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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 — bb and
7 — cC events and the BO—B? average mixing parameter y. Quark charges are tagged by
the charges of electrons and muons produced in b and ¢ semileptonic decays. Multivariate
analyses are used to separate the event flavours and b — ¢/b — ¢ — £ processes. The b and
¢ quark asymmetries are measured simultaneously; the average mixing parameter and the
pole asymmetries are determined to be

X = 0.1196+0.0049 (stat.) 70033 (syst.),
A% = 0.0998 £ 0.0040 (stat.) =+ 0.0017 (syst.),

A% 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 ¢ asymmetry using reconstructed D mesons, correspond
to a value of the effective electroweak mixing angle of sinQ@%\l;F = 0.23188 £ 0.00046.
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1 Introduction

The forward-backward asymmetry of the quarks in Z — qq decays provides a precise
measurement of the electroweak mixing angle sin2«9€;\f}c 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 ¢ quarks
can be isolated with adequate purity and efficiency; the b asymmetry is the observable with the
highest sensitivity to s.in26?§3,\f,lr at LEP. This paper gives measurements 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 capability of measuring both the b and ¢ asymmetries, which, when interpreted
in terms of sin?6¢T, improves the accuracy of the measurement by 30%. The present analysis
takes advantage of both an upgraded track reconstruction and improved particle identification
in the recently reprocessed 3.9 million hadronic Z decays recorded at LEP1.

For the b asymmetry, B’—BY mixing and cascade decays 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 topological properties are used to separate direct from cascade
decays, thus reducing the dilution of the observed asymmetry. The asymmetries A%B and Afp
are then simultaneously measured from a fit to the polar angle distribution 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].

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 identification.
Charged particles are tracked in a two-layer silicon vertex detector (VDET) with double-sided
readout (r-¢ and z), surrounded by a cylindrical drift chamber and a large time projection
chamber (TPC), together measuring up to 33 three-dimensional coordinates. These detectors are
immersed in a 1.5 T axial magnetic field, providing a resolution on the transverse momentum
relative to the beam axis of Apr/pr = (6 x 107*)pr @ 0.005 (pr in GeV/c) and a three-
dimensional impact parameter resolution of 25 pum + 95 um/p (p in GeV/c) for tracks having
two VDET hits. The TPC also allows particle identification through the measurement of the
specific ionization (dE/dz). 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
electromagnetic calorimeter of lead/wire-chamber sandwich construction surrounds the TPC.
Its energy resolution is AE/E = 0.18/vE & 0.009 (E in GeV). Electrons are identified by the
longitudinal and transverse characteristics of their shower in the ECAL, together with the dF /dx
information. The iron return yoke of the magnet is instrumented with streamer tubes to form
the hadron calorimeter, which is surrounded by two additional double layers of streamer tubes
for muon identification.

The sample of Z — qq 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 procedure described in [7]. However, in order to increase
the statistics of the sample, the momentum acceptance cut is relaxed to p > 2 GeV /¢ for electron
candidates and p > 2.5 GeV /¢ 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/dz 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
Mjey = 6 GeV/ c?. The lepton transverse momentum, p |, is calculated with respect 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 estimator of the quark initial direction, is measured
from all reconstructed charged and neutral particles [4]. The cosine 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 energy point a simultaneous measurement
of Abg and A§y 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 total of 296,911 dilepton events are
selected.

3 The flavour separation

Two discriminating multivariate quantities, Ny, and N, g, 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:

e Pg, a b tagging variable based on the impact parameter significance of charge particle
tracks [11];

e p, the lepton momentum;
e p |, the lepton transverse momentum;
e I, the missing energy of the event;

° > pii, where p; is the transverse momentum of the i*" track of the most energetic jet in
the event. The i'! track is included in the computation of the jet axis;

° Ax%,, the difference between the x? of the fit with all tracks assigned to the primary vertex
and the x? of the fit with inclusively reconstructed secondary vertices [12];

® Diast, the momentum of the highest momentum particle of the event;

° piws, the transverse momentum squared of a particle (if any) with kinematics matching
the ms hypothesis [13], where 74 indicates the pion produced in the decay D* — Dmg. 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 Pg and Ax?%), the high mass of the b quarks (entering through
S°;p3;) and the semileptonic decay kinematical properties (p, p; and ) provide valuable
information for flavour separation, with charm events having intermediate properties between
b and light quark events. The variables pgg¢ and piﬂs yield further separation between charm



2/ s9u3 0T

e ALEPH DATA

I
B b-co |
N c- |
KX others

o o o
o Lo o
N —l i

G¢9°0/ssud 01

60
NG

40

20

15 20

10

v‘4‘4‘«~“~“{
3 O OO OO
B R

S
oA ® K]
TSI

I/N2D 9T°0 / setiud 01

30
p (GeV/c)

20

10

P (GeVic)

Figure 1: Distributions of the most discriminating input variables used in the construction of the

combined neural network variables Ny, and Nygs.
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Figure 2: The distribution of the discriminating variables Ny, and Nyqs.

and light quark events; the highest momentum particle of the event has on average a harder
spectrum in light quark events due to the lower particle multiplicity and the pion from the
D* — Dmg 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 neural network to form the two
discriminating variables Ny, and N,4s plotted in Fig. 2.

Since the discriminating power of lifetime variables based on VDET information (Pg and
Ax%) decreases at large polar angles, the variable cos 6yt 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 — ¢ — £ processes

Assuming a perfect flavour separation, the statistical uncertainty on A%B is proportional, to a
first approximation, to the inverse of the difference (fy,—¢— fp—c—¢), where fy_x is the fraction
of b — X events in the sample. It is therefore important to achieve the best possible separation
between these two processes. In the previously published ALEPH analyses [1, 14], only the
kinematical properties of the lepton were used in that respect. The separation is improved
here by considering the properties of the b hadron jet to which the lepton candidate belongs,
exploiting the different jet topologies of Xy, — vX, and Xy, — W*X (X, — ¢vX) decays, where
Xp(X,) indicates any b(c) hadron. Due to the fact that these properties are linked to the weakly
decaying b-hadron, a different approach of clustering, generally used at the hadron colliders
and first developed at LEP by OPAL [15] is chosen to measure the lepton jet properties. The
procedure, based on a geometrical association of the tracks, is governed by two cut parameters
related to the energy (£ = 5 GeV) and the opening angle (R = 0.4 rad) of the jet. This
clustering approach leads to a typical 10% improvement both in terms of the b tracks selection
efficiency 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 — ¢ — £ decays discussed above. It is therefore useful to study the separation
by boosting the particles of the jet to the (¢X.) 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 — ¢ — ¢ separation:

e Ec is defined as the sum of energies of the tracks belonging to the lepton hemisphere,
excluding the lepton itself. The ¢ hadron and the lepton issued from the decay X, — X fv
are by construction produced back to back in the (¢X.) frame. On the contrary, the lepton
originating from the cascade decay X}, — W*X.(X. — X/v) should be found close in phase
space with the X system. Low values of Ecyp are therefore a signature for b — ¢ decays.

o B = %% where P, (P-) is the sum of the parallel (antiparallel) momenta of the

jet tracks (lepton excluded) with respect to the lepton direction. Py exploits the fact that
in most of the b — ¢ — ¢ decays hadronization occurs in both (¢/X.) hemispheres (because
of the ¢ quark and the W decay products). A high value of P is thus more likely for the
b — £ events.

o Ej = ZEi’ where F; is the energy of the i*® track of the jet in the (¢/X.) frame.

(2

e Ejcy, the energy of the lepton candidate in the (¢X.) frame.

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

e p, the lepton momentum,
e p,, the lepton transverse momentum,
e I, the missing energy of the event.

Fig. 3 displays the distributions of the four most discriminating variables (p1, Fiom, P
and Ecy) in a sample of data and simulated events enriched in b events (N, > 0.96); Fig. 4
shows the resulting distribution of Ny 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] (Section 7.2). The combined variable Ny provides a substantially
enhanced discriminating power compared to the lepton transverse momentum, which translates
to a reduction of the statistical uncertainty of A]}%B 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 (NVy, Nuds, Vb1, ), where z is the signed quantity —@ cos Oiprust and @ the
electric charge of the lepton candidate. The total log-likelihood is

—InL == " nijunfijn (1)
ikl

where n;j5; is the number of lepton candidates in the data sample in the bin (4,7, k,1) of
(Nb, Nugs, N1, #) and fiji; 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. Fig. 5 shows
the binning in the plane (/Vp, Nygs). The variable Ny, is only used in the region defined by the
first bin of Nuqs, which contains most of the b events. The distribution of the different processes
in the (Np, Ny1) plane is shown in Fig. 6. Altogether the space (Ny,, Nygs, Np1) 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 f;;x; normalised to unity is given by
fijer = (FU%)ijmt /l[l +a®+ gA%B(l — 2Xijr) *|d

+  (F7D)ijrl /z[l +a® - gAE‘B(l = 2Xj) )d

+ (B )ijhl /1[1 +a®+ gAlﬁ*B(l — 2Xiu0) 20 — 1) @]da

+ (P [(1+07 - A o)

+E o [[1+0® = SA%y (20 — 1) alda

bR n [+ + S Abn(2n — 1) alde

bR [[1+ e+ Skl — 1) alda

bR [[1+ 0 SARs2nl — 1) alde

+ (w0 +at)as, @
where all semileptonic b decays are divided into right sign (rs) and wrong sign (ws) decays,
according to whether the lepton charge is the same or opposite sign to that of the parent b
quark (after any mixing has occurred). The fitted quantities are Abp and ASy. All processes
contributing to the lepton candidate samples are classified depending upon their contribution to

the forward-backward asymmetry. The fractions Frocess are determined from simulated events.
The observed asymmetry in b events is diluted by B’—B° oscillations. The average mixing
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Figure 5: Distribution of simulated events in the (Np, Nygs) plane. Plots (a) (b) and (c) show the
distributions of 1000 b, ¢ and light quark events, respectively. The region defined by Nygs < 0.25 is
divided in 10 intervals of Ny; each of these bins is then further split in 5 equal-sized bins of Ny, to
discriminate direct decays from cascade decays. The region Ny, < 0.15 is divided in 20 intervals of Nygs,
to improve the separation between charm and light quark events. The rest of the plane is contained in a
single bin as it is populated by little statistics. Plot (d) is a zoom of the bottom-right corner of plot (a).
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Figure 6: Distribution in bins of (Ny,, Npj) of simulated events with Nygs < 0.25.

parameter x can be written as
% = S XaBR(BY — 0)/BR(b — ) + faox:BR(BY — £)/BR(b — £)

where fBg is the production fraction of the neutral B meson of flavour q and x4 is the Bg—Bg
integrated mixing probability. In the analysis, events populating the different N}y, and Nygs bins
have different proper time distributions due to the use of lifetime-based variables for the flavour
separation. Therefore an effective mixing rate ;;x 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 (Section 6).

Some fake leptons, such as muons from K decay following the b — ¢ — 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 n which gives the probability that a background lepton candidate has the same
charge sign as the decaying quark. For a given flavour, n depends upon the momentum and the
background particle, as illustrated in Fig. 7.

6 Measurement of the average time-integrated mixing

The average time-integrated mixing rate x, defined in Section 5, is measured using events with
one lepton candidate per hemisphere, with the selection described in Section 2 applied to both
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Figure 7: Distribution of the probability that a background lepton candidate has the same electric charge
sign as the primary quark, as a function of its momentum, for the five quark flavours. Charged kaons
and pions are represented with black and white dots respectively.

leptons. Background from Z decays to light quarks is further rejected with the cut Nygs < 0.25.
The parameter Y is measured by fitting the expected rate of like-sign dileptons F', to the
numbers of like-sign n!* and opposite-sign n° dilepton events found in the data:

—InL e = —nSIn(F®) — n®In(1 — F*) . (3)

As the statistical significance of the Y measurement depends primarily upon the separation
of the b — ¢ and b — ¢ — £ processes, a cut on Ny is used. The contribution to F' from the
different processes is given in Table 1 for a cut Ny > 0.5.

A correction factor must be applied to b — ¢ — £ decays to take into account differences in
charged and neutral B mesons decays. These arise as neutral B mesons decay more frequently
into a DT, which has a higher semileptonic branching ratio than the D°. The correction factor is
determined from Monte Carlo. Fig. 8(a) and (b) display the results obtained for a set of different
Ny cuts, showing no significant trend. Fig. 8(c) shows the dependence of the correction factor
upon the Ny cut. The minimum total uncertainty is obtained for Ny > 0.5, which leaves 43,002
dilepton events. This gives

X = 0.1196 % 0.0049 (stat.) T0-9033 (syst.).

The breakdown of the systematic uncertainties is shown in Table 2.
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Table 1: Contributions to the like-sign fraction from the different channels, along with their relative
abundances (for events satisfying Nyqs < 0.25 and Ny, > 0.5). Prompt leptons are denoted right and
wrong sign depending on whether they preserve 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 denoted “bkg”. Any pair in which one candidate originates from a charge-
symmetric source is denoted as “symmetric”, irrespective of the parent quark flavour. The probability
B, that a lepton of type “bkg” in b events has the same charge as the primary b quark is given by

Po=(1—=x)m+x(1—m).

Flavour Source Fraction | Like-sign contribution
IS - IS 0.841 2x(1 —x)
IS - WS 0.089 2+ (1—x)?
b WS - WS 0.002 2x(1—x)
rs - bkg 0018 | xP,+(1—x)(1 - F)
ws - bkg 0.001 | x1-PFP)+ (1 —-x)F
bkg - bkg | < 0.001 2P,(1 - P)
IS - I'S 0.009 0
¢ rs - bkg 0.001 1—n
bkg - bkg | < 0.001 2nc(1 —ne)
uds bkg - bkg 0.002 2Muds (1 — Muds)
any symmetric 0.037 0.5

7 Systematic uncertainties

The systematic uncertainties evaluated in the simultaneous b and ¢ asymmetry measurement
are reported in Table 2. The main effects are discussed below.

7.1 Semileptonic branching ratios

The semileptonic branching ratios BR(b — ¢), BR(b — ¢ — ¢) and BR(c — ¢) are important
input parameters for the evaluation of the fractions Fj,rocess- 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:

) = 0.0162 =+ 0.0044 [17],

BR(b — 7 — ) = 0.00419 % 0.00055 [17],
BR(b — ufv) = 0.0171 £0.0053 [18],

BR(b — J/¢ (/) — €6) = 0.00072 = 0.00006 [17].

The branching ratio values are varied within their uncertainties 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 reproduce the spectra given by the ACCMM, ISGW and ISGW** models [16]
tuned to CLEO data [19]. The ACCMM model is used for the result; the shifts observed with the

11



Table 2: Full list of systematic uncertainties. Numbers are given in units of 107°.

‘ Error sources ‘ A(AbR) ‘ A(Afp) ‘ A(x) ‘
BR(b — /) F18 +53 | +92
BR(b —c —{) T4 T28 | T86
BR(c — ¢) +17 F145 | £10
BR(b —c¢—¥) +22 +103 +9
BR(b — 71— /) +5 F23 +6
BR(b — u) +2 +3 +7
Total BR +34 +189 | £127
Electron ID F1 ¥4 +6
Muon ID negl. F11 | negl.
~ conversions +2 +14 F2
Electron bkg +2 +20 F2
Muon bkg (K, 7 — p) negl. negl. | negl.
Muon bkg (misid. K, ) +4 +65 | F29
Muon ID (low p) F1 negl. | F29
IP smearing F6 F53 —
Secondary VTX smearing F13 F4 —
Detector Systematics +15 +88 | +£41
b— ¢ mode A

¢ — £ model i ar | vz

b — D model i o | g

BR(b — D**) +58 +164 | F105
p1 charm negl. F23 +3
b fragmentation negl. F30 | F58
¢ fragmentation +45 F46 | +11
Total modelling o 205 | +3se

Bkg charge correlation +1 F62 | negl.
Adp negl. +26 —
Ady +1 +23 -
Afp negl. +8 —
Total bkg asymmetries +2 +72 | negl.
Ry F2 46 | negl.
Rc +11 F75 +2
Gluon splitting (bb) T2 +1| T36
Gluon splitting (cc) ¥l +14 | F29
b hadron lifetimes +2 F12 +4
b hadron fractions F4 +31 | +48
b multiplicity F10 F5 | negl.
¢ hadron lifetimes F9 +68 F2
¢ hadron fractions +21 F81 +9
K° production in c decays F13 +19 F6
¢ hadron topological rates +10 +95 +4
Total B and D physics +32 +166 | +68
mixing +128 +12 —
b — ¢ — £ mixing correction F34 F112 | F180
Total Mixing +132 +113 | £180
TOTAL +169 | +369 | 1

12
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Figure 8: Stability of the mixing result as a function of the Ny, cut for (a) the data, (b) the simulation.
The error bars represent the statistical errors. The cut Ny, > 0.5 minimizes the total error. Plot (c)
displays the dependence of the correction factor applied to the b — ¢ — ¢ component upon the Ny cut.

ISGW and ISGW** models are taken as systematic uncertainty. For ¢ — ¢ decays the ACCMM
model is used, with the model parameters determined from MARK III [20] and DELCO [21] data.
The lepton energy spectrum for cascade b — ¢ — £ decays is obtained as the convolution of the
b — D spectrum measured by CLEO [22] with the ¢ — ¢ spectrum.

The discriminating quantity Ny 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 fp« = 20 4 10%.

The clustering cut in the jet definition (Section 2) has been tuned so that the lepton
transverse momentum provides an optimal separation between the b — ¢ and b — ¢ — /
decays. In the case of charm semileptonic decays, the jet contains typically many fragmentation
particles, and therefore the p; distribution of ¢ — £ decays in the simulation is affected by the
modelling of that component, as discussed in [1]. This has been studied using D** — D%+
decays followed by D® — K~ ¢tv. The ratio of the spectra measured in data and simulation
provides correction factors, which typically differ from unity by less than 20%. They are used
to reweight simulated events and their statistical errors are used to estimate the systematic
uncertainty.

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

7.3 Lepton identification and misidentification of hadrons

The assignment of the uncertainties related to lepton identification 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 7 decays is estimated to be about 10%. A 20% uncertainty
is assigned to the rate of K and 7 misidentified as muons.

7.4 Background asymmetry

The forward-backward asymmetry in Z — uti, Z — dd and Z — s5 events is taken from
the Standard Model expectation. The study of the background component that retains some
information of the original quark charge follows 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
Ry and Re, of the b hadron and ¢ 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 ¢ hadron topological decay modes
to the values given in [17].

The production rates of ¢ and b quark pairs originating from radiated gluons are taken to
be [17] P(g — cc) = (2.96 £ 0.38)% and P(g — bb) = (0.254 + 0.051)%.

7.6 Mixing

As explained in Section 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 mixing rate. A systematic uncertainty on the asymmetry is assigned by
varying the mixing parameter by its statistical 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 — ¢ — £ 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 distribution of Pr and Ax%. To improve the agreement, a smearing is applied to the
measured track impact parameters and reconstructed secondary vertices in the simulation as
described in [25, 2]. The full change resulting from each smearing procedure is assigned as a
sytematic uncertainty.

7.8 Monte Carlo statistics

In order to evaluate the uncertainty due to the finite statistics of the simulated data sample,
the Monte Carlo events are split into 8 subsamples. The fit to the data is performed using each
subsample to estimate F, x, n (see Section 5). The spread between the results of the 8 fits is
found to be negligible.
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Figure 9: Observed angular distribution in (a) a b-enhanced region, (b) a c-enhanced region. The full
histogram shows the expected raw angular distribution in the simulation reweighted according to the
result of the fit. The dashed histogram shows the angular distribution of (a) the b — ¢ component, (b)
the ¢ — ¢ component.

Table 3: ARy and A§p measurements at each off-peak center-of-mass energy with statistical and
systematic uncertainties.

| V5 (GeV) | AP Afp
88.38 —0.131 £0.135 £+ 0.010 | —0.124 4+ 0.159 £+ 0.020
89.38 0.055 £0.019 + 0.001 | —0.023 4+ 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 4+ 0.011 0.121 £0.110 £+ 0.010

8 The fit results and the extraction of si112(9$,‘f,r

Fig. 9 displays the observed angular distributions at peak energy in b-enhanced and c-enhanced
regions, illustrating the asymmetries in Z — bb and Z — c¢ events. The drop in acceptance at
low angles for the b-enhanced sample (a) is due to the fact that the b quark selection depends
primarily on the lifetime measurements based upon the VDET information. An asymmetry in
the angular distribution of the events in the c-enriched sample is seen, in spite of the large

contribution at low angles of the symmetric background component.
The b and ¢ asymmetries at peak energy are measured to be

APp (Vs =91.21 GeV) =
Ay (Vs =91.21 GeV) =

The statistical correlation between these two measurements 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 displayed in Fig. 10 together with the peak values.
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0.0952 & 0.0041 (stat.) =+ 0.0017 (syst.),
0.0645 £+ 0.0057 (stat.) £ 0.0037 (syst.).
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Figure 10: (a)Abg and (b)Ay measurements as a function of the centre-of-mass energy. The curve is
the Standard Model expectation fitted to the measured values of the asymmetries.

Gluon radiation distorts the quark angular distribution, 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
measurement to these effects depends upon the event selection and the analysis technique, and
an experimental scaling factor st’SD to be applied to the bare correction needs to be evaluated
case by case. Therefore, the measurements are repeated on high statistics Z — bb and Z — c¢
Monte Carlo samples and the results are compared with the same events at generator level,
yielding the values of the experimental scaling factors SSCD =0.91+0.23 and sQ°P = 0.00fgzég.
The correction factors to the observable asymmetry are therefore 1.0269+0.0068 and I.OOOfgzgég,
respectively for the b and ¢ asymmetries.

In order to interpret the results in the framework of the Standard Model, they are
extrapolated to Mz = 91.1874 GeV/c? and the QED and Z-v 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:

A%P = 0.0998 = 0.0040 (stat.) = 0.0017 (syst.),
A% — 0.0732 £ 0.0053 (stat.) = 0.0037 (syst.),
sin?65 = 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.

16



=
(O]
I ><
0.14 - e ALEPH DATA *
o Simulation
0.12 +
[ ]
0.1} © |
° ®
(] © o
0.08 + !
006 | | | | | | | |

1 2 3 4 5 6 7 8 9 10
Nbbln

Figure 11: Distribution of the measured value of the effective mixing in bins of N,. Open circles display
the Monte Carlo expectation.

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 lepton 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.

Table 4: Aby and ASy at peak energy with the electron and muon candidate samples fitted separately.

‘ ‘ electrons muons ‘

A]}%B 0.0956 £+ 0.0060 £ 0.0018 | 0.0944 £ 0.0055 £ 0.0017
Aty | 0.0589 £ 0.0082 4 0.0033 | 0.0694 £ 0.0078 £ 0.0043

9.2 Measurement with a simultaneous fit of the mixing

As discussed in Section 5, the use of the lifetime information introduces a dependence of the
effective time-integrated mixing upon Np. The effective mixing parameter can be measured
simultaneously with the asymmetries in the high purity region Ny, > 0.65, while the prediction
of the simulation after reweighting is still taken for the remaining bins.

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

The simultaneous fit yields, on peak energy data:

APp = 0.0938 & 0.0042 (stat.) = 0.0012 (syst.),
¢s = 0.0644 +0.0057 (stat.) =+ 0.0037 (syst.),
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in good agreement with the results obtained using the prediction of the reweighted Monte
Carlo. For the b asymmetry, 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 Aps(Afg) measurement in a high b(c)-purity sample

The fit to the asymmetries is repeated restricting the analysis to high purity subsamples, in
order to check possible systematic effects related to the modelling of the background in the
low-purity regions. A fit for the b asymmetry is performed in the regions defined by Ny, > 0.9
and Ny > 0.5, respectively, while the ¢ asymmetry is fixed to its measured value:

b-enhanced region ~ §ARg = —0.0009 ,
(b — f)-enhanced region  §ARp = 40.0011 ,

where 6AE~B 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.

A similar check is performed for the ¢ asymmetry by restricting the fit to the region Ny, < 0.5
and Nygs < 0.5, yielding Afp = —0.0044. Satisfactory agreement with the reference analysis is
achieved, as the uncorrelated statistical uncertainty is 0.0036.

9.4 Semileptonic b and ¢ branching ratios and fake rates

The discrimination between the b — ¢ and b — ¢ — £ processes is good enough to allow a
simultaneous measurement of their branching ratios with the heavy flavour asymmetries. If
that resulted in significantly different values of A%B or Afp, it would indicate that systematic
uncertainties related to the primary lepton modelling are not under control. The first column
in Table 5 shows the results of the fit; the A]}%B and A}y 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 asymmetry measurement.

Table 5: Summary of the checks performed with a simultaneous measurement of: 1) the semileptonic
branching ratios BR(b — ¢) and BR(b — ¢ — ¥), 2) the semileptonic branching ratio BR(c — ¢),
3) the rate of charge asymmetric background in b and ¢ events, Rgf(cg, and 4) the rate of nonprompt
and fake leptons in light quark events, ngf. Results in the upper table are expressed in terms of the
absolute variation of ARy (ASy), denoted JARL (5ASg). The lower table displays for checks 1) and 2)
the comparison of the input and fitted values for BR(b — ¢), BR(b — ¢ — ¢) and BR(c — ¢).

Checks 1) 2) 3) 4)
5APL | +0.0006 | +0.0004 | +0.0001 | < 0.0001
0A%y -+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

Similar exercises are performed by fitting simultaneously with the heavy flavour asymmetries
the charm semileptonic branching ratio, the ratio of charge asymmetric background in b
and c events in data and Monte Carlo, denoted REkCg, and the ratio of nonprompt and fake

leptons in Z decays to light quarks in data and Monte Carlo, REEE. These tests are mainly

intended to check for systematic effects related to the estimate of the charge symmetric and
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asymmetric background rates. As in the previous case, the changes in the asymmetry values
are remarkably small and fully contained in the assigned systematic uncertainty. The results
are reported in Table 5. The fake rate ratios are measured to be REkCg = 0.94 £ 0.01 (stat.)

and REEE = 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 estimates.

10 Combination of ALEPH measurements

ALEPH published a measurement of the ¢ asymmetry using 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 decay, 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 sample. The
statistical correlation parameter is measured to be (0.264 £ 0.039). Systematic uncertainties in
both measurements are treated as uncorrelated.

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

A%D = 0.1011 + 0.0026,
A% = 0.0720 + 0.0052.

The x? of the combination is 7.7 for 18 degrees of freedom.
The final ALEPH result on the electroweak mixing angle from heavy flavour asymmetries is

sin?65] = 0.23188 + 0.00046.

11 Conclusion

In a data sample of about 3.9 million hadronic Z decays recorded with the ALEPH detector
at LEP in the years 1991-1995, a simultaneous measurement of the b and ¢ asymmetries and
a measurement of the BC—B? average 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 polar angle of the thrust axis in a space of discriminating variables aimed at
separating lepton candidates according to the flavour and to the physics process from which they
originate. The values of the pole asymmetries obtained by combining the b and ¢ asymmetry
measurements at the seven energy points, and unfolding QED and QCD effects, are

A%P = 0.0998 £ 0.0040 (stat.) & 0.0017 (syst.),
A% — 0.0732 £ 0.0053 (stat.) & 0.0037 (syst.),

in agreement with previous ALEPH and LEP measurements [1, 14, 27]. These measurements are
the most precise among the analyses based upon the lepton tagging technique.

The main systematic uncertainty affecting the b asymmetry measurement is due to B—B°
mixing while the ¢ 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, obtaining

X = 0.1196 £ 0.0049 (stat.) T9-0033 (syst.).
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The combination of all the ALEPH heavy flavour asymmetry measurements yields
sin?0¢ = 0.23188 + 0.00046.

This determination of the electroweak mixing angle is consistent with the values derived from
the ALEPH measurements of the 7 polarization [28] and lepton asymmetries [6].
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