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We have measured the forward-backward asymmetry in e + e -  ---, bl~ and e + e -  ~ c~ processes using hadronic events 
containing muons or electrons. The data sample corresponds to 410 000 hadronic decays of the Z °. From a fit to the 
single lepton and dilepton p and Pr  spectra, we determine Ab6 = 0.086 + 0.0154- 0.007 and Ace = 0.083 + 0.038 + 0.027 
at the effective center-of-mass energy q q  = 91.24 GeV. These measurements yield a value of the electroweak mixing 
angle sin 2 0w = 0.2336 + 0.0029. 

1. Introduction 

The f o r w a r d - b a c k w a r d  a s y m m e t r y  o f  quark  pairs,  

Aqq, p r o d u c e d  in the e+e  - ---, Z ° ---, qq  process  is sen- 

si t ive to the e lec t roweak mixing  angle, sin20w, which  

1 Deceased. 
2 Supported by the German 

Forschung und Technologie. 
Bundesministerium Ftir 

is one  o f  the f u n d a m e n t a l  pa r ame te r s  o f  the  s t anda rd  

m o d e l  [ 1 ]. The  f o r w a r d - b a c k w a r d  a s y m m e t r y  for  the  

process  e + e -  --* q~t is de f ined  as 

~ - ~ (1 )  A~ - ~ + ~ ,  

where  a q and  tr q are the cross-sect ions  in the fo rward  

and  backward  h e m i s p h e r e s  wi th  respect  to the elec- 

t ron  beam.  In the s t anda rd  mode l  using the i m p r o v e d  
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Born approximation framework [2,3 ] the asymmetry 
on the Z ° peak is given by 

A BO_ rn 3 
qq ~ zAeAq, (2) 

where 

Ai - 2viai 2(1 - 4 I Qi I sin2Ow) (3) 
v 2 + a  2 - 1 + ( 1 - 4 1 Q i  I sin2Ow) 2" 

Here vi, ai and Q~ are the vector and axial-vector cou- 
pling constants and the charge of  the electron or quark, 
and sin2Ow is the effective electroweak mixing angle 
at the Z ° mass. The resulting angular distribution of  
the quark is 

de  
d e o s 0  cx 3(1 + cos2 0) + aq4cOS0 , (4) 

where 0 is the polar angle of  the quark with respect 
to the electron beam. 

In this letter we present measurements of  AbS and 
Ace. We use electrons and muons from the semilep- 
tonic decay of  b- or c-quarks to select events coming 
from Z ° ~ bl~ and Z ° ~ c~. Because of  the hard frag- 
mentation and large mass of  the b-quark, leptons from 
b-quark decay have large momentum, p, and large 
transverse momentum, Pr, with respect to the quark 
direction. The c-quark, with its lower mass and softer 
fragmentation, produces leptons with lower p and PT, 
but nevertheless still higher than that of  leptons from 
the decays of  the lighter quarks. As the charge of  the 
lepton is correlated with the charge of  the quark, we 
can use events containing these inclusive leptons to 
measure Abs and Ace. We use the thrust axis of  the 
event to give the direction of  the quark and we tag 
its charge with the lepton charge. To determine Ab6 
and Ace, we perform a maximum likelihood fit to the 
single lepton and dilepton p and PT spectra. Similar 
analyses have previously been performed with lower 
statistics [4-8] .  

Due to mixing in the B°-B ° system, the observed 
b-quark asymmetry, ao_bs is smaller than the actual ~ l b b  , 

asymmetry by a factor (1 - 2X B ), where X B is the 
probability that a hadron containing a b-quark had 
oscillated into a hadron containing a b-quark at the 
time of  its decay. We have reported a measurement of  
X~ in a previous letter [9]. As there is no observable 
mixing with D mesons, Ace is measured directly. 

Our data sample consists of  410000 hadronic 
events corresponding to 17.6 pb- I  collected in 1990 

and 1991 on or near the Z ° resonance using the L3 
detector at LEP. The center-of-mass energies are 
distributed over the range 88.2 ~< v~  ~< 94.2 GeV. 

2. The L3 detector 

The L3 detector covers 99% of  4~z. The detector 
consists of  a central tracking chamber, a high resolu- 
tion electromagnetic calorimeter composed of  BGO 
crystals, a ring of  scintillation counters, a uranium 
and brass hadron calorimeter with proportional wire 
chamber readout, and an accurate muon chamber sys- 
tem. These detectors are installed in a 12 m diameter 
magnet which provides a uniform field of  0.5 T along 
the beam direction. 

The central tracking chamber is a time expansion 
chamber which consists of  two cylindrical layers of  
12 and 24 sectors, with 62 wires measuring the R-~b 
coordinate. The single wire resolution is 58/~m aver- 
aged over the entire cell. The double-track resolution 
is 640/ tm.  The fine segmentation of  the BGO detec- 
tor and the hadron calorimeter allows us to measure 
the direction of  jets with an angular resolution of  2.5°, 
and to measure the total energy of  hadronic events 
from Z ° decay with a resolution of  10%. The muon 
detector consists of  3 layers of  precise drift chambers 
which measure 56 points on the muon trajectory in 
the bending plane, and 8 points in the non-bending 
direction. 

For the present analysis, we use the data collected 
in the following ranges of  polar angles: 
- for the central chamber, 41 ° < 0 < 139 °, 
- for the hadron calorimeter, 5 ° < 0 < 175 °, 
- for the muon chambers, 35.8 ° < 0 < 144.2 °, 
- for the electromagnetic calorimeter, 11 ° < 0 < 
169 ° . 
A detailed description of  each detector subsystem, and 
its performance, is given in ref. [ 10]. 

3. Selection of inclusive lepton events 

The trigger requirements and the selection criteria 
for hadronic events containing electrons and muons 
have been described earlier [9, l 1 ]. Muons are identi- 
fied and measured in the muon chamber system. We 
require that a muon track consist of  track segments in 
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at least two of the three layers of muon chambers, and 
that the muon  track point to the intersection region. 
Electrons are identified using the BGO and hadron 
calorimeters, as well as the central tracking chamber. 
We require an energy cluster in the BGO that is con- 
sistent with the shape of an electromagnetic shower 
and which matches in ff angle and momentum with a 
track in the central tracking chamber. For this anal- 
ysis, we have only considered electrons in the barrel 
region (I cos 01 < 0.69). We reject hadrons misiden- 
tiffed as electrons by requiring that there be less than 
3 GeV deposited in the hadron calorimeter in a cone of 
half angle 7 ° behind the electromagnetic cluster. The 
charge of the electron is determined from the tracking 
chamber. The shower shape and hadron calorimeter 
criteria select electrons that are isolated from nearby 
particles, resulting in a lower efficiency for electrons 
than for muons. 

The momentum of muon candidates is required to 
be at least 4 GeV, while the electrons are required to 
have at least 3 GeV. Table 1 shows the number  of 
single lepton and dilepton events obtained after all 
cuts. 

To determine the acceptance for inclusive lep- 
ton events, we use the JETSET parton shower pro- 
gram [12] with string fragmentation. For b- and 
c-quarks we use the Peterson fragmentation func- 
tion [13] as a function of xe = 2Ehadro,/V~ with 
the parameters eb = 0.05 and ec = 0.50. The gener- 
ated events are passed through the L3 detector sim- 
ulation #~ , which includes the effects of energy loss, 
multiple scattering, interactions and decays in the 
detector materials and beam pipe. We use the aver- 
age of the semileptonic branching ratios measured by 

#1 The L3 detector simulation is based on GEANT Ver- 
sion 3.14 [14]. The GHEISHA program [15] is used to 
simulate hadronic interactions. 

Table 1 
Number of inclusive lepton events. 

Type Events 

# + hadrons 20937 
e + hadrons 5443 
#p + hadrons 1083 
ee + hadrons 152 
#e + hadrons 709 

1600 

-"~1200 

O 

8OO 

400 

a) • Data 
[] MC: u,d,s,c,b 

Pr < 1 GeV [] MC: c ~ l 
D MC: b ----~ c ----) l 
m MC: b---) / 

0-1 -0.5 0 0.5 

COS0thrust 

b) • Data 
[] MC: u,d,s,c,b 

Pr > 1 GeV [] MC: c ~ l  
D MC: b-- )  c--~ / 
I M C :  b - - ) l  

1600 

1200 

8oo 

400 

0-1 -0.5 0 0.5 1 

COS0thrust 

Fig. 1. The measured angular distribution of the thrust axis 
for events containing a low Pr (< 1 GeV) lepton (a) or 
a high PT lepton (> 1 GeV) (b). The contributions of the 
various sources are indicated. 

previous experiments [16,17]#2 #3: Br(b ~ g) = 

#2 We have averaged the PETRA and PEP measurements 
according to the procedure used by the Particle Data 
Group. 

#3 The notation b ~ g means the decay of a hadron con- 
taining a b-quark into a lepton (plus its neutrino) and 
anything else. Similarly for c ~ g, etc. Charge-conjugate 
processes are also implied. 
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Table 2 
Monte Carlo estimates of the fraction of each process in the data sample (in percent). Also shown is the expected asymmetry 
for each process. 

Category # e 

PT > 0 GeV PT > 1 GeV PT > 0 GeV PT > 1 GeV 

( 1 ) b ~ ~ 36.5 70.5 67.6 79.8 
(2) b ~ c ~ ~ 10.8 6.6 6.6 4.3 
(3) b ~ z ~ * 1.8 1.8 2.5 2.0 
(4) b ~ ~ ~ e 1.3 0.6 0.7 0.4 
(5) c --. ~ 16.1 6.3 4.3 2.5 
(6) background 33.5 14.0 18.3 11.1 

0 . 1 1 7 + 0 . 0 0 6  and Br(c ~ £) = 0 .0964-0.006.  We 
assume that  the mixture of  c-hadrons from the cas- 
cade decay b --* c is the same as that in Z ° ~ c~, and 
so we use the measured c ~ * branching ratio also for 
b ~ c ~ e, after taking into account the addi t ional  
c-quarks coming from W decays. We determine that  
the efficiency for observing a prompt  b ~ ~ decay is 
42.5% for muons and 23.3% for electrons. 

Monte Carlo events with leptons are classified into 
six categories: b ~ ~, b ~ c ~ ~, b ---, z ~ ~, b ---, 
c~s where ~ ~ ~, c ---, ~, and background. Included 
in the background are leptons from n and K decays, 
Dali tz decays, photon conversions, and misident if ied 
hadrons caused by, for example, n - 7 overlap for 
electrons and punchthrough for muons. Table 2 shows 
the results of  Monte Carlo studies giving the fraction 
of  each source of  leptons and background for data 
samples with no cut on transverse momen tum and 
also with a cut at 1.0 GeV. The transverse momentum 
is defined with respect to the nearest je t  [ 18 ], where 
the measured energy of  the lepton is excluded from 
the jet.  I f  there is no je t  with an energy greater than 6 
GeV remaining in the same hemisphere as the lepton, 
then the PT is calculated relative to the thrust axis of  
the event. 

As can be seen from table 2, the data  at high PT for 
both electrons and muons are dominated  by events 
containing b-quarks. At low PT the muon sample has 
a relatively large contr ibut ion from c-quarks. This is 
also il lustrated in fig. 1 which shows the angular dis- 
t r ibut ion of  the thrust axis for low and high PT events. 
The requirements  of  the electron selection result in a 
reduced efficiency for low PT events, and hence for 
c-quark events. 

4. Determination of the forward-backward 
asymmetries 

In the semileptonic decay of  a b- or c-quark the 
charge of  the detected lepton is directly correlated with 
the charge of  the quark. We use the thrust axis to 
estimate the direction of  the original quark. The thrust 
axis is oriented towards the hemisphere containing the 
negatively charged lepton (or opposi te  the posit ively 
charged lepton).  With  this convention, the thrust axis 
points in the direction of  the b-quark for bb events 
and in the direction of  the ~-quark for c~ events. 

We first investigate the angular dis tr ibut ion of  the 
thrust axis for high PT (> 1 GeV) events. In this way, 
we can make a direct measurement  of  A~,~. The data  
are corrected for angular acceptance, and the non-b- 
quark background is subtracted. The resulting distri- 
but ion is shown in fig. 2. A fit is made  to the form: 

obs 
3 (  1 + COS 2 0thrust) + Ab6 c o s  0thrus t. ( 5 )  

The result is AObs 0.062 + 0.013 with x2/DOF Zabb = = 
26/19. This method,  however, has the disadvantage 
that the p and Pr of  the lepton are not used, thus 
reducing sensitivity. In addit ion,  this method is best 
suited to situations where the background is small, 
and is therefore unsuitable for a measurement  of  Ace. 

To use the full statistics and improve the sensitivity, 
we determine Abb and Ac~ using a non-binned maxi- 
mum likelihood fit in the p versus PT plane. The fitting 
procedure has been described in detail  previously [ 5 ]. 
The probabil i ty  for a data event to come from the var- 
ious sources listed in table 2 is de termined from the 
number  and type of  Monte Carlo events found in a 
rectangular box centered on the (P,PT) values of  the 
data  event. The weights for the l ikelihood function 
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Fig. 2. The angular distribution of the thrust axis for events 
containing high Pr leptons. The orientation of the thrust 
axis has been described in the text. The points are the data, 
and the solid line is the result of the fit. 

are de termined by the expected angular dis tr ibut ion 
given the polar  angle of  the thrust axis of  the data  
event, and the asymmetry of  the possible sources of  
the event. For  sources 1, 3 and 4, the asymmetry is 
Abb, while for source 2 it is -Ab6, as the lepton from 
the cascade has the opposite sign than the b-quark. For  
source 5, it is -Ace, as the thrust axis points in the di- 
rection of  the t-quark.  In the case of  di lepton events, 
the average asymmetries  of  the two leptons are used. 

From a sample of  Z ° ~ z + T- events we est imate 
the charge confusion to be 0.2 ± 0.2% for muons and 
0.8 + 0.3% for electrons. We correct for the effects of  
the charge confusion, and account for its error in the 
systematic error. 

The result of  the fit for Abb and Ace using both inclu- 
sive muons and electrons and all center-of-mass ener- 
gies is a°-bs 0.066+0.011 and Ace 0 .083±0.038.  
As the acceptance for c ---, e events is small, the Ace 
measurement  is de termined almost completely by the 
inclusive muon events. The correlation coefficient be- 
tween A~,~ s and Ace is 20%. Separate fits for Abb using 
the muon and electron data yield A~ bs = 0.074±0.014 
for muons, and 0.053 + 0.019 for electrons. 

Table 3 lists the contributions to the systematic 
error in the ao_bs and ac~ measurements.  We have 

~ l b b  

est imated the error by changing the parameters  by 
their  known (or est imated)  uncertainties. The c ~ g 

0.1 
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Fig. 3. The energy dependence of A b b compared to the stan- 
dard model expectation with sin20w = 0.2336. 

branching ratio error has been increased to +0.012 
to allow for uncertainties in the b --* c~s branching 
ratio, as well as a possible different mixture of  D ± 
and D O mesons in b-quark decays. The charge o f  the 
background can be correlated with the charge of  the 
original quark, and therefore background processes 
could affect the measured asymmetry.  We estimate 
this correlation to be 0.35 ± 0.15 for background from 
b-quarks, and negligible for the lighter quarks. The 
background asymmetry for non-b-quark sources was 
determined from Monte Carlo studies to be consistent 
with zero. The error on this estimate is 0.015 which 
gives the dominant  systematic error for Ace. We have 
est imated the effect of  reconstruction errors by smear- 
ing the momentum of  each lepton by 5%. The effects 
of  je t  angular resolution have been studied by smear- 
ing the je t  directions in the Monte Carlo with a Gaus- 
s±an distr ibution with a width between 0 ° and 1 °. 

Our  result for Acc is 

Ace = 0.083 ± 0.038(stat .)  ± 0.027(syst.).  

Due to mixing in the B°-B ° system, the observed bl~ 
zobs Ab6 ( I 23f B ). Correcting ~bb asymmetry  is ~'bb = - ~o_bs 

using our measured value Z B = 0.121 + 0.017 (stat.) + 
0.006(syst.)  [9] we obtain 

Abb = 0.086 + 0.015 (stat.) + 0.007 (syst.). 
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Table 3 
Systematic errors in the Ao_bs and Ace measurements. 

" 'bb 

15 October 1992 

Contribution Variation AA °~s AAce bb 

b ~ e branching ratio 4-0.006 0.0006 0.002 
c ~ e branching ratio 4-0.012 0.0013 0.013 
Fb6 4-10 MeV 0.0003 0.001 
Fc~ 4-10 MeV 0.0002 0.002 
background fraction 4-0.15 0.0006 0.003 
background asymmetry 4-0.015 0.0006 0.020 
charge correlation for b-quark background 4-0.15 0.0004 0.001 
b-quark fragmentation parameter ~b +0.006 0.0002 0.002 
c-quark fragmentation parameter ec 4-0.200 0.0006 0.004 
smearing the lepton momentum Ap/p 5% 0.0001 0.001 
smearing the angle between the lepton and nearest jet 0 ° - 1° 0.0010 0.004 
uncertainty in the charge confusion correction 4-0.0015 0.0002 0.001 
Monte Carlo statistics 0.0035 0.009 

0.004 0.027 total 

Table 4 
Ab6 for different center-of-mass energies. Note that the sys- 
tematic error 0.007 is common to all energies. 

Mean ~ (GeV) Abb 

89.67 0.025 + 0.051 + 0.007 
91.24 0.097 4- 0.017 4- 0.007 
92.81 0.062 4- 0.042 4- 0.007 

As the asymmetry is predicted to depend on the 
center-of-mass energy, we also have divided our data 
into energies below, on, and above the Z ° resonance. 
The results for Ab6 are shown in table 4 and fig. 3. 
Because of limited statistics, we have not performed 
this measurement for Acc. 

5. Determination of sin20w 

The Born level approximation given in the intro- 
duction is only valid at the Z ° mass. In addition, one 
must apply QED initial and final state radiative cor- 
rections, as well as QCD corrections due to gluon 
bremsstrahlung. We use the ZFITTER program [ 19 ] 
to perform these corrections and extract sin2Ow. As 
input  we use our measured values [20] of rnz = 
91.181 + 0.022 GeV and Fz = 2.501 4- 0.017 GeV, 
and the asymmetry values and energies given in ta- 
ble 4. We obtain 

sin2Ow = 0.2336 -4- 0.0029, 

which is in excellent agreement with our measure- 
ment  [20 ] of sin20w = 0.2315 + 0.0025 from the lep- 
tonic and hadronic decays of the Z °. Fig. 3 shows the 
measured energy dependence of Abb in comparison 
with the standard model expectation with sin20w = 
0.2336. The standard model prediction for A~ is 
0.056, in good agreement with our measurement. 

As can be seen in fig. 3, the asymmetry predicted 
by the standard model is not linear as a function of 
energy, but rather flattens out above the Z ° peak due to 
initial state radiation. We have used ZFITTER to take 
this effect into account, and to calculate the effective 
average center-of-mass energy for our complete data 
sample also taking into account the luminosity and 
cross-section at each energy. As most of our data was 
taken on the Z ° peak, and as the effect is small, the 
effective average is the same as the peak energy: 91.24 
GeV. 

6. Conclusions 

We have analyzed Z ° ~ bl~ and Z ° ~ c~ decays 
using inclusive lepton events selected from a sample 
of 410 000 hadronic events. 

From a fit to the p and px distributions for single 
lepton and dilepton events, we have determined the bl~ 
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and  c~ fo rward-backward  asymmetr ies  at the effective 
center-of-mass energy x/~ = 91.24 GeV to be 

Abb = 0.086 + 0.015 + 0.007, 

Ace --- 0.083 + 0.038 ± 0.027. 

Using the values of  Abb ob ta ined  below, on, and  
above the Z ° peak, we have de te rmined  sin2Ow to be 

sin2Ow = 0.2336 + 0.0029. 
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