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Abstract. The production of b and c quarks in e + e- 
annihilation has been studied with the CELLO detector 
in the range from 35 GeV up to the highest PETRA 
energies. The heavy quarks have been tagged by their 
semileptonic decays. The charge asymmetries for b 
quarks at 35 and 43 GeV have been found to be Ab= 
-(22.2+_8.1)% and A b=-(49.1+_16.5)%, respectively, 
using a method incorporating jet variables and their cor- 
relations for the separation of the heavy quarks from 
the background of the lighter quarks. For c quarks we 
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obtain A~= -(12.9+8.8)% and A C= +(7.7+_14.0)%, re- 
spectively. The axial vector coupling constants of the 
heavy quarks c and b are found to be ac = + (0.29 +_ 0.46) 
and ab = -(1.15 +_ 0.41) taking B ~ ~o mixing into account. 
The results are in agreement with the expectations from 
the standard model. 

1 Introduction 

In the standard model of electroweak interactions, e + e- 
annihilation into leptons or quarks is distinguished, in 
the limit of vanishing masses, by the electric charge and 
the third component of weak isospin of the elementary 
fermions involved. For leptons, which are observable 
particles, the predictions of the standard model, in partic- 
ular the sign, magnitude and energy dependence of the 
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charge asymmetry, have been impressively verified in ex- 
periments to date. With quarks, however, the measure- 
ment of the pair production cross section for a given 
flavour is complicated by the fact that free quarks do 
not exist but rather fragment into jets of hadrons. One 
therefore has to separate multihadronic final states aris- 
ing from a given parent quark-antiquark pair from the 
competing background due to the other quark flavours. 
The identification of a given quark species is known as 
"flavour tagging". 

Heavy quarks are customarily tagged either by re- 
quiring a semileptonic decay leading to a lepton with 
high transverse momentum PT with respect to a suitably 
chosen event axis, or by explicitly reconstructing a meson 
carrying a definite quark flavour and charge. While me- 
son tagging is very selective for charmed quarks, it suffers 
from low efficiency and is virtually impossible for b 
quarks at P ETR A energies. Lepton tagging is more effi- 
cient but less selective and suffers from substantial back- 
ground contributions. These facts have seriously limited 
the accuracy of the measurements of heavy quark pro- 
duction in e + e annihilation. 

In this letter we report on measurements of the 
charge asymmetries and the semileptonic branching ra- 
tios for c and b quarks employing, in addition to the 
lepton PT, some specifically selected jet variables for im- 
proved separation of the heavy quark from the compet- 
ing backgrounds. A likelihood method is used to deter- 
mine the observables simultaneously by adjusting them 
to fit the experimental multi-dimensional distributions 
of the selected lepton and jet variables. 

2 Experiment 

The data were taken with the CELLO detector [1] at 

PETRA at a fixed centre of mass energy of 1/s = 35 GeV 
( j ' Y d t = 8 7  pb -1) and at varying energies ~m the range 

38GeV and 46.78GeV ( < ~ > = 4 3 G e V ,  ~Sfdt 
=42.7 pb-1). Charged particles are measured over 91% 
of the full solid angle in a cylindrical wire chamber as- 
sembly inside a 1.3 T magnetic field, with a transverse 
momentum resolution of ap/p = 2% p (p in GeV/c). The 
energy deposition of charged and neutral particles is 
measured in the barrel part of a fine-grain lead-liquid 
argon calorimeter, equipped with 19 planes of readout 
strips in three different orientations, covering 86% of 
4~. The energy resolution of the calorimeter is aE/E 
= 0.05 + 0.10/]/E (E in GeV). The angular resolution, as- 
suming the interaction point as origin, is 6 to 10 mrad. 
Muons are detected in 92% of 4~r with planar drift 
chambers which are mounted behind the magnet yoke 
of 80 cm of iron. The spatial resolution of 0.6 cm ob- 
tained with these chambers is matched to the positional 
uncertainty due to multiple scattering of the muons pass- 
ing the hadron absorber. 

The analysis starts from a data sample of multihad- 
ronic events selected according to criteria described pre- 
viously [2]. The total data sample consists of 24216 

(8473) events at ] / s =  35 (43) GeV, respectively. Back- 

Table 1. Identified lepton candidates in the data and expectations 
for signal and backgrounds from a full Monte Carlo simulation 
of the experiment. The input branching ratios for the Monte Carlo 
are BRgc(C ~ l) = 8.8% and BRMc(b --* 1) = 12.2% 

Electron selection Muon selection 

~s 35 GeV 43 GeV 35 GeV 43 GeV 

Lepton candidates 940 374 806 453 

Lepton ident, eft. 86.2% 85.4% 77.3% 63.6% 
Hadron misident, 2.49% 2.44% 2.54% 1.33% 

prob. 

MC expectation 967.5 368.1 828.1 393.2 

b~l  10.6% 10.4% 17.3% 13.6% 
b ~ c ~ l  3.8% 3.9% 4.1% 5.3% 
c--*l 17.4% 15.1% 29.9% 22.8% 
b --* hadrons 7.4% 7.9% 6.1% 8.2% 
c -~ hadrons 24.1% 23.7% 20.0% 23.0% 
uds hadrons 35.5% 37.7% 2 2 . 6 %  27.1% 
DIS/IC 1.2% 1.3% 0% 0% 

ground from cosmic rays, beam gas, z + r - ,  and other 
QED events was determined to be less than 3%. 

3 Lepton identification 

In the multihadronic event sample, electrons were identi- 
fied as charged particles with momentum greater than 
1 GeV/c, with an energy deposit in the calorimeter 
matching the momentum measurement, and a longitudi- 
nal and lateral energy distribution compatible with that 
from an electromagnetic shower. Details of the likeli- 
hood ratio technique used to tag the electron are given 
elsewhere [3]. The average efficiency for identifying elec- 
trons was determined by Monte Carlo calculations to 
86%, with a hadron misidentification probability of 
2.5%. Deep-inelastic electron photon scattering and in- 
elastic Compton scattering backgrounds were further re- 
duced by requiring the sum of the positive longitudinal 
components of all particle momenta in the electron direc- 
tion, projected into the r q5 plane, to exceed 1 GeV/c. The 
number of electron candidates and the respective frac- 
tions from the various sources, as determined by a de- 
tailed Monte Carlo simulation of the experiment, are 
shown in Table 1. This simulation takes into account 
the time-dependent performance of the detector and the 
contributions from the various center-of-mass energies, 
using event samples proportional to the accumulated lu- 
minosities at each energy point. For  the calculations the 
inclusive semileptonic branching ratios BR(b--* l) 
=12.2% and B R ( c ~ l ) = 8 . 8 %  have been assumed 
E4]. 

The identification of muons is based on their range, 
using the space points reconstructed in the muon 
chambers. Two variables are employed to evaluate a 
track-hit association: the distance d between a recon- 
structed hit and the track extrapolated from the central 
detector and the quality Q, defined as the ratio of the 
distance d over the uncertainty in the extrapolation. All 
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muon candidates had to exceed a minimum momentum 
of 1.6GeV/c in order to penetrate the iron absorber. ~ 1.5 
As for the electron case, the observed number of muon 
candidates and the expected backgrounds are shown in 
Table 1. Additional cuts on the sphericity (>0.025) and 
the polar angle for the thrust axis (IcosOl<0.65) were 1.0 
applied for both lepton samples in order to reduce back- 
ground not well described by the Monte Carlo simula- 
tion. In this way possible correlations between the dis- 
criminating variables and the polar scattering angle, .5 
which tend to increase close to the acceptance limit, are 
minimised. 

4 Flavour separation 

Semileptonic decays of the heavy quarks b (c) can be 
enhanced over the competing background from light t~ 
quark decays using cuts in the transverse momentum ~ .3 
PT of the decay lepton with respect to the event axis, 
defined by thrust or sphericity [5, 6-9]. As was shown 
previously [-7, 10], the separation of b quarks from the 
light-quark background can be substantially improved .2 
using additional event shape variables reflecting the mass 
difference between these quarks. JADE [-7], e.g., have 
chosen the transverse jet mass and the missing transverse .1 
momentum partly due to the presence of high energy 
neutrinos in the semileptonic decays. 

We have investigated many such variables (details 
of this analysis are described elsewhere [3]) and have 0. 
found that, in addition to the transverse momentum PT 
of the lepton with respect to the thrust axis, the sum 
of the m o m e n t a  Zp~ ut of all particles perpendicular to ~ 
the event plane (similar to the "transverse" mass used td*" "-o 5 
by JADE [7, 11]) and a variable E . . . . .  first introduced 
by the PLUTO collaboration [-8], provide optimal sepa- -o 
ration. The dimensionless variable E . . . .  is the total ener- ~ 4 
gy of all particles inside a given cone around the direc- 
tion of the lepton candidate, divided by the total energy 
of all particles in the event. For  our experimental condi- 
tions, the optimum half angle of the cone was found 
to be 10 degrees. In contrast to JADE and PLUTO,  
the lepton momenta are included in the definition of 
both variables. The separating power of these variables 
was studied on the basis of Monte Carlo calculations, 
using the O(c~2)LUND 5.2 generator [-12], both at the 
four-vector level and for the full detector simulation. The 
distributions of the three most powerful discriminating 
variables are shown in Fig. 1 at the four-vector level 
and in Fig. 2 for the full detector simulation, using the 
muon channel at a centre of mass energy of 35 GeV. 
While the distributions for b quarks show good separa- 
tion, one notices that the c quarks strongly overlap with 
the background from the light quarks. 

5 Analysis method 

To eliminate the systematic uncertainty from the imper- 
fect knowledge of the semileptonic branching ratios of 
the heavy quarks we have performed a simultaneous de- 
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Fig. 1. Monte Carlo expectations for the three discriminating vari- 
ables at the four-vector level ("ideal" detector). The individual con- 
tributions are normalized to the same area. a) lepton transverse 
momentum PT with respect to the event thrust axis, b) sum of 
momenta ~p}Ut of all particles perpendicular to the event plane, 
including the lepton, c) total energy E .... of all particles inside 
a cone of 10 degrees half angle around the direction of the lepton, 
normalized to the total energy in the event 

termination of these ratios and of the charge asymmetries 
for b and c quarks in a maximum likelihood fit to the 
observed distributions of the discriminating variables PT, 
~p~,t  and E .... . The likelihood function is given by 
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Fig. 2. Monte Carlo expectations for the three discriminating vari- 
ables including a full simulation of the detector. The individual 
contributions are normalized to the same area. a) lepton transverse 
momentum PT with respect to the event thrust axis, b) sum of 
momenta ~p~Ut of all particles perpendicular to the event plane, 
including the lepton, c) total energy E .... of all particles inside 
a cone of 10 degrees half angle around the direction of the lepton, 
normalized to the total energy in the event 

N 
= I1 {fbpb(pT' ~p~.Ut, E . . . .  ) [3 (1  q- x 2) Jr- Abxi] 

i=1  

+ f f  pC(pT, Zp~. "t, E .... ) [3( 1 + x 2) + ACxi] 
+fbgpbg(pT, ~,p~Ut, E .... ) [3( 1 + X 2) + Abgxi]}, 

where the dependence o n  X=COS0je  t is the standard 
model expectation with asymmetries A k for the contribu- 
tions from the heavy quarks (k=b, c) and the back- 
ground (k=bg). The sign of A c in (5.1) accounts for the 
fact that c quarks decay into leptons with the opposite 
charge sign in comparison to b quarks. The functions 
pk(pT,~P~'Ut, E . . . .  ) are three-dimensional probability 
densities for events with identified leptons arising from 
heavy quark decays or background, with all experimen- 
tal detection conditions folded in. For  the fractions of 
b -~ I decays (fb), c --* I decays (if) and background events 
( f b g )  in the number N of identified leptons the normalisa- 
tion 

fb +f f  _k_fbg = 1 (5.2) 

is used with 

fbg= fhad + fbc, 

where fhad and fbc are the fractions of background events 
with misidentified hadrons and cascade decays 
(b ~ c ~ l), respectively. Note that fbc is only 4% of the 
total background fbg (see Table 1), so the assumption 
(5.2) of a background independent of fb will not intro- 
duce any noticible bias for fb. 

The fractions fb,~ are related to the semileptonic 
branching ratios BRb,c via the branching ratios 
BRb,c(MC) input to the Monte Carlo simulation and 
the expected signal N ~ :  

N f  b,c 
BRb c -  b,~ BRb c(MC) �9 

' N M c  ' 

The asymmetry of the background due to b --* c ~ l de- 
cays (fbc) 

fbc 
Abg= fbg A~sw 

has been determined from Monte Carlo and is found 
to be < 3%. 

In the likelihood fit the fraction fb and the charge 
asymmetries A b and A c were treated as free parameters. 
The density functions P(PT, ~Pfr"t, E .... ) and the back- 
ground contribution f b g  we re  taken from Monte Carlo. 
The fraction fc  is calculated from the normalisation con- 
dition in (5.2). Note that the density function p is a 3- 
dimensional distribution (with projections shown in 
Figs. 1, 2) and thus takes advantage of the full correla- 
tion of the separating variables. We used binned distribu- 
tions, unbiased by smoothing algorithms, with typically 
30 bins in each dimension. 

The central aim of the Monte Carlo investigations 
was to study the effects of the additional jet variables 
on the semileptonic branching ratios, charge asymme- 
tries and their errors. The Monte Carlo calculations were 
carried out at the four-vector level and at the full detector 
simulation level to study potential biases of the methods. 
These investigations also serve to determine the asymp- 
totic (ideal detector, large statistics) and the expected 
(real detector, experimental statistics) results for the four 
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Table 2. Results of the Monte Carlo study for the charge asymmetry 
and the signal fraction of b quarks at 35 GeV, tagged by muons, 
as functions of an increasing number of discriminating variables 
(see text). The numbers given are based on 40000 events for the 
four-vector (generator) study and on 4000 events with full detector 
simulation, selected from a sample of 100000 generated multihad- 
tonic events 

LUNDgenerator Detector simulation 

A b [%] fb [%] A b [%] fb [%] 

PT --(22.0+2.0) 22.3-+0.39 --(24.2-+8.7) 19.8-+1.5 
p T @ ~ p ~  ut --(18.7-+1.8) 22.2-+0.34 -(26.0-+6.2) 19.9-+1.0 
pT| at --(18.4-+1.5) 22.3-+0.29 -(27.0-+4.2) 19.8-+0.7 

| E .... 

MC input -(22.7-+ 1.3) 2 2 . 3  -(29.0-+4.0) 19.9 

number  of event shape variables. This result is verified 
both on the four-vector and the detector simulation level. 
The multi-dimensional correlation functions p give a 
consistent reproduction of the charge asymmetries and 
event fractions input to our simulations (see Table 2). 
This is due to the superior separating ability when the 
full correlation is taken into account. 

As examples of these correlations we show in Fig. 3 
the projections onto the planes PT VS. ~p~Ut and PT VS. 
E .... for the muon  channel at 35 GeV, separately for 
b quarks, c quarks and the background from the other 
quarks. The distributions have been obtained from a 
full Monte  Carlo simulation of the experiment. 

6 Results 

Table 3. Statistical errors on the b quark charge asymmetry at 
35 GeV in the data and for the expectation from a full detector 
simulation and a four-vector Monte Carlo, as functions of an in- 
creasing number of discriminating variables (see text). The b quarks 
have been tagged by muons. The statistics in the Monte Carlo 
are chosen to match the number of muon candidates in the data 
(806 events) 

A A~,,t Data Detector LUND 
simulation generator 

PT 21% 20% 14% 
pT@~p~ ut 15% 15% 11% 
PT @ ~p~Ut @ E .... 10% 10% 10% 

physical observables. Initially only PT was used as dis- 
criminating variable; subsequently the further variables 
~p~Ut and E .... were added, thus increasing the separa- 
tion power, and fits for the charge asymmetries and semi- 
leptonic branching ratios were performed at each stage. 
The results of this investigation for the charge asym- 
metry of the b quark A b and the fractions fb are shown 
in Table 2. While the central value of A b is stable on 
varying the number  of discriminators, it is seen that the 
inclusion of the additional jet variables and their correla- 
tions improves the error considerably. The resulting 
values for the experimental statistics are shown in Ta- 
ble 3 as functions of increasing number  of discriminating 
variables. The expectations from the full Monte  Carlo 
are in good agreement with the actual errors in the data. 
One can see that the errors are smallest for 3 variables, 
as observed consistently in the high statistics Monte  Car- 
lo studies and in the data. Furthermore,  when all three 
discriminating variables are used the smearing due to 
the imperfect particle detection does not reduce the sta- 
tistical precision of the asymmetry  measurement.  

It  was also found that stable results for the charge 
asymmetry  could only be obtained taking into account 
the full correlation of variables in the density functions 
p: If instead the likelihood is taken as a product  of the 
individual projections, we obtain systematic shifts of A b 
towards lower absolute values with an increasing 

With the method optimised as described, the semilepton- 
ic branching fractions and the charge asymmetries were 
simultaneously determined for the b and c quarks in 
each of the two leptonic channels at 35 and 43 GeV. 
The results of the fits to the PT, ~p}Ut and E .... distribu- 
tions are shown in Fig. 4 together with the experimental 
data. Good  agreement of the model calculations with 
the data is observed. The numerical results for the semi- 
leptonic branching fractions and charge asymmetries are 
shown in Table 4 and 5, respectively, the errors quoted 
are statistical and systematic. We find good agreement 
of the semileptonic branching ratios with previous exper- 
iments [13, 4]. 

The charge asymmetries in Table 5 have been cor- 
rected for electroweak radiative effects up to the one- 
loop level [14, 15]. Furthermore,  O(~s) Q C D  corrections 
and mass effects [16] have been taken into account. The 
total corrections to the b (c) quark asymmetry  at 35 
and 43GeV amount  to +2 .8% and + 3 . 3 %  ( - 1 . 9 %  
and - 1.4%), respectively [3]. Our measurements  include 
the first determinations of the heavy quark charge asym- 
metries at 43 GeV. At both  energies the charge asymme- 
tries for b and c quarks are in good agreement with 
the expectation of the standard model. The value for 
A b at 35 GeV is also in good agreement with the only 
other measurement  significantly different from zero, 
done by J A D E  [7] at the same centre-of-mass energy. 

The systematic errors have been estimated by varying 
the main parameters  entering the fitting procedure. The 
most  important  contribution comes from the fragmenta-  
tion parameters  of the Peterson function [17] for the 
heavy quarks which we varied between conservatively 
wide limits, from the world averages eb = 0.012, ec= 0.09 
[18] used in the standard Monte  Carlo to the " h a r d "  
values eb = 0.0035, ec =0.025. We also varied the criteria 
for lepton identification, resulting in efficiences between 
70% and 88%. The number  of bins for the density func- 
tions was varied between 20 and 30, limited on the lower 
side by the loss of separating power of the variable and 
on the high side by the available Monte  Carlo statistics. 
The background contribution fbg (including the contri- 
bution b ~ c ~ l, determined from Monte  Carlo) was var- 
ied by + 10% and turned out to be insensitive to the 
results. Finally, we studied the influence of the cut for 
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Fig. 3. The correlations of the variables p~pt and ~p~Ut and of p~~ with E . . . .  for b-, c-, and background events with muon candidates 
at ~/s = 35 GeV after the full detector simulation 

the jet axis, which was varied between 0.50 
< [COS 0jet(cut)l < 0.80. Fits were repeated for each of  the 
above variat ions and the s tandard  deviations of  the dis- 
tr ibutions for the resulting asymmetries  and branching  

ratios, weighted with their statistical errors, were deter- 
mined. These s tandard  deviations were taken as the sys- 
tematic errors and are shown in Tables 4 and 5. To con- 
vince ourselves that statistical f luctuations in the Monte  
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Fig. 4. Distributions for the three discriminating variables for the 
# candidate sample (data points). The histograms show the result 
of the fit and the expectations for the b and c quarks and the 
contribution of the cascade decay background. The Monte Carlo 
distributions are based on a total of 25000 fully simulated muon 
candidate events, a) lepton transverse momentum PT with respect 
to the event thrust axis, b) sum of momenta ~p~Ut of all particles 
perpendicular to the event plane, including the lepton, c) total ener- 
gy E .... of all particles inside a cone of 10 degrees half angle around 
the direction of the lepton, normalized to the total energy in the 
event 

Table 4. Measurements of the semileptonic branching ratios of c 
and b quarks for the electron and muon channel and at both centre- 
of-mass energies. For the individual measurements, the first errors 
given are statistical and the second ones systematic. The averages 
(weighted by statistical and systematic errors) over both lepton 
channels and energies have been calculated taking into account 
the correlations of the systematic errors. The systematic error of 
an average over lepton channels is taken to be the arithmetic mean 
of the individual contributions. The combined errors for these aver- 
ages are given in square brackets 

Channel Branching ratio [%] Branching ratio [%] 
charm bottom 

43GeV q ~ e  9.2+1.4+2.0 11.1+2.8+2.6 
43GeV q ~ #  11.4+__1.0_+1.3 10.4+2.3+1.6 
43GeV q ~ l  10.4+0.8+1.7 [1.4] 10.7+1.8+2.1 [2.3] 

35GeV q---,e 6.9_+0.5___1.1  15.0+1.1+2.2 
35GeV q ~ #  7.2+0.4+0.6 14.8+1.0+1.6 
35GeV q ~ l  7.1+0.3+0.9 [0.7] 14.9+0.7+1.9 [1.5] 

( ) q ~ l  7.7_+0.6 13.6_+1.3 

Carlo models of the true p functions do not influence 
our results, we varied the contents of the binned three- 
dimensional distributions randomly within one s tandard 
deviation and repeated the fits many  times. The resulting 
values for the observables agreed well within their statis- 
tical errors and the statistical uncertainties themselves 
were found to be insensitive to the changes in the p 
functions. 

7 Determination of the axial-vector charges 

At the Born level of the standard theory, the charge 
asymmetry for a massless quark q (note that we have 
corrected the experimental charge asymmetries for mass 
effects) is given by 

A q _ _  3 C2 
4 C~ 

with 

C1 _=_ Q2 e QZq + QeQqveVq R e g ( s )  
1 2 2 2 2 2 

- I -~(13 e -~- ae)(V a + aq)Ig(s)[ 

C2 = Q~ Qqaeaq Re g(s) + VeVqa~aq Ig(s) l 2 

1 s 

g(s)-- 8 sin2 0w cos 2 0w s - M 2 + i M z Fz" 
(7.1) 

This expression can be used to determine the axial- 
vector charges aq of the b and c quarks (q =b ,  c), once 
the electric charges Qq are inserted, the standard model 
predictions for the vector charges vq are assumed, and 
the mass of the Z ~ and the value of the Weinberg angle 
are chosen ( M z = 9 1 . 1 7 G e V  [19] and sin20w=0.2307). 
Table 6 shows the results for the axial-vector charges 
separately and combined for the two lepton channels 
and centre of mass energies. The values for ac are directly 
obtained from (7.1) and the measurements in Table 5. 
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Table 5. Measurements of the charge asymmetries A q (q= c, b) for c and b quarks, separately and combined for the two lepton channels. 
The weighted averages and their errors have been determined as described in the caption of Table 4. The combined errors of the averages 
over lepton channels are given in square brackets. The charge asymmetries are radiatively corrected to the Born level (see text). B~ -~ 
mixing has not been taken into account. The Born prediction Uorn AGSW the standard model for Mz=91.17 GeV and sinZ0w=0.2307 is 
also given 

]/s Channel Lepton cand. (signal) A q [%] AGswBOrn [0~0] 

43 GeV c -~ e 374 (58) - (22.2 • 26.7-+ 5.0) 
43 GeV c ~ #  453 (116) +(18.5-+ 15.5-+5.0) 

43 GeV c --* 1 827 (174) + (7.7_+ 13.4_+5.0) [14.0] -22.1 

43 GeV b ~ e 374 (35) - (44.6-+ 27.6-+ 6.0) 
43 GeV b~,u 453 (45) -(51.3•  19.7_+4.0) 

43 GeV b --* l 827 (80) -(49.1 + 16.0-+ 5.0) [16.5] -39.7 

35 GeV c ~ e 940 (132) -(14.1 _+ 13.0 • 6.0) 
35 GeV c ~ # 806 (203) - (12.2-+ 9.7-+ 5.0) 

35 GeV c ~ l 1746 (335) -(12.9 • 7,8-+ 5.5) [8.8] - 1 3 . 6  

35 GeV b ~ e 940 (126) -(21.0 • 11.8 -+ 4.0) 
35 GeV b -* # 806 (173) -(23.0+ 10.2-+ 3.0) 

35 GeV b--*l 1746 (299) -(22.2-+ 7.7_+3.5) [8.1] -26.0 

Table 6. Determinations of the axial-vector charges ah (ac) of b (c) quarks from the two lepton channels and centre-of-mass energies 
for M z  = 91.17 GeV and sin 20w = 0.2307. ab is given with and without B~ ~ mixing (see text). The errors are statistical (first) and systematic 
(second). Averages over all lepton channels and energies have also been calculated taking into account correlations of the systematic 
errors in the charge asymmetries. The uncertainties of the averages are obtained by adding the statistical and systematic errors in 
quadrature 

~s  channel a c ab without mixing ab with mixing 

43 GeV q ~ e +(1.01 • 1.27_+0.24) -(1.15_+0.91 _+0.20) -(1.60_+ 1.65) 
43 GeV q ~/~ -(0.83_+0.72_+0.23) -(1.39_+0.76_+0.16) -(2.08_+ 1.93) 

43 GeV q --* l -(0.36_+0.65) - (1.29_+ 0.60) -(1.80_+ 1.25) 

35 GeV q ~ e + (1.04 _+ 0.98 _+ 0.45) - (0.80 _+ 0.47 _+ 0.16) - (1.02 _+ 0.66) 
35GeV q ~ #  +(0.90_+0.72_+0.37) -(0.88_+0.41+0.12) -(1.12-+0.58) 

35 GeV q ~ l + (0.95 • 0.66) - (0.84 _ 0.32) - (1.08 _+ 0.43) 

< > q ~ / +(0.29-+0.46) -(0.94-+0.29) --(1.15 _+0.41) 

F o r  the case of  the  b quark ,  however ,  a fur ther  co r rec t ion  
to the charge  a s y m m e t r y  is necessary  due  to B ~  ~ mix- 
ing, which reduces  the obse rved  charge  a symmet ry .  Wi th  
the m e a s u r e d  value  for the mix ing  p a r a m e t e r  ;g~=0.10 
+0 .03  [20] (with the  same a s sumpt ions  as in [6]) the 
b q u a r k  charge  a symmet r i e s  at  the Born  level b AGs w are  
de t e rmined  f rom the measu remen t s  Aobbs by 

1 
A b - Abobs. (7.2) 

1 - -  2x, 

Inser t ing  this express ion  in to  (7.1) yields the values for 
ab in Tab le  6 wi th  mixing.  I t  shou ld  be no ted  tha t  neg- 
lect ing the pure ly  weak  te rms in (7.1), as is usual ly  done  
for l ep ton  pa i r  p r o d u c t i o n  and  also in m a n y  prev ious  
de t e rmina t i ons  of  the ax ia l -vec to r  coupl ings  of  the heavy  
quarks ,  m a y  lead  to inaccura te  results  for these coupl ings  

and to an  unde re s t ima t ion  of  thei r  errors,  especial ly at  
high energies and  for large charge  asymmetr ies .  

Our  de t e rmina t ions  of  the ax ia l -vec to r  coupl ing  con- 
stants,  ab=- - (1 .15__0 .41  ) (with mixing) and  ac=  
+ (0.29_+ 0.46), are  in agreement  with the expec ta t ion  of  
the s t a n d a r d  mode l  ( a b = -  1, a c =  + 1) and  with o ther  
exper iments .  A compi l a t i on  of  the wor ld  d a t a  on ab and  
ac is shown in Figs. 5 and  6, where  the values for ab, a~ 
have been reca lcu la ted  f rom the measu red  asymmet r i e s  
[5, 6 - 8 ] *  using the full express ion  (7.1). I t  is in teres t ing  
to note  that  the inc lus ion  of  B ~  ~ mix ing  improves  the 
agreement  with the s t a n d a r d  mode l :  with the inc lus ion  
of  the presen t  da ta ,  the new wor ld  average  wi thou t  mix-  
ing is a b = - ( 0 . 7 0  0.14), whereas  the value inc luding  

* After completing this analysis we learnt of a new measurement 
o f A  b from AMY [21] and JADE [22] 
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mixing is % = - ( 0 . 8 1 + 0 . 1 9 ) .  The MAC measurement 
[9] of A b, due to its positive value, cannot be corrected 
consistently for B ~ ~ mixing: The correction due to mix- 
ing is multiplicative, so the corrected value would result 
in a larger positive asymmetry, even further away from 
the negative expectation by the standard model. In view 
of the other experimental results, which are all consistent 
with the standard model demanding a negative charge 
asymmetry, we consider a positive charge asymmetry as 
the result of a statistical fluctuation in the data which 
should not be enhanced even further by the mixing cor- 
rection. Therefore, in the compilation of Fig. 6, the un- 
corrected MAC result for ab is displayed. However, for 
the calculation of the mean value of ab with mixing, the 
MAC measurement was taken into account by averaging 
it with the b asymmetry measurements of the other PEP 

experiments at l / s =  29 GeV before the mixing correc- 
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tion. For  charmed quarks, the new world average is ac 
= +(1.03+_0.17). 

The b asymmetry measurement can also be used to 
set a limit on the mixing parameter Z+, assuming an ex- 
pected asymmetry according to the standard model (see 

Table 5). From the results of this experiment at ]//s 
=35 GeV alone one obtains Zz<0.28 (90% C.L.). Using 
all PETRA data at 35GeV the limit is h < 0 . 2 0  
(90% C.L.). 

8 Conclusions 

In conclusion, we have used the semileptonic decays of 
b and c quarks into electrons and muons to determine 
the charge asymmetries and the semileptonic branching 
ratios of these quarks. For  the separation of the heavy 
quarks from the competing background of the light 
quarks we used, in addition to the transverse momentum 
of the lepton, suitably chosen jet variables. With Monte 
Carlo calculations we verified that, incorporating these 
additional jet variables and retaining their full correla- 
tion, stable results are produced and that the uncertain- 
ties of the measured quantities (branching ratios and 
charge asymmetries) are substantially reduced. While the 
observed charge asymmetry for c quarks is not signifi- 
cant statistically, the charge asymmetry for b quarks, 
A b, is found to be A b= -(22.2_+8.1)% at 35 GeV, and 
Ab=--(49.1_+16.5)% at 43GeV. From our measure- 
ments we deduce the axial-vector coupling constant ab 
and ac, which are in good agreement with the standard 
model expectation. 
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