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Dipartimento di Fisica, Università di Trieste e INFN Sezione di Trieste, 34127 Trieste, Italy

J. Rothberg
Experimental Elementary Particle Physics, University of Washington, Seattle, WA 98195, USA

S.R. Armstrong, K. Berkelman, K. Cranmer, D.P.S. Ferguson, Y. Gao20, S. González, O.J. Hayes, H. Hu, S. Jin,
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Abstract. The sample of hadronic Z decays collected by the Aleph detector at Lep in the years 1991-1995
is analysed in order to measure the forward-backward asymmetry in Z → bb̄ and Z → cc̄ events and the
B0−B̄0 average mixing parameter χ̄. Quark charges are tagged by the charges of electrons and muons
produced in b and c semileptonic decays. Multivariate analyses are used to separate the event flavours and
b → �/b → c → � processes. The b and c quark asymmetries are measured simultaneously; the average
mixing parameter and the pole asymmetries are determined to be

χ̄ = 0.1196 ± 0.0049 (stat.) +0.0043−0.0050 (syst.),

A0,b
FB = 0.0998 ± 0.0040 (stat.) ± 0.0017 (syst.),

A0,c
FB = 0.0732 ± 0.0053 (stat.) ± 0.0037 (syst.).

These asymmetries, combined with the Aleph measurements of the b asymmetry using inclusive b hadron
decays and of the c asymmetry using reconstructed D mesons, correspond to a value of the effective
electroweak mixing angle of sin2θeff

W = 0.23188 ± 0.00046.
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de Genève, 1211 Genève 4, Switzerland
13 Supported by the US Department of Energy, grant DE-
FG03-92ER40689
14 Also at Rutherford Appleton Laboratory, Chilton, Didcot,
UK
15 Permanent address: Universitat de Barcelona, 08208
Barcelona, Spain
16 Supported by the Bundesministerium für Bildung, Wis-
senschaft, Forschung und Technologie, Germany
17 Supported by the Direction des Sciences de la Matière,
C.E.A
18 Supported by the Austrian Ministry for Science and Trans-
port
19 Now at SAP AG, 69185 Walldorf, Germany
20 Also at Department of Physics, Tsinghua University, Bei-
jing, The People’s Republic of China
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1 Introduction

The forward-backward asymmetry of the quarks in Z →
qq̄ decays provides a precise measurement of the elec-
troweak mixing angle sin2θeffW and thus an important test
of the Standard Model. This asymmetry arises from the
interference between the vector and axial-vector couplings
of the Z to the quarks, and as these are different for up-
and down-type quarks, flavour separation is essential. Of
the five flavours produced at Lep only samples of b and
c quarks can be isolated with adequate purity and effi-
ciency; the b asymmetry is the observable with the high-
est sensitivity to sin2θeffW at Lep. This paper gives mea-
surements of these asymmetries using the charge of the
electrons and muons from semileptonic decays to identify
the quark charge.

With respect to the previous analysis [1], the main
advantage of the present technique is related to the capa-
bility of measuring both the b and c asymmetries, which,
when interpreted in terms of sin2θeffW , improves the accu-
racy of the measurement by 30%. The present analysis
takes advantage of both an upgraded track reconstruction
and improved particle identification in the recently repro-
cessed 3.9 million hadronic Z decays recorded at Lep1.

For the b asymmetry, B0−B̄0 mixing and cascade de-
cays lead to the incorrect charge tagging. The average
mixing parameter is measured in the same data sample by
analysing events with two leptons. Kinematical and topo-
logical properties are used to separate direct from cas-
cade decays, thus reducing the dilution of the observed
asymmetry. The asymmetries AbFB and AcFB are then si-
multaneously measured from a fit to the polar angle dis-
tribution of the thrust axis for events containing at least
one identified lepton candidate. The results are combined
with the Aleph measurements of the b asymmetry using
inclusive b hadron decays and of the c asymmetry using
reconstructed D mesons [2,3].

Switzerland
29 Now at Honeywell, Phoenix AZ, USA
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2 The Aleph detector
and the event selection

The analysis is based on 3.9 million hadronic Z decays
collected with the Aleph detector from 1991 to 1995. A
detailed description of the detector and its performance is
given elsewhere [4,5]. A brief overview will be given here,
together with some basic information on lepton identifi-
cation. Charged particles are tracked in a two-layer sili-
con vertex detector (vdet) with double-sided readout (r-
φ and z), surrounded by a cylindrical drift chamber and
a large time projection chamber (tpc), together measur-
ing up to 33 three-dimensional coordinates. These detec-
tors are immersed in a 1.5 T axial magnetic field, provid-
ing a resolution on the transverse momentum relative to
the beam axis of ∆pT/pT = (6 × 10−4) pT ⊕ 0.005 (pT in
GeV/c) and a three-dimensional impact parameter reso-
lution of 25µm + 95µm/p (p in GeV/c) for tracks hav-
ing two vdet hits. The tpc also allows particle identi-
fication through the measurement of the specific ioniza-
tion (dE/dx ). The electrons are separated from the other
charged particles by more than three standard deviations
up to a momentum of 8 GeV/c. A finely segmented elec-
tromagnetic calorimeter of lead/wire-chamber sandwich
construction surrounds the tpc. Its energy resolution is
∆E/E = 0.18/

√
E ⊕ 0.009 (E in GeV). Electrons are

identified by the longitudinal and transverse characteris-
tics of their shower in the ecal, together with the dE/dx
information. The iron return yoke of the magnet is instru-
mented with streamer tubes to form the hadron calorime-
ter, which is surrounded by two additional double layers
of streamer tubes for muon identification.

The sample of Z → qq̄ events considered in the analysis
is selected as described in [6], using all the data collected
by Aleph in the years 1991-1995. Within this sample,
electrons and muons are identified according to the pro-
cedure described in [7]. However, in order to increase the
statistics of the sample, the momentum acceptance cut
is relaxed to p > 2 GeV/c for electron candidates and
p > 2.5 GeV/c for muon candidates.

During 1998, the Lep1 data were reprocessed using a
refined version of the reconstruction program, obtaining
increased efficiency and precision in track reconstruction
and enhanced performance in particle identification. The
improvements most relevant for the analysis discussed in
this paper are the increase in the electron identification
efficiency, no longer dependent on the track isolation, and
the reduction in the background to muon identification
[8]. The dE/dx is also used in the muon identification
procedure, removing about half of the misidentified kaons
with only a small effect on the prompt muon efficiency [9].

Jets are found using the Jade algorithm [10]; the cut
on the jet invariant mass is set at Mjet = 6 GeV/c2. The
lepton transverse momentum, p⊥, is calculated with re-
spect to the jet axis after removing the lepton itself, in
order to achieve the best discrimination of b → � decays
from the other lepton sources [7].

The asymmetry analysis is event based. Hadronic
events with at least one lepton candidate are selected. If

more than one lepton candidate is found, the one with
the highest p⊥ is retained, as it has higher probability to
bring the correct information on the quark charge. For
each event, the thrust axis, taken as the experimental es-
timator of the quark initial direction, is measured from all
reconstructed charged and neutral particles [4]. The co-
sine of the polar angle of the thrust axis must be less than
0.9 to reject events with substantial losses in the beam
pipe. The event is divided into two hemispheres using the
plane perpendicular to the thrust axis. The b (c) quark
hemisphere is then taken to be the one containing the jet
with the lepton, if the lepton charge is negative (positive),
the opposite hemisphere otherwise. Events are grouped
according to the centre-of-mass energy and at each en-
ergy point a simultaneous measurement of AbFB and AcFB
is performed. A total of 504,914 events are selected. The
measurement of the average time-integrated mixing in b
events is based upon events with at least one lepton per
hemisphere, fulfilling the above selection procedure. A to-
tal of 296,911 dilepton events are selected.

3 The flavour separation

Two discriminating multivariate quantities, Nb and Nuds,
designed to tag respectively b and uds events are built
using a single neural network with two outputs. The best
flavour separation is obtained with the following set of
variables:

– PE, a b tagging variable based on the impact parame-
ter significance of charge particle tracks [11];

– p, the lepton momentum;
– p⊥, the lepton transverse momentum;
– E/, the missing energy of the event;
–

∑
i p
2
⊥i, where p⊥i is the transverse momentum of the

ith track of the most energetic jet in the event. The ith
track is included in the computation of the jet axis;

– ∆χ2V, the difference between the χ2 of the fit with all
tracks assigned to the primary vertex and the χ2 of
the fit with inclusively reconstructed secondary ver-
tices [12];

– pfast, the momentum of the highest momentum particle
of the event;

– p2⊥πs
, the transverse momentum squared of a particle

(if any) with kinematics matching the πs hypothesis
[13], where πs indicates the pion produced in the decay
D∗ → Dπs. If more than one particle is selected, the
best candidate is chosen.

The most discriminating among these variables are plotted
in Fig. 1. The long lifetime of b-hadrons (which is exploited
in PE and ∆χ2V), the high mass of the b quarks (entering
through

∑
i p
2
⊥i) and the semileptonic decay kinematical

properties (p, p⊥ and E/) provide valuable information for
flavour separation, with charm events having intermediate
properties between b and light quark events. The variables
pfast and p2⊥πs

yield further separation between charm and
light quark events; the highest momentum particle of the
event has on average a harder spectrum in light quark
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events due to the lower particle multiplicity and the pion
from the D∗ → Dπs decay tends to be collinear with the
jet axis, especially in charm events where D∗ are produced
with a harder spectrum compared to b events.

All these variables are used simultaneously in the neu-
ral network to form the two discriminating variables Nb
and Nuds plotted in Fig. 2.

Since the discriminating power of lifetime variables
based on vdet information (PE and ∆χ2V) decreases at
large polar angles, the variable cos θthrust is used in the
neural network, ensuring an adequate assignment of the
weights according to the angle.

4 The separation
of the b → � and b → c → � processes

Assuming a perfect flavour separation, the statistical un-
certainty on AbFB is proportional, to a first approximation,
to the inverse of the difference (fb→� − fb→c→�), where
fb→X is the fraction of b → X events in the sample. It is
therefore important to achieve the best possible separa-
tion between these two processes. In the previously pub-
lished Aleph analyses [1,14], only the kinematical prop-
erties of the lepton were used in that respect. The sepa-
ration is improved here by considering the properties of
the b hadron jet to which the lepton candidate belongs,
exploiting the different jet topologies of Xb → �νXc and
Xb → W∗Xc(Xc → �νX) decays, where Xb(Xc) indicates
any b(c) hadron. Due to the fact that these properties are
linked to the weakly decaying b-hadron, a different ap-
proach of clustering, generally used at the hadron colliders
and first developed at Lep by Opal[15] is chosen to mea-
sure the lepton-jet properties. The procedure, based on a
geometrical association of the tracks, is governed by two
cut parameters related to the energy (E = 5 GeV) and the
opening angle (R = 0.4 rad) of the jet. The tracks belong-
ing to the reconstructed jet define the (�Xc) system in the
following. This clustering approach leads to a typical 10%
improvement both in terms of the b tracks selection effi-
ciency and of the rejection of fragmentation tracks, with
respect to the Jade algorithm.

The boost of the b hadron tends to dilute some of the
topological differences between the b → � and b → c →
� decays discussed above. It is therefore useful to study
the separation by boosting the particles of the jet to the
(�Xc) rest frame, without considering the neutrino. In this
frame two hemispheres are defined according to the plane
perpendicular to the lepton direction. Four variables are
then constructed for b → � / b → c → � separation:

– ECM1 is defined as the sum of energies of the tracks
belonging to the lepton hemisphere, excluding the lep-
ton itself. The c hadron and the lepton issued from the
decay Xb → Xc�ν are by construction produced back
to back in the (�Xc) frame. On the contrary, the lepton
originating from the cascade decay Xb → W∗Xc(Xc →
X�ν) should be found close in phase space with the X
system. Low values of ECM1 are therefore a signature
for b → � decays.

– Plt = |P+ − P−|
P+ + P−

where P+ (P−) is the sum of the

parallel (antiparallel) momenta of the jet tracks (lep-
ton excluded) with respect to the lepton direction. Plt
exploits the fact that in most of the b → c → � de-
cays hadronization occurs in both (�Xc) hemispheres
(because of the c quark and the W decay products).
A high value of Plt is thus more likely for the b → �
events.

– Ejet =
∑

i

Ei, where Ei is the energy of the ith track

of the jet in the (�Xc) frame.
– ElCM, the energy of the lepton candidate in the (�Xc)

frame.

These four variables are combined using a neural network
(to form the quantity Nbl), together with the three vari-
ables based on the kinematical properties of the lepton,
which were used also for the flavour separation:

– p, the lepton momentum,
– p⊥, the lepton transverse momentum,
– E/, the missing energy of the event.

Figure 3 displays the distributions of the four most
discriminating variables (p⊥, ElCM, Plt and ECM1) in a
sample of data and simulated events enriched in b events
(Nb > 0.96); Fig. 4 shows the resulting distribution of
Nbl in the same sample. In these figures simulated events
are reweighted to reproduce the lepton energy spectrum
in the b hadron rest frame given by the ISGW model [16]
(Sect. 7.2). The combined variable Nbl provides a substan-
tially enhanced discriminating power compared to the lep-
ton transverse momentum, which translates to a reduction
of the statistical uncertainty of AbFB by about 10%.

5 The fitting method

The asymmetries are extracted from a binned maximum
likelihood fit to the distribution of events in the space
(Nb, Nuds, Nbl, x), where x is the signed quantity −Q cos
θthrust and Q the electric charge of the lepton candidate.
The total log-likelihood is

−lnL = −
∑
ijkl

nijkllnfijkl , (1)

where nijkl is the number of lepton candidates in the data
sample in the bin (i, j, k, l) of (Nb, Nuds, Nbl, x) and fijkl

is the expected number of events. The binning is chosen
to ensure a comparable occupancy of the bins; each is
filled by approximately 500 data events. Figure 5 shows
the binning in the plane (Nb, Nuds). The variable Nbl is
only used in the region defined by the first bin of Nuds,
which contains most of the b events. The distribution of
the different processes in the (Nb, Nbl) plane is shown in
Fig. 6. Altogether the space (Nb, Nuds, Nbl) is divided in
70 bins and the angular range is split in 20 equal-sized
bins.
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The expected number of events fijkl normalised to
unity is given by

fijkl = (F rs�,b)ijkl

∫
l

[
1 + x2 +

8
3
AbFB(1 − 2χijkl) x

]
dx

+ (Fws�,b)ijkl

∫
l

[
1 + x2 − 8

3
AbFB(1 − 2χijkl) x

]
dx

+ (F asymbkg,b)ijkl

×
∫

l

[
1 + x2 +

8
3
AbFB(1 − 2χijkl)(2η

b
ijk − 1) x

]
dx

+ (F�,c)ijkl

∫
l

(
1 + x2 − 8

3
AcFB x

)
dx

+ (F asymc→bkg)ijkl

∫
l

[1 + x2 − 8
3
AcFB(2ηcijk − 1) x]dx

+ (F asyms→bkg)ijkl

∫
l

[
1 + x2 +

8
3
AsFB(2ηsijk − 1) x

]
dx

+ (F asymd→bkg)ijkl

∫
l

[
1 + x2 +

8
3
AdFB(2ηdijk − 1) x

]
dx

+ (F asymu→bkg)ijkl

∫
l

[
1 + x2 − 8

3
AuFB(2ηuijk − 1) x

]
dx

+ (F symbkg )ijkl

∫
l

(1 + x2)dx, (2)

where all semileptonic b decays are divided into right sign
(rs), as b → � or b → c̄ → � decays, and wrong sign (ws),
as b → c → � decays, according to whether the lepton
charge is the same or opposite sign to that of the par-
ent b quark (after any mixing has occurred). The fitted
quantities are AbFB and AcFB. All processes contributing
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nate direct decays from cascade decays. The
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to the lepton candidate samples are classified depending
upon their contribution to the forward-backward asymme-
try. The fractions Fprocess are determined from simulated
events.

The observed asymmetry in b events is diluted by
B0−B̄0 oscillations. The average mixing parameter χ̄ can
be written as

χ̄ = fB0
d
χdBR(B0d → �)/BR(b → �)

+fB0
s
χsBR(B0s → �)/BR(b → �) ,

where fB0
q

is the production fraction of the neutral B me-
son of flavour q and χq is the B0q−B̄0q integrated mixing
probability. In the analysis, events populating the different
Nb and Nuds bins have different proper time distributions
due to the use of lifetime-based variables for the flavour
separation. Therefore an effective mixing rate χ̄ijkl has to
be evaluated bin by bin with the simulation, and folded
in the extraction of the asymmetries. Simulated events are
reweighted to reproduce the measured value of the average
time-integrated mixing rate (Sect. 6).

Some fake leptons, such as muons from K decay fol-
lowing the b → c → s chain, do carry information about
the original quark charge as discussed in greater detail in
[1] and therefore the background is split into symmetric
and asymmetric contributions. The latter is quantified by
a parameter η which gives the probability that a back-
ground lepton candidate has the same charge sign as the
decaying quark. For a given flavour, η depends upon the
momentum and the background particle, as illustrated in
Fig. 7.

Table 1. Contributions to the like-sign fraction from the differ-
ent channels, along with their relative abundances (for events
satisfying Nuds < 0.25 and Nbl > 0.5). Prompt leptons are
denoted right and wrong sign depending on whether they pre-
serve or not the charge of the parent quark (after any mixing
has occurred). Background lepton candidates which can retain
some information about the charge of the parent quark are de-
noted “bkg”. Any pair in which one candidate originates from a
charge-symmetric source is denoted as “symmetric”, irrespec-
tive of the parent quark flavour. The probability Pb that a
lepton of type “bkg” in b events has the same charge as the
primary b quark is given by Pb = (1 − χ̄)ηb + χ̄(1 − ηb)

Flavour Source Fraction Like-sign contribution

rs - rs 0.841 2χ̄(1 − χ̄)
rs - ws 0.089 χ̄2 + (1 − χ̄)2

b ws - ws 0.002 2χ̄(1 − χ̄)
rs - bkg 0.018 χ̄Pb + (1 − χ̄)(1 − Pb)
ws - bkg 0.001 χ̄(1 − Pb) + (1 − χ̄)Pb

bkg - bkg < 0.001 2Pb(1 − Pb)

rs - rs 0.009 0
c rs - bkg 0.001 1 − ηc

bkg - bkg < 0.001 2ηc(1 − ηc)

uds bkg - bkg 0.002 2ηuds(1 − ηuds)

any symmetric 0.037 0.5

6 Measurement of the
average time-integrated mixing

The average time-integrated mixing rate χ̄, defined in
Sect. 5, is measured using events with one lepton candidate
per hemisphere, with the selection described in Sect. 2 ap-
plied to both leptons. Background from Z decays to light
quarks is further rejected with the cut Nuds < 0.25.

The parameter χ̄ is measured by fitting the expected
fractional rate of like-sign dileptons F ls, to the numbers of
like-sign nls and opposite-sign nos dilepton events found
in the data:

−lnLχ̄ = −nlsln(F ls) − nosln(1 − F ls) . (3)

As the statistical significance of the χ̄ measurement
depends primarily upon the separation of the b → � and
b → c → � processes, a cut on Nbl is used. The contribu-
tion to F ls from the different processes is given in Table 1
for a cut Nbl > 0.5.

A correction factor must be applied to b → c → � de-
cays to take into account differences in charged and neu-
tral B mesons decays. These arise as neutral B mesons de-
cay more frequently into a D+, which has a higher semilep-
tonic branching ratio than the D0. The correction factor
is determined from Monte Carlo. Figure 8a and b display
the results obtained for a set of different Nbl cuts, show-
ing no significant trend. Figure 8c shows the dependence
of the correction factor upon the Nbl cut. The minimum
total uncertainty is obtained for Nbl > 0.5, which leaves
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43,002 dilepton events. This gives

χ̄ = 0.1196 ± 0.0049 (stat.) +0.0043
−0.0050 (syst.).

The breakdown of the systematic uncertainties is shown
in Table 2.

7 Systematic uncertainties

The systematic uncertainties evaluated in the simultane-
ous b and c asymmetry measurement are reported in Ta-
ble 2. The main effects are discussed below.

7.1 Semileptonic branching ratios

The semileptonic branching ratios BR(b → �), BR(b →
c → �) and BR(c → �) are important input parameters for
the evaluation of the fractions Fprocess. The values used
are taken from the fit to the Lep and Sld results [17]
excluding measurements of the heavy flavour asymmetries
[18]:

BR(b → �) = 0.1065 ± 0.0023,
BR(b → c → �) = 0.0804 ± 0.0019,

BR(c → �) = 0.0973 ± 0.0033.

In addition the following branching ratio values are
used:

BR(b → c̄ → �) = 0.0162 ± 0.0044[17],

Table 2. Full list of systematic uncertainties. Numbers are
given in units of 10−5

Error sources ∆(Ab
FB) ∆(Ac

FB) ∆(χ̄)

BR(b → �) ∓18 ±53 ±92
BR(b → c → �) ∓4 ∓28 ∓86
BR(c → �) ±17 ∓145 ±10
BR(b → c̄ → �) ±22 ±103 ±9
BR(b → τ → �) ±5 ∓23 ±6
BR(b → u�ν) ±2 ±3 ±7

Total BR ±34 ±189 ±127

Electron ID ∓1 ∓4 ±6
Muon ID negl. ∓11 negl.
γ conversions ±2 ±14 ∓2
Electron bkg ±2 ±20 ∓2
Muon bkg (K, π → µ) negl. negl. negl.
Muon bkg (misid. K, π) ±4 ±65 ∓29
Muon ID (low p) ∓1 negl. ∓29
IP smearing ∓6 ∓53 −
Secondary VTX smearing ∓13 ∓4 −
Detector Systematics ±15 ±88 ±41

b → � model +21
− 1

−80
+96

+103
−175

c → � model +53
−41

−87
+47

−250
+224

b → D model −2
+1

−19
+16

−283
+227

BR(b → D∗∗) ±58 ±164 ∓105
p⊥ charm negl. ∓23 ±3
b fragmentation negl. ∓30 ∓58
c fragmentation ±45 ∓46 ±11

Total modelling +93
−84

+205
−212

+356
−433

Bkg charge correlation ±1 ∓62 negl.
As

FB negl. ±26 −
Ad

FB ±1 ±23 −
Au

FB negl. ±8 −
Total bkg asymmetries ±2 ±72 negl.

Rb ∓2 ±6 negl.
Rc ±11 ∓75 ±2
Gluon splitting (bb̄) ∓2 ±1 ∓36
Gluon splitting (cc̄) ∓1 ±14 ∓29
b hadron lifetimes ±2 ∓12 ±4
b hadron fractions ∓4 ±31 ±48
b multiplicity ∓10 ∓5 negl.
c hadron lifetimes ∓9 ±68 ∓2
c hadron fractions ±21 ∓81 ±9
K0 production in c decays ∓13 ±19 ∓6
c hadron topological rates ±10 ±95 ±4

Total B and D physics ±32 ±166 ±68

mixing ±128 ±12 −
b → c → � mixing correction ∓34 ∓112 ∓180

Total Mixing ±132 ±113 ±180

TOTAL ±169 ±369 +431
−496
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BR(b → τ → �) = 0.00419 ± 0.00055[17],
BR(b → u�ν) = 0.0171 ± 0.0053[18],

BR(b → J/ψ (ψ′) → ��) = 0.00072 ± 0.00006[17].

The branching ratio values are varied within their uncer-
tainties to estimate the related systematic errors.

7.2 Modelling of semileptonic decays

The primary lepton energy in the rest frame of the weakly
decaying b hadron in simulated events is reweighted to re-
produce the spectra given by the ACCMM, ISGW and
ISGW** models [16] tuned to Cleo data [19]. The AC-
CMM model is used for the result; the shifts observed with
the ISGW and ISGW** models are taken as systematic
uncertainty. For c → � decays the ACCMM model is used,
with the model parameters determined from Mark III[20]
and Delco[21] data. The lepton energy spectrum for cas-
cade b → c → � decays is obtained as the convolution
of the b → D spectrum measured by Cleo[22] with the
c → � spectrum.

The discriminating quantity Nbl is also sensitive to
the fraction of D∗∗ in B decays through the jet properties,
which reflect the dynamics of the b hadron decay. These
effects are globally accounted for by varying the relative
production of D∗∗ states in the Monte Carlo simulation,
according to fD∗∗ = 20 ± 10% [24].

The clustering cut in the jet definition (Sect. 2) has
been tuned so that the lepton transverse momentum pro-
vides an optimal separation between the b → � and b →
c → � decays. In the case of charm semileptonic decays, the
jet contains typically many fragmentation particles, and
therefore the p⊥ distribution of c → � decays in the simu-
lation is affected by the modelling of that component, as
discussed in [1]. This has been studied using D∗+ → D0π+
decays followed by D0 → K−�+ν. The ratio of the spectra
measured in data and simulation provides correction fac-
tors, which typically differ from unity by less than 20%.
They are used to reweight simulated events and their sta-
tistical errors are used to estimate the systematic uncer-
tainty.

The fragmentation of b and c quarks into hadrons fol-
lows the model of Peterson et al.[23]. The free parameters
of the model are tuned to reproduce the measured values
of the average heavy hadron energy [17]; they are varied
according to the uncertainty on the experimental measure-
ments to estimate the related systematic uncertainty.

7.3 Lepton identification
and misidentification of hadrons

The assignment of the uncertainties related to lepton iden-
tification follows the procedure defined in [7,8]. Correction
factors for lepton efficiency and misidentification rates are
estimated from the data and applied to simulated events.
Electron and muon identification efficiencies are measured
with an uncertainty of about 2%. The uncertainty on the
rate of photon conversions and non-prompt muons from

K and π decays is estimated to be about 10%. A 20% un-
certainty is assigned to the rate of K and π misidentified
as muons.

7.4 Background asymmetry

The forward-backward asymmetry in Z → uū, Z → dd̄
and Z → ss̄ events is taken from the Standard Model ex-
pectation. The study of the background component that
retains some information of the original quark charge fol-
lows the procedure described in [1]. The systematic error
is estimated by assigning a 20% uncertainty to this effect
in the simulation.

7.5 b and c physics

The Monte Carlo is reweighted to reproduce the world
average values of the partial widths Rb and Rc, of the b
hadron and c hadron production rates, their lifetimes and
the average charged track multiplicity in b and c events
[17,24]. The systematic errors related to these quantities
are estimated by varying them within their uncertainties.
In particular, the charged track multiplicity in c events is
corrected by reweighting the c hadron topological decay
modes to the values given in [17].

The production rates of c and b quark pairs originating
from radiated gluons are taken to be [17] P (g → cc̄) =
(2.96 ± 0.38)% and P (g → bb̄) = (0.254 ± 0.051)%.

7.6 Mixing

As explained in Sect. 5, the probability that a neutral
B meson has oscillated is determined in each bin of the
analysis from simulated events, reweighted to reproduce
the measured value of the average time-integrated mix-
ing rate. A systematic uncertainty on the asymmetry is
assigned by varying the mixing parameter by its statisti-
cal uncertainty. For each systematic effect common to the
mixing and asymmetry measurements, the correlation is
taken into account in the estimate of the uncertainty on
the asymmetry. A conservative estimate of the systematic
error due to the correction factor applied for b → c → �
decays is obtained by setting it to unity.

7.7 Tracking

Differences in the tracking performance between data and
simulation result in some discrepancies in the distribu-
tions of PE and ∆χ2V. To improve the agreement, a smear-
ing is applied to the measured track impact parameters
and reconstructed secondary vertices in the simulation as
described in [2,25]. The full change resulting from each
smearing procedure is assigned as a sytematic uncertainty.
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7.8 Monte Carlo statistics

A Monte Carlo sample of about 8 million hadronic Z de-
cays is used, as well as two dedicated heavy flavour sam-
ples of 5 million Z → bb̄ decays and 2.4 million Z → cc̄
decays, all generated using HVFL [7]. In order to evaluate
the uncertainty due to the finite statistics of the simu-
lated data sample, the Monte Carlo events are split into
8 subsamples. The fit to the data is performed using each
subsample to estimate F , χ̄, η (see Sect. 5). The spread
between the results of the 8 fits is found to be negligible.

8 The fit results and the extraction of sin2θeff
W

Figure 9 displays the observed angular distributions at
peak energy in b-enhanced and c-enhanced regions, illus-
trating the asymmetries in Z → bb̄ and Z → cc̄ events.
The drop in acceptance at low angles for the b-enhanced
sample (a) is due to the fact that the b quark selection de-
pends primarily on the lifetime measurements based upon
the vdet information. An asymmetry in the angular dis-
tribution of the events in the c-enriched sample is seen, in
spite of the large contribution at low angles of the sym-
metric background component.

The b and c asymmetries at peak energy are measured
to be

AbFB (
√
s = 91.21 GeV) = 0.0952 ± 0.0041 (stat.)

Table 3. Ab
FB and Ac

FB measurements at each off-peak center-
of-mass energy with statistical and systematic uncertainties

√
s (GeV) Ab

FB Ac
FB

88.38 −0.131 ± 0.135 ± 0.010 −0.124 ± 0.159 ± 0.020
89.38 0.055 ± 0.019 ± 0.001 −0.023 ± 0.026 ± 0.002
90.21 −0.004 ± 0.067 ± 0.008 −0.003 ± 0.083 ± 0.006
92.05 0.111 ± 0.064 ± 0.005 0.106 ± 0.077 ± 0.007
92.94 0.104 ± 0.015 ± 0.003 0.119 ± 0.021 ± 0.006
93.90 0.138 ± 0.093 ± 0.011 0.121 ± 0.110 ± 0.010

±0.0017 (syst.),
AcFB (

√
s = 91.21 GeV) = 0.0645 ± 0.0057 (stat.)

±0.0037 (syst.).

The statistical correlation between these two measure-
ments is found to be 14%.

The results for the statistics collected at the other six
centre-of-mass energies are reported in Table 3 and dis-
played in Fig. 10 together with the peak values.

Gluon radiation distorts the quark angular distribu-
tion, compared to the pure electroweak process. Analytic
calculations that predict these effects for the asymmetries
are reviewed in [17,26] and taken as a bare correction to
the measurements. However, the sensitivity of a measure-
ment to these effects depends upon the event selection and
the analysis technique, and an experimental scaling factor
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Table 4. Ab
FB and Ac

FB at peak energy with the electron and
muon candidate samples fitted separately

electrons muons

Ab
FB 0.0956 ± 0.0060 ± 0.0018 0.0944 ± 0.0055 ± 0.0017

Ac
FB 0.0589 ± 0.0082 ± 0.0033 0.0694 ± 0.0078 ± 0.0043

sQCDb,c to be applied to the bare correction needs to be eval-
uated case by case. Therefore, the measurements are re-
peated on high statistics Z → bb̄ and Z → cc̄ Monte Carlo
samples and the results are compared with the same events
at generator level, yielding the values of the experimental
scaling factors sQCDb = 0.91 ± 0.23 and sQCDc = 0.00+0.49−0.00.
The correction factors to the observable asymmetry are
therefore 1.0269± 0.0068 and 1.000+0.018−0.000, respectively for
the b and c asymmetries.

In order to interpret the results in the framework of the
Standard Model, they are extrapolated to MZ = 91.1874
GeV/c2 and the QED and Z-γ interference corrections are
applied according to [17].

The asymmetry measurements performed at peak and
off-peak energies result in the following measurement of
the pole asymmetries, or equivalently, of the electroweak
mixing angle:

A0,bFB = 0.0998 ± 0.0040 (stat.) ± 0.0017 (syst.),

A0,cFB = 0.0732 ± 0.0053 (stat.) ± 0.0037 (syst.),

sin2θeffW = 0.23203 ± 0.00073.

9 Checks

Various checks of the consistency of the method and the
stability of the results are discussed in the following.

9.1 Results on the electron and muon samples

The heavy quark asymmetries are measured separately
on the samples containing electron or muon candidates
at peak energy. Consistent results are obtained as shown
in Table 4. In the fit to the global sample, the two lep-
ton species are not distinguished and the average sample
composition is used. This fact explains the small difference
between the average of the values reported in Table 4 and
the result of the full fit.

9.2 Measurement with a simultaneous fit of the mixing

As discussed in Sect. 5, the use of the lifetime information
introduces a dependence of the effective time-integrated
mixing upon Nb. The effective mixing parameter can be
measured simultaneously with the asymmetries in the high
purity region Nb > 0.65, while the prediction of the sim-
ulation after reweighting is still taken for the remaining
bins.
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Fig. 11. Distribution of the measured value of the effective
mixing in bins of Nb. Open circles display the Monte Carlo
expectation

Figure 11 shows a comparison of the effective mixing
measurements and the Monte Carlo expectation.

The simultaneous fit yields, on peak energy data:

AbFB = 0.0938 ± 0.0042 (stat.) ± 0.0012 (syst.),
AcFB = 0.0644 ± 0.0057 (stat.) ± 0.0037 (syst.),

in good agreement with the results obtained using the pre-
diction of the reweighted Monte Carlo. For the b asymme-
try, the uncorrelated statistical uncertainty between the
two methods is estimated to be about 0.0012. Due to lack
of statistics, this method cannot be applied to the off-peak
center-of-mass energy samples.

9.3 Ab
FB(Ac

FB) measurement
in a high b(c)-purity sample

The fit to the asymmetries is repeated restricting the anal-
ysis to high purity subsamples, in order to check possible
systematic effects related to the modelling of the back-
ground in the low-purity regions. A fit for the b asymme-
try is performed in the regions defined by Nb > 0.9 and
Nbl > 0.5, respectively, while the c asymmetry is fixed to
its measured value:

b-enhanced region δAbFB = −0.0009 ,

(b → �)-enhanced region δAbFB = +0.0011 ,

where δAbFB is the difference between the value measured
in the restricted region and the result of the full fit. Both
results are in agreement with the reference value within
the uncorrelated statistical uncertainty of 0.0015.
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Table 5. Summary of the checks performed with a simultaneous measurement of: 1) the semileptonic branching ratios BR(b → �)
and BR(b → c → �), 2) the semileptonic branching ratio BR(c → �), 3) the rate of charge asymmetric background in b and
c events, Rbkg

b,c , and 4) the rate of nonprompt and fake leptons in light quark events, Rbkg
uds . Results in the upper table are

expressed in terms of the absolute variation of Ab
FB (Ac

FB), denoted δAb
FB (δAc

FB). The lower table displays for checks 1) and 2)
the comparison of the input and fitted values for BR(b → �), BR(b → c → �) and BR(c → �)

Checks 1) 2) 3) 4)

δAb
FB +0.0006 +0.0004 +0.0001 < 0.0001

δAc
FB +0.0009 +0.0021 −0.0004 −0.0002

Checks 1) BR(b → �) 1) BR(b → c → �) 2) BR(c → �)

Input value 0.1065 ± 0.0023 0.0804 ± 0.0019 0.0973 ± 0.0033
Fitted value (stat. error only) 0.1088 ± 0.0004 0.0807 ± 0.0008 0.0935 ± 0.0005

A similar check is performed for the c asymmetry by
restricting the fit to the region Nb < 0.5 and Nuds < 0.5,
yielding δAcFB = −0.0044. Satisfactory agreement with
the reference analysis is achieved, as the uncorrelated sta-
tistical uncertainty is 0.0036.

9.4 Semileptonic b and c branching ratios
and fake rates

The discrimination between the b → � and b → c → �
processes is good enough to allow a simultaneous mea-
surement of their branching ratios with the heavy flavour
asymmetries. If that resulted in significantly different val-
ues of AbFB or AcFB, it would indicate that systematic un-
certainties related to the primary lepton modelling are not
under control. The first column in Table 5 shows the re-
sults of the fit; the AbFB and AcFB values so obtained are in
agreement with the reference measurements. In addition,
the semileptonic b branching ratios are in good agreement
with the present Lep averages, used as input to the asym-
metry measurement.

Similar exercises are performed by fitting simultane-
ously with the heavy flavour asymmetries the charm semi-
leptonic branching ratio, the ratio of charge asymmetric
background in b and c events in data and Monte Carlo,
denoted Rbkgb,c , and the ratio of nonprompt and fake lep-
tons in Z decays to light quarks in data and Monte Carlo,
Rbkguds . These tests are mainly intended to check for system-
atic effects related to the estimate of the charge symmet-
ric and asymmetric background rates. As in the previous
case, the changes in the asymmetry values are remarkably
small and fully contained in the assigned systematic un-
certainty. The results are reported in Table 5. The fake
rate ratios are measured to be Rbkgb,c = 0.94 ± 0.01 (stat.)
and Rbkguds = 0.997±0.004 (stat.), the difference from unity
being well below the associated systematic uncertainty. All
these checks justify the description of the lepton candidate
sample in the simulation. The stability of the asymmetry
results provides confidence in the systematic error esti-
mates.

10 Combination of Aleph measurements

Aleph published a measurement of the c asymmetry us-
ing reconstructed D mesons [3] and a measurement of the
b asymmetry using inclusive b hadron decays [2]. These
measurements are averaged with the one presented in this
paper following the procedure described in [16]. The two b
asymmetry analyses use partially overlapping samples and
the average hemisphere charge flow [2] is better defined in
the presence of a lepton from semileptonic b-hadron de-
cay, even if the lepton properties are not explicitly used. In
order to determine the statistical correlation between the
lepton and inclusive measurements, the data recorded at
peak energy are split into approximately 600 samples and
the analyses are performed simultaneously on each sam-
ple. The statistical correlation parameter is measured to
be (0.264 ± 0.039). The small correlation due to common
systematic uncertainties is also taken into account.

The pole asymmetry for b and c quarks, derived from
the combination of the measurements, are found to be

A0,bFB = 0.1011 ± 0.0026,

A0,cFB = 0.0720 ± 0.0052.

The χ2 of the combination is 7.7 for 18 degrees of freedom.
The final Aleph result on the electroweak mixing an-

gle from heavy flavour asymmetries is

sin2θeffW = 0.23188 ± 0.00046.

11 Conclusion

In a data sample of about 3.9 million hadronic Z de-
cays recorded with the Aleph detector at Lep in the
years 1991-1995, a simultaneous measurement of the b
and c asymmetries and a measurement of the B0−B̄0 aver-
age mixing parameter are performed by means of leptons
originating from the semileptonic decays of heavy flavour
hadrons. The data are analysed as a function of the po-
lar angle of the thrust axis in a space of discriminating
variables aimed at separating lepton candidates according
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to the flavour and to the physics process from which they
originate. The values of the pole asymmetries obtained by
combining the b and c asymmetry measurements at the
seven energy points, and unfolding QED and QCD effects,
are

A0,bFB = 0.0998 ± 0.0040 (stat.) ± 0.0017 (syst.),

A0,cFB = 0.0732 ± 0.0053 (stat.) ± 0.0037 (syst.),

in agreement with previous Aleph and Lep measure-
ments [1,14,15,27]. These measurements are the most pre-
cise among the analyses based upon the lepton tagging
technique.

The main systematic uncertainty affecting the b asym-
metry measurement is due to B0−B̄0 mixing while the c
asymmetry systematic uncertainties are primarily due to
the modelling of B and D physics in the simulation. The
average integrated mixing parameter is measured from a
sample of events containing two lepton candidates, obtain-
ing

χ̄ = 0.1196 ± 0.0049 (stat.) +0.0043
−0.0050 (syst.).

The combination of all the Aleph heavy flavour asym-
metry measurements yields

sin2θeffW = 0.23188 ± 0.00046.

This determination of the electroweak mixing angle is con-
sistent with the values derived from the Aleph measure-
ments of the τ polarization [28] and lepton asymmetries [6].
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