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Data taken by the Mark I1 detector at the PEP storage ring was used to measure the rate ofdilepton production in multihadronic 
events produced by e+e - annihilation at ~ = 2 9  GeV. We determine the probability that a hadron initially containing a b (5) 

o quark decays to a positive (negative) lepton to be ,,.n 17 +°~5_o.o8, with 90 Yo confidence level limits of 0.06 and 0.38. 
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1. Introduction 

M e a s u r e m e n t s  o f  B ° - B  ° mix ing  have  been  m a d e  in 

several  expe r imen t s  [ 1 ]. These  all rely on the obser-  

va t ion  o f  two leptons  in the  f inal  state, and  the cor- 

re la t ion be tween  the l ep ton  charge and  the paren t  

qua rk  charge for p rompt ,  s emi lep ton ic  B-hadron  de- 

cays. Mix ing  is s ignaled by an excess o f  l ike-sign di- 

l ep ton  p roduc t ion .  

We have  p rev ious ly  pub l i shed  an upper  l imi t  on 
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B° -B  ° mix ing  based  on a smal ler  da ta  sample  [2] ~' 

In this let ter  we present  the results o f  a new analysis 

[ 3 ] o f  mu l t i had ron i c  events  con ta in ing  leptons  pro-  

duced  in e+e  - ann ih i l a t ion  at x / s =  29 GeV. By per-  

fo rming  a fit to events  con ta in ing  one  and two lep- 

tons, we ob ta ined  es t imates  for  the absolute  number s  

o f  all possible d i lep ton  combina t ions ,  inc lud ing  

background  sources. Us ing  a new m e t h o d  to separa te  

events  in which  both  leptons  c o m e  f rom prompt ,  

s emi lep ton ic  decays  o f B  hadrons  f rom all others ,  we 

f ind an excess o f  signal events  in which  bo th  leptons  

have  the same charge. This  excess is in te rpre ted  as 

ev idence  for mix ing  in the B°-[~ ° system. This  result  

supercedes  our  p rev ious ly  publ i shed  l imit .  

2. Detector description 

The  da ta  were taken  by the Mark  II de tec to r  in two 

conf igura t ions  at the PEP  e+e  - s torage ring at Stan- 

ford L inear  Acce le ra to r  Center .  The  detec tors  have  

been  descr ibed  in detai l  e lsewhere  ~2. In the or iginal  

PEP5 detector,  charged particles were t racked in a 16- 

layer cyl indr ica l  drif t  c h a m b e r  and  a 7-layer preci-  

sion ver tex  dr i f t  c h a m b e r  in a 2.3 kG  solenoidal  mag- 

net ic  field. Charged-par t ic le  m o m e n t a  p ( G e V / c )  

were measu red  with a resolut ion o f  @ / p =  
[ (0 .010p)  2 + (0.02 5 ) 2 ] 1/2. In the upgraded  detector ,  

the PEP5  drif t  chambers  were  replaced by a 72-layer 

central  dr i f t  c h a m b e r  and a 6-layer high prec is ion  

ver tex  c h a m b e r  [6] in a 4.5 k G  field g iv ing a com-  

b ined  m o m e n t u m  reso lu t ion  o f  @ / p  = [ (O.O03p)2 + 
(0 .014 ) 2 ] ~/2. In both  conf igura t ions ,  e lect rons  were  

ident i f ied by their  energy depos i t ion  in a l ead- l iqu id -  

argon ca lor imeter ,  which covers  64% o f  the 47r sol id 

angle. Muons  were ident i f ied ove r  45% of  the 4~ solid 

angle in a planar ,  4-layer, i r o n / p r o p o r t i o n a l  tube  

system. 

The  total  a ccumula t ed  luminos i ty  used in this 

analysis was 209 p b -  ~ in the PEP5 configurat ion,  and 

15 pb ~ in the upgrade conf igura t ion .  

~ The limit obtained was Z < 0.12 at the 90% confidence level. 
~2 The PEP5 detector is described in ref. [4]. The upgrade de- 

tector is described in ref. [ 5 ]. 
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3. Event selection 

Hadronic  events were selected by requir ing at least 
five reconstructed charged tracks which formed a 
vertex less than 4 cm radially,  and within _+ 6 cm ax- 
ially from the expected e+e - annihi lat ion point. None 
of  these tracks was allowed to be f rom ident if ied pho- 
ton conversions.  The scalar sum of  the momen ta  of  
all charged tracks was required to be at least 3.0 GeV, 
and the sum of  the visible charged and neutral  energy 
was required to be at least 7.5 GeV. 

Charged-part icle  clusters ( jets)  were found using 
our s tandard  cluster f inding procedure,  descr ibed in 
a previous publ icat ion [ 7 ]. Only the charged tracks, 
excluding the candidate  leptons, were used by the 
cluster f inding algori thm. We required all events to 
have at least one reconstructed cluster. In order  for 
the event to be well contained in the detector,  we re- 
quired that  the absolute value of  the cosine of  the an- 
gle between the beamline  and the event thrust axis be 
smaller than 0.7. A total of  81 744 events passed these 
cuts, 76 738 being from the PEP5 data and 5006 from 
the upgrade data. 

Lepton identif ication using the Mark  II detector has 
been discussed in detail  in a previous publicat ion [ 8 ]. 
In this analysis, electrons were required to have mo- 
menta  greater than 1 G e V / c  and muons were re- 
qui red to have momen ta  greater than 1.8 GeV/c .  
Muons  were identif ied using a relatively loose, three 
s tandard  devia t ion  road about  the direct ion of  the 
track, ext rapola ted from the drift  chamber.  We de- 
fined the transverse m o m e n t u m  (P,c) of  a t rack to be 
the component  of  the track's  m o m e n t u m  perpendic-  
ular to the direct ion vector  o f  the closest charged-par-  
ticle cluster in the event. This def ini t ion avoided  pos- 
sible t ransverse m o m e n t u m  correlat ions between the 
two leptons, which would have been present  had the 
transverse m o m e n t u m  (often referred to as Pt) been 
calculated with respect to the event  thrust axis. 

To est imate the composi t ion  of  the di lepton events 
we per formed an inclusive lepton analysis on two 
dist inct  event samples: those which conta ined only 
one lepton, and those which conta ined two leptons 
separated by more than 90 ° . To avoid  backgrounds 
from two-photon processes and tau pairs, events 
which contained one or more leptons with p >  7.5 
G e V / c  and p,c> 3.5 G e V / c  were rejected. Also, in the 
one-lepton sample  the lepton was required to have a 

charged-part icle  cluster found within 90 ° , to have 
p <  9 GeV/c ,  and P~c< 3.5 GeV/c .  Background elec- 
t rons from Dali tz  n ° decays and photon conversions 
were removed by a pair  f inding algori thm [ 9 ]. After  
all cuts there were 6108 candidate  electrons and 1568 
candidate muons in the single-lepton sample; and 191 
electron-electron,  117 e lec t ron-muon and 23 m u o n -  
muon pairs in the two-lepton sample. We est imate 
that less than 1.4% of  the one-lepton events and less 
than 1.2% of  the two-lepton events come from tau- 
pair  and two-photon backgrounds.  

4. Analysis  procedure 

The leptons in the one-lepton sample were sepa- 
rated into a two-dimensional  array of  bins of  mo- 
men tum (p) and transverse m o m e n t u m  (Ptc) with 
widths of  0.5 GeV/c .  For  each lepton pair  in the two- 
lepton sample we calculated two variables which were 
used to statist ically separate the signal from the back- 
ground. The first variable was the magni tude o f  the 
vector  cross product  of  the lepton momenta .  This 
variable,  which we refer to as the m o m e n t u m  cross 

product ,  is larger for high m o m e n t u m  lepton pairs 
which are relatively acollinear. The second variable 
was the smaller  of  the two lepton transverse mo- 
menta.  This variable,  which we refer to as the min i -  

m u m  &c, is large when both leptons have high mo- 
menta  and are isolated from jets. The two-lepton 
events were separated into a two-dimensional  array 
of  bins of  momen tum cross product  and m i n i m u m  
Ptc which had widths of  1.5 ( G e V / c )  2 and 0.5 G e V /  
c, respectively. 

We performed a b inned maximum-l ike l ihood  fit to 
the observed one- and two-lepton distr ibut ions.  The 
five dist inct  dis t r ibut ions (one-muon,  one-electron, 
electron-electron,  m u o n - m u o n  and e lec t ron-muon)  
were fit s imultaneously to dis t r ibut ions  generated by 
a Monte Carlo simulation. We used the Lund 6.3 code 
[ 10 ] ~3 with the second-order  order  QCD matr ix  ele- 
ment  and the Peterson f ragmentat ion function [ 11 ] 
to s t imulate  e+e - annihi la t ion in our detector.  In- 
cluded in this s imulat ion were leptons from 

~3 The following parameters were used: A~rs=0.5 GeV, 
Ymin=0.015, A=0.9, B=0.7, ~¢=0.05, eb=0.005, aq=0.265 
GeV/c, Ps=0.35, Pqq= 0.10. 
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( 1 ) background from misidentification of hadrons; 
(2) background from decays of charged pions and 

kaons to muons, and unidentified photon conver- 
sions and Dalitz x ° decays to electrons; 

( 3 ) primary bottom-quark decay; 
(4) primary charm-quark decay; and 
(5) decay of charm-quarks in bb events (second- 

ary-b decay). 
The background lepton distributions were ob- 

tained from parametrizations of the per-track misi- 
dentification and decay probabilities as described in 
our previous publication [ 8 ]. The eight variables in 
the fit were the average semileptonic branching ra- 
tios for B- and C-hadron decays to electrons and 
muons, and multiplicative scale factors for the elec- 
tron and muon misidentification and decay back- 
grounds. Because the kinematics of each lepton were 
independent of the sign of its charge, no information 
about the lepton charge was used in the fit. 

The shapes of the two-lepton distributions were 
obtained by selectively generating large samples of 

each of the possible two-lepton combinations. The 
absolute normalization for each of these distribu- 
tions was obtained by the following procedure: The 
probability for a given produced quark flavor, q, to 
decay to a given type of detected lepton, P(q-+£), was 
estimated from the fit to the one-lepton data and was, 
therefore, a function of the eight fit variables. The 
probability for both produced quarks in the event to 
decay to a given two-lepton combination was then the 
product of  the two probabilities for either quark to 
decay to either lepton, multiplied by a correction fac- 
tor, C. This factor accounted for possible acceptance 
correlations, the different cuts applied to the one- and 
two-lepton samples, and combinatoric factors. The 
normalization for the given two-lepton combination, 
N~,~ 2, was then the product of this two-lepton proba- 
bility and the estimated number of events, Nqq, of fla- 
vor q in the hadronic data sample: 

JV£1~2 ~-. Nqq CP(q-,~, )P(q---+~2 ) - 

We show the momentum cross product versus mini- 
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Fig. 1. Four  Monte  Carlo d i lepton d i s t r ibu t ions  normal i sed  to the size of  the hadronic  data  sample.  
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Table 1 
Results of the one- and two-lepton fit. The errors are the statisti- 
cal and systematic errors, respectively. 

Parameter Result (%) 

Br(B-~e) 13.7+_0.8_+ 1.3 
Br(B-Ha) 13.7_+ 1.1 _+ 1.1 
Br(C-,e) 11.0_+ 0.8 _+ 1.7 
Br(C~la) 7.9_+ 1.1 _+ 1.1 

m u m  Ptc d is t r ibut ions  for four di lepton combina-  
t ions in fig. 1. These Monte  Carlo d is t r ibut ions  con- 
tain the expected numbers  of  events present  in the 
hadronic  data  sample. For  large values of  the mo- 
men tum cross product  and m i n i m u m  Ptc, the B-pri- 
mary  di leptons  are essentially background free. 

The results of  the fit, shown in table 1, agreed well 
with our  previously publ ished values [ 8 ] for the B- 
and C-hadron semileptonic  branching ratios, as d id  
the est imates for the mis ident i f ica t ion and decay 
backgrounds.  The observed and predic ted  distr ibu-  
t ions for the one- and two-lepton samples are shown 
in figs. 2 and 3. 

To check the results of  the fit, the one- and two- 

lepton samples were fit separately. Again, there was 
agreement  within the statistical errors of  the two fits. 
The total  numbers  of  two-lepton events predic ted  
from the statist ically independent  one-lepton fit were 
in very good agreement with those observed, as shown 
in table 2. 

To extract informat ion about  B mixing, we define 
the probabi l i ty ,  Z, that  a hadron,  ini t ial ly containing 
a b (b)  quark, decays to a posi t ive (nega t i ve ) l ep ton  
to be 

F ( B ~ £ + X )  F ( B ~ £ - X )  
Z = F( i ]~£_+X)  - F ( B ~ £ + X ) ,  

where F i s  the total t ime-integrated rate. The fraction 
of  like-sign events in which both leptons come from 
pr imary  b decay is then 2)(( 1 - Z ) ,  where we have as- 
sumed that  the two B hadrons  are produced in an un- 
correlated way, and that  they undergo mixing with- 
out interference. This defini t ion of  Z includes all 
produced B mesons and baryons,  not just  the neutral  
mesons, and neglects possible CP violations in the B °-  
BO system. 

We assumed that  all di lepton events containing a 
mis ident i f ied  hadron or background decay lepton 
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Table 2 
Predicted numbers of dileptons based on the fit to the one-lepton 
data only. 

Dilepton type Observed Predicted 

e.e 191 199.4 
e.~t 117 117.5 
~t.l.t 23 25.2 

have equal like- and unlike-sign probabilities g4. Like- 
sign dileptons can also arise from events containing 
b-secondary decays ( b ~ c ~ £  + ). These events are also 

,4 There is a slight correlation between the original quark charge 
and the background lepton charge which was determined by 
looking at opposite-jet, hadron-lepton pairs in the single-lep- 
ton sample. The ratio of unlike- to like-sign events was deter- 
mined to be 1.066_+0.028. This result was confirmed using 
the Monte Carlo one-lepton sample, and was essentially in- 
dependent of the original quark flavor. This effect was in- 
cluded in the calculation of the likelihood functions. 

sensitive to mixing since the lepton from the charm 
decay is still correlated with the parent b-quark 
charge ~5. We further assumed that D mixing was 
negligible, and therefore that dileptons from C-pri- 
mary decays have opposite charges. 

Given all the possible dilepton distributions, we 
estimated the expected total number  of  like- and un- 
like-sign dileptons in each bin, as a function ofz .  We 
then calculated the log-likelihood for the observed 
numbers of  like- and unlike-sign events, summed over 
all bins in the distribution, for electron-electron, 
electron-muon, and muon-muon  events. These three 
log-likelihoods (functions of  X) were then added to- 
gether to form the overall log-likelihood function. The 
most likely value was 0.17 with 90% confidence level 
upper and lower limits of  0.29 and 0.08, respectively. 
Table 3 shows the observed and predicted numbers 
of  like- and unlike-sign dileptons in the kinematic re- 
gion most sensitive to mixing. 

5. Systematic errors 

To check that our method was sensitive to B mix- 
ing, two samples of  Monte Carlo events with gener- 
ated values Z= 0.0 and Z= 0.25 were analysed. These 
samples had an integrated luminosity equivalent to 
that of  the data. The measured values of  X obtained 
using our likelihood procedure agreed well with these 
generated values. Possible systematic biases intro- 
duced by the fit procedure were checked by perform- 
ing the fit to the observed like- and unlike-sign dilep- 
ton distributions only. All eight parameters were free 
to vary within two standard deviations above and be- 
low their values from the previous fit. The value o f z  
which maximised the likelihood was found to be 
01 "7 + 0. J2 The correlation coefficients between Z and • l J 0.08. 

the other parameters were all smaller than 0.15. 
To accommodate  uncertainties in the b-quark frag- 

mentation function, the fragmentation e parameter 
was varied between the values 0.001 and 0.010. (This 

~5 There is a small probability for a b-quark jet to contain more 
than one charm badron. The leptons produced by semilep- 
tonic decays of these charm hadrons will not necessarily be 
charged-correlated with the original b-quark charge. Using the 
Monte Carlo we estimated that 14%_+ 15% of all B-secondary 
decays have the opposite charge to that expected. This effect 
was included in the calculation of the likelihood functions. 
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Table 3 
Predicted and observed number of events in the region most sensitive to mixing. Numbers 
with Z=0 (0.17). 

19 April 1990 

in parentheses (brackets) are the predictions 

momentum cross product minimum Ptc Opposite sign Same sign Both signs 
[ (GeV/c) 2 ] [GeV/c] 

>7.5 >1.0 e.e 9 (8.0) [6.3] 2 (1.4) [3.1] 11 (9.3) 
e./t 5 (9.4) [7.4] 3 (1.7) [3.8] 8 (11.1) 
~t.la 1 (2.7) [2.1] 1 (0.4) [1.0] 2 (3.1) 
Total 15 (20.1) [15.8] 6 (3.5) [7.9] 21 (23.5) 

>1.5 e.e 2 (1.3) [1.1] 0 (0.33) [0.56] 2 (1.7) 
e.~t 2 (2.4) [1.8] 2 (0.23) [0.82] 4 (2.7) 
la.~t 0 (0.61) [0.44] 1 (0.02) [0.19] 1 (0.63) 
Total 4 (4.3) [3.31 3 (0.58) [1.57] 7 (5.0) 

>12.0 

range of  values was obta ined  from our  previous in- 
clusive lepton analysis [ 8 ]. ) The resulting values for 
Z were 0.1 Q+°14o_o.06 and 0.1 ~+°~2,,_o.o6 for Cb=0.001 and 
~b=0.010, respectively. Variat ions in the semilep- 
tonic branching rat ios for B and C hadrons  within the 
errors of  the fit had a negligible effect on the likeli- 
hood function. Fixing these branching ratios at the 
world average values also did  not affect the likeli- 
hood function. To check our  background est imates at 
high values of  p, Ptc we restr icted the single-leptons to 
p > 4  GeV/c ,  p,c> 1.5 GeV/c ,  and the di leptons  to 
m o m e n t u m  cross product  >6 .0  ( G e V / c )  2, mini-  
mum p,c> 1.5 G e V / c  in the fit. With  this reduced data 
sample the most  likely value for Z was 0.18 +°:~72. Also, 
using this sample we increased the levels of  the misi-  
dent i f icat ion and decay backgrounds  by 50% while 
keeping all other  fit parameters  fixed. The value for 
z i n  this case was 0.18+012--0.08 • These results indicate that  
our  measured  value of  Z is relat ively insensit ive to 
the background estimates.  

Combining  all sources o f  systematic  error  includ- 
ing possible tracking biases and detector  acceptance 
correlat ions we arrive at the result Z = 0.17_o.os + o. 15, with 
90% confidence level l imits  o f  0.06 and 0.38. 

6. Bd ° and B ° mixing 

To extract  in format ion  about  the B °- and B °-mix- 
ing parameters  rd and rs, def ined by [ 12 ] 

F(B°--+I~+X) F(B°--+~+X) 
r d -  F(BO__+~_X), r ~ -  F (BO_+~_X) ,  

we assumed that  all B hadrons have equal semilep- 
tonic branching ratios. The measured value o f z  was 
then given by 

where f~ and fd are the fraction of  B ° and B ° present  
in the data. To accommodate  uncertaint ies  in the 
composi t ion  of  the B-hadron sample we chose two 
possible cases: f (Bu)  =0.375,  f (Bd)  =0.375,  f (Bs)  = 
0.15, f (  Bother ) =0.10;  a n d f ( B , ) =  0 . 4 0 , f ( B d ) = 0 . 4 0 ,  
f ( B s ) = 0 . 2 0 ,  f(Bo~her)=0.0. Given  these assump- 
tions, we obta ined the contours shown in figs. 4a and 
4b. Our  result favors maximal  B ° mixing, although it 
cannot  rule out zero B ° mixing at the 90% confidence 
level. 

7. Comparison of this result with our previous result 

Although we have used largely the same data  for 
this analysis as for our previously publ ished result 
[2 ], there are three pr incipal  reasons for the differ- 
ent results obtained:  

( 1 ) In this analysis we used the full 224 p b -  1 data  
sample to est imate the backgrounds from misident i -  
faction of  hadrons  and leptonic decays of  charm and 
light quarks. The previous analysis used only the first 
33 pb -1 of  data. 

(2)  By fit t ing the data  to the b inned m o m e n t u m  
cross product  versus m i n i m u m  P~c dis t r ibut ion we 
achieved a substantial  improvement  in the separa- 
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0'6 f (a) ' ~ - T - - ~ '  T- _~ 

0.4 ~ , . ~  ma rd Contour ~ ' ~  

0.2 L ~ ARGUS & CLEO Allowed "-'i 

oI O-  i------1 
0.6 " - , J  I ' I 

l- (b) 0 . 4 F  " ~ , ~ s t  Likely Conlou, ~ 
rd ~,~,~ 1 Sigma Contour ~ t 

0.2 ~ ~  ARGUS & CLEO A,o~ed~-~ 

0 / I ~ ---~L---~""-----J [ 

0 0.4 0,8 
I ; 89 rs 652~,A4 

Fig. 4. (a) We have assumedfa=0.375,f~=0.15. (b) We have 
assumed fa = 0.400, ,~ = 0.20. The shading represents the regions 
allowed by ARGUS and CLEO which are excluded by this mea- 
surement. Light shaded region is excluded at the la  level, dark 
shaded region is excluded at the 90% confidence level. 

tion of signal (Bpri 'Bpr i e v e n t s  ) from background. We 
were thus less sensitive to the systematic effects esti- 
mating this background and the statistical fluctua- 
tions in it. 

(3) It is important to consider the three classes of 
dilepton events (viz. ee, ela and p.p.) separately since 
their relative normalization and backgrounds are 
substantially different. Most of the evidence for mix- 
ing is present in the e~t and ~tg events in which a like- 
sign event is much more significant, in terms of mix- 
ing, than a like-sign ee event. The previous analysis 
used the fraction of like-sign dileptons (not distin- 
guished from each other) as the variable used to es- 
timate g. 

8. Conclusion 

In a new analysis of 224 pb-1 ofe+e - annihilation 
data at 29 GeV we find evidence for B mixing, and 

determine the probability that a hadron initially con- 
taining a b (1~) quark decays to a positive (negative) 
lepton to be 0.17 +°15 with 90% confidence level - -  0 , 0 8  

limits of 0.06 and 0.38. This result is consistent with 
full B ° mixing, although it cannot rule out zero B ° 
mixing at the 90% confidence level. 
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