi =  3 4 .6  G e V  J A D E 1 4  x <  0 .1 3  a t 9 0 %  C .L . 

e + e -  a t T(4s)  A R G U S  5  ? - d  =  0 .2 1  f 0 .0 8  

e + e -  a t T(4s)  C L E O  l3  r d  <  0 .2 4  a t 9 0 %  C .L . 

P P  U A 1 4  x =  0 .1 2 1  f 0 .0 4 7  
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4  ;-  FIG U R E  C A P T IO N S  
. 

1 . M o m e n tu m  a n d  t ransverse m o m e n tu m  spect ra  o f s ing le  m u o n s . 

2 . Fract ion o f l i ke -charge  d i m u o n  e v e n ts a n d  sensit iv i ty to  m ix ing fo r  same- je t  

e v e n ts ( the th r e e  pl  b ins  c o m b i n e d )  a n d  fo r  oppos i te- je t  e v e n ts in  p l  b ins  

L-L,  L-H,  a n d  H-H.  T h e  er ror  ba rs  in  (a)  rough ly  ind ica te  th e  e x p e c te d  

fluc tuat ion  f rom th e  pred ic t ion  fo r  compa r i son  wi th th e  obse rved  s igna l  

s h o w n  by  th e  1 1  p o i n ts. 

3 . L o g  l i ke l ihood o f th e  m ix ing p a r a m e ter  f. 
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