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Measurement of the b forward–backward asymmetry
and mixing using high–p⊥ leptons

The ALEPH Collaboration

Abstract

The B0 − B
0

average mixing parameter χ and b forward–backward asymmetry A0
FB(b) are

measured from a sample of about 4,200,000 Z→ qq events recorded with the ALEPH detector
at LEP in the years 1990–1995. High transverse momentum electrons and muons produced in
b semileptonic decays provide the tag of the quark flavour and of its charge.

The average mixing parameter and the pole b asymmetry are measured to be

χ = 0.1246 ± 0.0051 stat ± 0.0052 syst ,

A0
FB(b) = 0.1008 ± 0.0043 stat ± 0.0028 syst .

The value of sin2θeff
W = 0.23198 ± 0.00092 is extracted from the asymmetry measurement.
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B. Bloch-Devaux, P. Colas, S. Emery, W. Kozanecki, E. Lançon, M.C. Lemaire, E. Locci, B. Marx, P. Perez, J. Rander,
J.-F. Renardy, A. Roussarie, J.-P. Schuller, J. Schwindling, A. Trabelsi, B. Vallage

CEA, DAPNIA/Service de Physique des Particules, CE-Saclay, 91191 Gif-sur-Yvette Cedex, France17

S.N. Black, J.H. Dann, R.P. Johnson, H.Y. Kim, A.M. Litke, M.A. McNeil, G. Taylor

Institute for Particle Physics, University of California at Santa Cruz, Santa Cruz, CA 95064, USA22

C.N. Booth, R. Boswell, C.A.J. Brew, S. Cartwright, F. Combley, A. Koksal, M. Letho, W.M. Newton, J. Reeve,
L.F. Thompson

Department of Physics, University of Sheffield, Sheffield S3 7RH, United Kingdom10
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1 Introduction

The forward–backward asymmetry in Z → bb decays at the Z resonance provides a precise
measurement of the electroweak mixing angle sin2θW. The asymmetry in Z → ff decays arises
from the interference between the vector and axial vector coupling of the Z to the fermion pair,
leading to an odd term in the angular distribution:

dσ

d cos θ
∝ (1 + cos2θ+

8

3
AFB cos θ) .

In the improved Born approximation, for
√
s = MZ, the fermion asymmetry takes the approximate

form

A0
FB(f) '

3

4

2veae

v2
e + a2

e

2vfaf

v2
f + a2

f

.

Among the various species of fermions, the down–type quarks have the largest forward–backward
asymmetry at the Z peak, and give the highest sensitivity to the value of sin2θW. The Ab

FB

measurement is appealing experimentally because high–purity samples of Z → bb events can be
selected, while Z→ dd or Z→ ss decays are much harder to isolate.

In Z → bb events, the presence of B0 − B
0

mixing has the effect of diluting the observable
asymmetry by a factor (1− 2χ); therefore a precise measurement of the average mixing parameter
χ is desirable, in order to reduce the systematic uncertainty on Ab

FB. In addition this parameter,
combined with the analyses of B0

d and B0
s meson oscillations, also contributes to the knowledge of

the rate at which b quarks hadronize into these types of mesons.
Semileptonic decays of the b quark, producing prompt muons and electrons of high transverse

momentum p⊥ with respect to the parent hadron line of flight, allow high–purity samples of Z→ bb
events to be isolated, distinguishing at the same time quark from antiquark jets. Events containing
pairs of opposite–hemisphere high–p⊥ leptons are used to extract the mixing parameter, while the
asymmetry is measured from a fit to the polar angle distribution of events containing at least one
high–p⊥ candidate.

After a brief discussion of the apparatus and the lepton identification, the sources of systematic
uncertainties common to the two measurements are discussed in some detail. The modelling of b
decays turns out to be the most critical input for the mixing measurement, while both the mixing
and the asymmetry are affected by the uncertainty on charm physics. The mixing and asymmetry
measurements are then described, and the extraction of sin2θeffW is performed.

2 Detector description and event selection

A detailed description of the ALEPH apparatus and its performance is given in Ref. [1, 2]. A brief
overview will be given here, along with some basic information on lepton identification.

A high resolution vertex detector (VDET) consisting of two layers of double–sided silicon
microstrip detectors surrounds the beampipe. The two layers are 6.5 cm and 11.3 cm from the
beam axis and cover 85% and 69% of the solid angle, respectively. The spatial resolution for the rφ
and z projections (transverse and along the beam axis, respectively) is 12 µm at normal incidence.

Outside the vertex detector is a drift chamber (ITC) made of eight coaxial wire layers with
an outer radius of 26 cm, and a large time projection chamber (TPC) which measures up to 21
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three–dimensional coordinates per track in the region between 40 and 171 cm in radius. The three
tracking devices are immersed in an axial magnetic field of 1.5 T provided by a superconducting
solenoid; the particle momentum transverse to the beam axis is measured with a resolution of
σ(pT)/pT = 0.0006pT⊕ 0.005 with pT in GeV/c. The TPC also provides up to 338 measurements
of the specific ionization (dE/dx) of each charged track. Electrons are separated from other charged
particles by more than three standard deviations up to a momentum of 8 GeV/c.

The electromagnetic calorimeter (ECAL) is a lead–proportional chamber sandwich; it is read
out by means of cathode pads connected to form 0.9◦× 0.9◦ projective towers with three segments
in depth; its energy resolution is σ(E)/E = 0.18/

√
E + 0.009 with E in GeV.

Outside the ECAL is the superconducting solenoid, surrounded by the hadron calorimeter
(HCAL), composed of the iron of the magnet return yoke interleaved with 23 layers of streamer
tubes. Its thickness of more than 7 interaction lengths allows a good separation between hadrons
and muons. Two additional double layers of streamer tubes (muon chambers), placed outside the
HCAL, enhance the performance of muon identification.

The sample of Z → qq events is selected as described in Ref. [3], using all the data collected
by ALEPH in the years 1990–1995. A total of 4,170,685 hadronic events are selected. Within
this sample, electrons are identified by the characteristic longitudinal and transverse development
of their associated shower in the ECAL; the dE/dx information from the TPC enhances the
hadron rejection power, while non–prompt electrons coming from photon conversions in the detector
material are rejected on the basis of their kinematic and geometric properties. Muons are identified
by their characteristic penetration pattern in the HCAL, and the additional three–dimensional
coordinates provided by the muon chambers help in resolving the remaining ambiguities. Both
electron and muon candidates are required to have a momentum greater than 3 GeV/c. The lepton
identification technique is detailed in Ref. [3].

The jets are clustered using the jade algorithm; the cut on the jet invariant mass is set to
Mjet = 6 GeV/c2. The lepton transverse momentum is calculated with respect to the jet direction
after removing the lepton itself, in order to achieve the best discrimination of b → ` decays from
the other lepton sources [3]. The cut is chosen by minimizing the total uncertainty on the two
measured parameters, obtaining p⊥ > 1.25 GeV/c.

3 Event simulation and related systematics

Details about the event simulation can be found in Ref. [4]. The parameters that are relevant
for the analyses presented are retuned according to the most recent experimental measurements;
their estimated uncertainties are used to evaluate the systematic error on the results, following the
guidelines developed by the four LEP experiments as described in Ref. [5]. Details of this procedure
are given in this section.

3.1 The fragmentation of heavy quarks

The charm fragmentation is simulated using the Peterson et al. function [6]. The parameter εc,
which controls the shape of the function, is chosen in order to reproduce the LEP average value of
the mean scaled energy of weakly–decaying charmed hadrons, 〈Xc〉 = 0.49 [7, 8]. An uncertainty of
± 0.02 is assigned to 〈Xc〉, as is suggested in Ref. [5]. This uncertainty is significantly larger than
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the experimental error on the world average and should account for any uncertainty coming from
the fragmentation model itself.

The simulated scaled energy spectrum of b hadrons is modified to reproduce the spectrum
measured by the latest ALEPH model–independent analysis [9]. The statistical and systematic
uncertainties on the reconstructed spectrum are propagated, source by source, to the measurements
presented here, yielding an estimate of the effect of the b fragmentation which has little dependence
upon theoretical assumptions.

3.2 Heavy quark production and semileptonic decay

The Monte Carlo is reweighted in order to match the LEP average value for the partial width of
the Z into b quarks, Rb = 0.2195± 0.0019 [5].

The knowledge of the semileptonic branching ratios BR(b → `) and BR(b → c → `) is
important for a correct evaluation of the sample composition. The preliminary values measured
by ALEPH [10][11]1,

BR(b→ `) =
(
11.34 ± 0.13 stat

+0.49
−0.38 syst

)
%

BR(b→ c→ `) = (7.86 ± 0.19 stat ± 0.60 syst)%

are used as input for the measurements presented, obtained using the same lepton identification
and a common treatment of the systematics; therefore, in propagating the uncertainty to the
mixing and asymmetry parameters, the common sources are unfolded, in order to correctly account
for correlations. The uncorrelated part of the error is ±0.21 and ±0.25 for BR(b → `) and
BR(b→ c→ `) respectively. The statistical correlation coefficient between the two measured
branching ratios C = −0.44 is used when combining the errors. This procedure allows a substantial
reduction of the systematic error on χ; the sensitivity of the b asymmetry to the branching ratio
values is, however, small compared to other sources of uncertainty.

The semileptonic branching ratio of charm decays is taken to be BR(c→ `) = (9.8± 0.5)% [5];
for Rc the Standard Model value of 0.171 is used, and varied by 10% to evaluate the systematics.

The lepton energy spectrum in the heavy–flavoured hadron rest frame is strongly correlated with
the lepton transverse momentum spectrum measured in the laboratory frame. The lepton energy
spectra in the b→ ` and c→ ` decays are reweighted to match the experimental measurements of
CLEO [12], DELCO [13] and MARK III [14]. For the b→ c→ ` decay chain, the c→ ` spectrum
is combined with the b → D spectrum measured from CLEO [15]. The procedure to correct the
Monte Carlo and evaluate the systematic uncertainties coming from these sources is explained in
Ref. [5].

3.3 Jets in charm events

The choice of the jet invariant–mass cut Mjet = 6 GeV/c2, and the definition of the transverse
momentum of the lepton with respect to the jet axis computed after removing the lepton itself,
are both tailored in order to optimize the separation of the b → ` decays from the other sources
of leptons, as discussed in Ref. [3]. In the case of c → ` decays, the mass of the heavy–flavoured

1Three measurements are described in this reference; the one with the closest treatment of the systematic errors
to that presented here is used.
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hadron is low compared to the jet invariant mass and therefore several fragmentation tracks are often
absorbed in the jet. This, together with the low average multiplicity of charm decays, often causes
the axis of the jet− lepton system to be dominated by the fragmentation tracks, whose simulation
is therefore another important ingredient for a correct description of the measured c→ ` transverse
momentum spectrum.

This source of uncertainty is studied by selecting fast D∗ (ED∗/Ebeam > 0.5) in the channel
D∗ → D0π, D0 → Kπ, with the selection cuts described in Ref. [7]: this yields a charm purity of
about 80%. The transverse momentum spectrum of the D∗’s with respect to the remaining tracks in
the jet is measured in the data and in the Monte Carlo. The comparison provides corrections which
are applied as weights to simulated events, as well as an estimate of the associated uncertainty.
The measured spectra in the data and in the Monte Carlo are shown in Fig. 1a, along with their
ratio.

3.4 Other prompt leptons in b events

The fraction of b quarks decaying via a b → u transition is set to (3 ± 2)%, based on Vub

measurements from CLEO and ARGUS [16]. As far as lepton production is concerned, the Monte
Carlo is reweighted in order to equalize the semileptonic branching ratios in b → u and b → c
transitions.

The rate of leptons coming from the b →W− → c chain is set to (1.3± 0.5)% as suggested in
Ref. [5].

The latest ALEPH measurements BR(b→ τ−ντX) = (2.75±0.48)% [17] and BR(b→ J/ψX) =
(1.21±0.15)% [18] are used. The experimental errors are propagated to evaluate the corresponding
systematic uncertainties.

3.5 Gluon splitting to heavy quarks

Charm and b quark pairs may be produced from radiated gluons. The JETSET prediction for the
rate at which this process occurs is N (g→ bb) = 1.6×10−3 and N (g→ cc) = 1.6×10−2, where N
is the number of splittings per hadronic event. The value of N (g→ cc) = (2.27±0.28±0.41)×10−2

measured by OPAL [19] is used; an uncertainty of 100% is assigned to the JETSET rate of g→ bb.

3.6 The (p, p⊥) spectrum of charged tracks

The rate and p⊥ spectrum of charged tracks which fulfil the lepton selection kinematic cuts are
checked in the data separately for Z → bb, Z → cc and light quark events, in order to achieve a
more reliable estimate of the lepton background and of its uncertainty.

For light quark events, a light flavour tag is applied on one hemisphere: the combined probability
PH that charged tracks belonging to the tag hemisphere come from the primary vertex (defined
in Ref. [20]) is computed, and a cut at logPH > −0.35 is applied. In addition the total visible
momentum of the hemisphere (including neutrals) is required to be pvis

H > 42 GeV/c, in order
to reject hemispheres with hard neutrinos. The p⊥ spectrum of charged tracks belonging to the
opposite hemisphere is then measured in data and Monte Carlo.

Similarly, Z→ bb events are selected through a cut at logPH < −4 applied in one hemisphere.
In this case leptons in the opposite hemisphere are removed by applying loose lepton identification
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Figure 1: (a) Transverse momentum spectra of fast D∗ candidates in data and Monte Carlo, along
with their ratio. The p⊥ is measured with respect to the remaining tracks of the jet.
(b) Transverse momentum spectra of charged tracks which fulfil the lepton selection kinematic cuts
in light–flavour tagged events. The spectra measured in data and Monte Carlo are shown, along
with their ratio.
The errors shown account for the limited statistics and the main sources of systematic uncertainties.
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cuts, and the spectra of remaining tracks are compared. For charm events, the procedure is the
same, the hemisphere tag being provided by a high–energy reconstructed D∗ (ED∗/Ebeam > 0.5).

A significant deficit of the order of 20% is found in the Monte Carlo for tracks with p⊥ >

1.25 GeV/c in uds events (see Fig. 1b), while the agreement is much better for heavy flavour
events. The corrections obtained are used in the analysis, and an uncertainty of 50% is assigned to
them, which is much larger than the experimental uncertainty on their determination.

3.7 Identification uncertainties for leptons

The selection efficiencies for the two species of leptons, as well as the background sources, are
studied in the data with the technique described in Ref. [3]. In the kinematical region considered,
the efficiencies are about 75% and 85% for prompt electrons and muons, respectively. Non–prompt
electrons from photon conversions are the main contaminant for the electron sample (2%), while the
hadron contamination is significantly lower (0.5%). The muon sample has higher contamination of
hadrons (8%) and non–prompt muons from hadron decays (6%). With the statistics available, the
precision on the determination of the lepton efficiencies is better than 2%. Relative uncertainties
of 20% are assumed on the hadron contamination in both the electron and the muon sample, and
on the rate of electrons from photon conversion.

3.8 The background charge correlation

For both the mixing and asymmetry measurements it is useful to distinguish between lepton
candidates which cannot possibly carry any information about the original quark charge, (such
as electrons from photon conversions or π0 Dalitz decays, leptons from J/ψ decays, or leptons
originating from quarks coming from gluon splitting) and lepton candidates which in principle can
retain some “memory” of the original quark charge (high–p⊥ non–prompt or fake leptons, whose
decay chain starts with the quark, keep some correlation with the quark charge due to kinematics).
It is then useful to define a parameter ξ which gives the probability that a fake lepton candidate
retains the correct information about the charge of the primary quark in that hemisphere (at the
time of decay in the case of b hadrons, i.e. after any mixing has occurred). The π/K relative
abundances are modified by the lepton selection (pions are easier to reject, and are less likely to
decay in the apparatus), and therefore the charge correlation cannot be correctly evaluated by
selecting hadron pairs in the data, since the procedure for selecting a pure sample of hadrons
mainly consists of rejecting tracks compatible with the lepton selection. The ξ parameters are
measured using the Monte Carlo on a flavour–by–flavour basis, distinguishing between pions and
kaons as separate sources of fake or non–prompt leptons, and excluding physical processes which
are necessarily charge–symmetric. As expected, it is found that kaons (or leptons coming from
kaon decays) in b events are very likely to carry the correct information since they often come from
the chain b → c → s, where the s quark has the same charge as the b quark, while the opposite
holds for charm events. A different behaviour is observed for pions. For p⊥ > 1.25 GeV/c the
values measured are: ξbK = 0.84, ξbπ = 0.62, ξcK = 0.12, ξcπ = 0.80, ξsK = 0.66, ξsπ = 0.55, ξd = 0.50,
ξu = 0.61. In the case of Z→ uu and Z→ dd events K and π channels are not separated, since the
contribution of these flavours to the high–p⊥ lepton background is negligible.

In order to check the reliability of the Monte Carlo prediction of this effect, opposite–hemisphere
hadron pairs are selected using lepton identification criteria as a veto, and the fraction of them
which have opposite charge is computed, both in data and Monte Carlo. The comparison shows a
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satisfactory agreement. No difference larger than 10% is observed, and a 20% overall uncertainty
is assigned to the effect in order to evaluate the systematic error.

4 The mixing measurement

As the lepton charge tags the particle–antiparticle nature of the decaying b hadron, the
measurement of the proportion of opposite hemisphere dilepton events which have like sign yields
information on the average mixing parameter χ, which is defined as the probability that a produced
b state decays as a b state. As only neutral B mesons can mix,

χ = fB0
d

BR(B0
d → `)

BR(b→ `)
χd + fB0

s

BR(B0
s → `)

BR(b→ `)
χs

where:

• fB0
i

is the production fraction of B0 mesons of type i,

• χd and χs are the mixing parameters for the B0
d − B

0
d and the B0

s −B
0
s systems.

Starting from the total sample of Z hadronic decays described in Section 2, events are chosen which
contain lepton candidates with p⊥ > 1.25 GeV/c in both hemispheres of the event, defined in terms
of the plane perpendicular to the thrust axis. If a hemisphere contains more than one lepton the
one with the highest p⊥ is chosen and the event counted once.

When extracting the mixing parameter, all possible combinations of the following channels in
the two hemispheres must be taken into account:

1. b→ `−

2. b→W−→ c→ `−

3. b→ c→ `+

4. c→ `+

5. fake or non–prompt leptons

where the possibility of having a τ in the decay chain (which does not change the correlation
between the lepton candidate and the parent quark charges) has been implicitly included. The
first two channels carry the correct information about the b quark sign, while the third one has
the wrong correlation. For the non–prompt and fake lepton processes, the probabilities ξ defined
in Section 3.8 are used to evaluate each channel’s contribution to the like sign sample, assuming
that the B0

d and B0
s content in these channels is the same as in the prompt–lepton channels. This

assumption is supported by the simulation, and the statistical error on the Monte Carlo fractions
is used to estimate the corresponding systematic uncertainty.

The various contributions to the like–sign fraction are given in terms of χ, in Table 1, for the
different lepton sources. The fractions give the dilepton sample composition and depend upon
the lepton identification efficiency and the production and decay rates of the channels; they take
into account possible correlations between hemispheres, and are obtained from the Monte Carlo
simulation after the reweighting procedure described in Section 3.
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Flavour Source Fraction Like–sign contribution

rs – rs 0.819 2χ(1− χ)
rs – ws 0.103 χ2 + (1− χ)2

b ws – ws 0.003 2χ(1− χ)
rs – bkg 0.032 χPb + (1− χ)(1− Pb)
ws – bkg 0.002 χ(1− Pb) + (1− χ)Pb

bkg – bkg < 0.001 2Pb(1− Pb)

rs – rs 0.002 0
c rs – bkg 0.002 1− ξc

bkg – bkg < 0.001 2ξc(1− ξc)
uds bkg – bkg 0.002 2ξuds(1− ξuds)

any symmetric 0.035 0.5

Table 1: Contributions to the like–sign fraction from the different channels, along with their relative
abundances (which are given for p⊥ > 1.25 GeV/c). Under “Source” the origin of the two lepton
candidates is given: for prompt leptons those that preserve the charge of the parent quark (after any
mixing has occurred in the case of b quarks) are denoted “rs”, the others “ws”. Background lepton
candidates (fake or non–prompt) which can retain some memory of the charge of the quark inside
the decaying hadron are denoted “bkg”. Pairs in which at least one of the two candidates originate
from a charge–symmetric source are grouped together in the last class, irrespective of the parent
quark flavour. In the table the probability Pb that a lepton candidate of type “bkg” in b events
has the same charge as the b quark at production time has been used: Pb = (1−χ)ξb +χ(1− ξb).

Given the sample composition and the contribution of each class to the like sign fraction, the
average mixing parameter χ is extracted, for a given p⊥ cut, from the proportion of pairs having
the same charge. The values obtained are shown in Table 2 with statistical and systematic errors.
The cut p⊥ > 1.25 GeV/c, giving the minimum total error, is chosen, yielding

χ = 0.1246 ± 0.0051 stat ± 0.0052 syst .

Details of the contributions to the systematic error are given in the first column of Table 3. The
sources and their treatment are discussed in Section 3. Since no angular or momentum distributions
are involved in the measurement of the mixing, acceptance effects have little influence on the
measured mixing parameter. The largest uncertainties in the measurement come from the lack of
knowledge of heavy quark decays.

An important check of the validity of the method comes from study of the dependence of the
final results on the p⊥ cut. In Fig. 2a the results quoted in Table 2, obtained with different p⊥
cuts, are plotted along with the uncorrelated errors of each point with respect to the point at the
chosen cut of 1.25 GeV/c. No systematic trend is observed.

5 Measurement of Ab
FB and extraction of sin2θeff

W

For the measurement of Ab
FB, hadronic events with at least one identified lepton are accepted.

In the case of more than one candidate being found, the one with the largest p⊥ is retained,
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p⊥ cut Lepton pairs Mixing parameter

(GeV/c) all like sign χ±∆χstat ±∆χsyst

0.75 14478 5135 0.1264± 0.0054± 0.0113
1.00 9554 3013 0.1225± 0.0049± 0.0075
1.25 6243 1810 0.1246± 0.0051± 0.0052
1.50 3876 1053 0.1243± 0.0059± 0.0040
1.75 2336 608 0.1221± 0.0071± 0.0036

Table 2: Lepton pairs in data and extracted mixing value for various p⊥ cuts. The first quoted
error is statistical and the second is systematic.
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Figure 2: Stability of the mixing (a) and asymmetry (b) measurements with respect to changing
the p⊥ cut. The total error is shown at the chosen cut of p⊥ > 1.25 GeV/c, while for the other
points the uncertainties relate to the difference of each point with respect to the chosen cut. The
asymmetry plot refers to data collected at the peak energy.
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Source ∆χ ∆Ab
FB

Mixing – ±0.0015
MC statistics ±0.0020 ±0.0002
BR(b→ `) ±0.0010 ∓0.0002
BR(b→ c→ `) ∓0.0014 ∓0.0001
BR(c→ `) ±0.0002 ±0.0005
BR(b→W→ c→ `) ±0.0001 < 0.0001
BR(b→ τ) ±0.0003 ±0.0001
BR(b→ u) ∓0.0008 ±0.0001
BR(b→ J/ψ) ∓0.0004 < 0.0001
b fragmentation ±0.0007 ±0.0005
c fragmentation ∓0.0001 ∓0.0012
Rb ±0.0003 ∓0.0001
Rc ±0.0001 ±0.0010
gluon splitting ∓0.0005 ±0.0004
electron ID efficiency ±0.0003 ±0.0001
muon ID efficiency ±0.0001 ±0.0001
photon conversions ±0.0005 ±0.0001
electron background ±0.0003 < 0.0001
punch–through ±0.0011 ±0.0004
bkg. p⊥ spectrum ∓0.0001 < 0.0001
charm jets ±0.0001 ±0.0008
bkg. charge correlation ∓0.0007 ±0.0003
bkg. B0 content ±0.0004 –

b→ ` model −0.0020
+0.0019

−0.0002
+0.0001

c→ ` model −0.0023
+0.0019

+0.0007
−0.0006

b→ D model −0.0028
+0.0023 ±0.0002

TOTAL ±0.0052 ±0.0026

Table 3: Estimated contributions to the systematic uncertainty on χ and Ab
FB. The various

parameters are shifted by ±1σ and the corresponding changes in the measured values are reported.
For the modelling sources, the upper and lower variations correspond to the harder and softer
spectra, respectively [5].
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Figure 3: Observed and acceptance–corrected angular distributions at the peak energy. The
superimposed curve illustrates the result of the fit.

as it has a higher probability to bring the correct information on the quark charge. Events are
classified according to the centre–of–mass energy of the collision, and for each energy the asymmetry
measurement is performed.

5.1 Fitting procedure

In the fit for the forward–backward asymmetry, the thrust axis is taken as the experimental
estimator of the quark initial direction, as explained in Ref. [3]. The event is divided into
hemispheres according to the thrust axis. The axis of the jet containing the lepton is computed,
taking into account all charged tracks and neutral objects. The b quark hemisphere is then taken
to be that containing the jet axis if the lepton is negatively charged, or the opposite hemisphere
otherwise.

The asymmetry value is obtained from an unbinned maximum likelihood fit to the observed
cos θ distribution of the form

dσ

d cos θ
= C (1 + cos2θ +

8

3
Aobs

FB cos θ) .
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√
s (GeV) Nev Aobs

FB Ab
FB

88.38 216 −0.017 ± 0.066 −0.034 ± 0.112 ± 0.007
89.38 7105 0.034 ± 0.012 0.053 ± 0.020 ± 0.002
90.21 793 0.051 ± 0.035 0.089 ± 0.059 ± 0.004
91.21 148,342 0.0533± 0.0026 0.0965± 0.0044± 0.0026
92.05 1128 0.018 ± 0.030 0.038 ± 0.051 ± 0.002
92.94 11,174 0.057 ± 0.009 0.103 ± 0.016 ± 0.004
93.90 502 0.045 ± 0.044 0.088 ± 0.075 ± 0.005

Table 4: Observed and extracted asymmetry at each centre–of–mass energy. The number of events
used in the fit is also shown. For the extracted asymmetry the first error is statistical and the
second is systematic.

The observed and acceptance–corrected angular distributions at the peak energy are shown in
Fig. 3. The acceptance has been rescaled to one in the bin of maximum efficiency. The first and the
last bin show the effect of low acceptance at small polar angles, due mainly to the presence of the
beam pipe, and also to the poorer performance of the tracking detectors. Events falling in those
two regions (| cos θ |> 0.9) are not used in the fit. Systematic problems can only arise if detector
inhomogeneities are both forward–backward and charge asymmetric. Dimuon and Bhabha pairs
reveal no such correlated asymmetry within the apparatus.

In principle the detector acceptance can have some “second order” effects due to the combination
of the acceptance itself with the smearing due to physics effects (e.g. final state photon and gluon
radiation) and detector effects (precision in the thrust axis reconstruction). These effects have
been studied using the Monte Carlo, and have been found to be negligible as far as the fit result is
concerned.

5.2 Extraction of Ab
FB

The asymmetry Aobs
FB is measured at each of the seven energy points, yielding the numbers quoted

in Table 4. The measured asymmetry must be corrected for dilution effects to find the true b
asymmetry. Corrections arise from:

• leptons resulting from b hadrons which have mixed and therefore have the wrong sign;

• leptons resulting from the cascade decay b→ c→ `+ which yield the wrong charge and hence
the reverse direction for the b quark;

• background from charm and light quark production in the selected sample.

The observed asymmetry can be written as:

Aobs
FB = (1− 2χ)(f rs

b − f
ws
b )Ab

FB − fcA
c
FB + fbkgA

bkg
FB (1)

where f rs
b and fws

b are the fraction of candidates which are true leptons coming from a b quark,
carrying the right and wrong information on the decaying quark charge, respectively; fc is the
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p⊥ cut f rs
b fws

b fc bb bkg cc bkg uds bkg sym bkg

0.75 63.2 8.7 10.2 2.7 1.4 8.7 5.0
1.00 72.9 6.5 6.9 2.1 1.0 6.6 4.0
1.25 79.5 4.6 4.8 1.7 0.7 5.4 3.4
1.50 83.6 3.3 3.5 1.4 0.6 4.6 3.1
1.75 86.1 2.3 2.7 1.2 0.5 4.1 3.0

Table 5: Sample composition (in percent) as a function of the p⊥ cut (in GeV/c). The background
component in which some memory of the original quark charge could be retained is split into three
different classes, while the charge–symmetric background is not separated.

fraction of prompt leptons from c quarks, fbkg contains all non–prompt or fake candidates, that are

not necessarily charge–symmetric (discussed in Section 3.8), and Abkg
FB is the corresponding residual

asymmetry. The composition fractions are determined from the Monte Carlo simulation, after the
reweighting procedure described in Section 3 is applied. The sample composition for different p⊥
cuts is shown in Table 5, where fbkg is split into three classes according to the flavour of the parent
quark. The value of χ is taken from the measurement described in Section 4. The value of Ac

FB

is taken from the Standard Model prediction, but the explicit dependence of the result on Ac
FB is

given in the final result.
The flavour–dependent charge correlation probabilities ξ discussed in Section 3.8 are used to

express the observed background asymmetry as a function of the true quark asymmetries, each of
them contributing to the signal via a dilution factor (2ξ − 1):

fbkg Abkg
FB =

∑
q=u,d,s,c

 ∑
i=π,K

ηq
i (2ξ

q
i − 1)

Aq
FB +

 ∑
i=π,K

ηb
i (2ξ

b
i − 1)

 (1− 2χ)Ab
FB ,

where the ηq
i ’s are the contributions of the different channels to the total background fraction fbkg.

Equation 1 therefore gives the observed asymmetry Aobs
FB in terms of the five quark asymmetries,

and can be solved for Ab
FB, the values of the four lighter quark asymmetries being taken from the

Standard Model. The values used are listed in Table 6 as a function of the centre–of–mass energy.
This method has been preferred to simply taking the background asymmetry from the Monte

Carlo, mostly because it avoids the inconsistency of using the Monte Carlo b asymmetry to extract
the same quantity in the data; moreover, the ξi’s are determined from a large sample and do not
suffer from lack of statistics. For the measured value of Ab

FB the method yields Abkg
FB = 0.011±0.002

at the peak energy.

5.3 Results

The stability of the extracted value of Ab
FB at the peak energy as a function of the p⊥ cut is

shown in Fig. 2b. The uncertainties relate to the difference of each point with respect to the
chosen cut of 1.25 GeV/c (except for this last point, for which the total error is shown). No trend
which could indicate a systematic effect is discernible. The minimum total error is obtained using
p⊥ > 1.25 GeV/c.
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√
s (GeV) Au

FB Ad
FB

88.38 −0.0946 0.0343
89.38 −0.0336 0.0588
90.21 0.0055 0.0746
91.21 0.0617 0.0961
92.05 0.0972 0.1101
92.94 0.1251 0.1226
93.90 0.1478 0.1300

Table 6: Standard Model values of the u–type and d–type quark asymmetries used in the extraction
of Ab

FB, as a function of the centre–of–mass energy.

The contributions to the systematic error are detailed in the second column of Table 3 for
the peak value. The systematic error ascribed to the mixing is obtained from the propagation
of those uncertainties in the measurement of Section 4 which do not originate from common
systematic sources between mixing and asymmetry (the statistical error and the systematic error
from Monte Carlo statistics). For the common sources, the effect of the correlation between the
two measurements is taken into account.

With the fitting procedure previously described, and the chosen p⊥ cut, the measurement is
performed at the seven energy points, yielding the results shown in Table 4 and plotted in Fig. 4.
The result of the b asymmetry at peak energy and its dependence on the c asymmetry is given as

Ab
FB = (0.0965± 0.0044 stat± 0.0026 syst)

[
1 + 0.0495

(
Ac

FB − 0.0617

0.0617

)]
.

5.4 The extraction of sin2θeff
W

The forward–backward quark asymmetries are related within the Standard Model to the value of
the effective electroweak mixing angle. The procedure to unfold QED and QCD [21] effects from the
measured b asymmetry, and to correct for the centre–of–mass energy dependence, is fully described
in Ref. [5]. The residual dependence on the charm asymmetry is easily handled since the latter can
be also expressed in terms of sin2θeffW within the Standard Model. The measurement performed can
therefore be translated, using all energy points, to a measurement of sin2θeffW , or, equivalently, of
the pole b asymmetry A0

FB(b), yielding

A0
FB(b) = 0.1008 ± 0.0043 stat ± 0.0028 syst ,

sin2θeffW = 0.23198 ± 0.00092 .

6 Conclusions

In a sample of about 4,200,000 hadronic Z decays recorded with the ALEPH detector at LEP
from 1990 to 1995, the high transverse momentum electrons and muons from semileptonic b decays

have been analyzed to measure the b forward–backward asymmetry and the B0 − B
0

average
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Figure 4: Extracted values of Ab
FB as a function of the centre–of–mass energy. The curve shows

the Standard Model prediction fitted to the data used for the extraction of sin2θeffW .

mixing parameter. The values obtained are in agreement with previous ALEPH measurements [22]
and with other LEP results [23]. Combining the information coming from the b asymmetry
measurements at the seven energy points, and unfolding QED and QCD effects, the value of the
pole asymmetry is obtained:

A0
FB(b) = 0.1008 ± 0.0043 stat ± 0.0028 syst ,

corresponding to
sin2θeffW = 0.23198 ± 0.00092 .

The average integrated mixing rate for b hadrons is measured to be

χ = 0.1246 ± 0.0051 stat ± 0.0052 syst .
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