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Abstract

The time-integrated B0�B0 mixing parameter and the forward-backward charge
asymmetry in the process e+e� ! b�b are measured in hadronic Z events containing
prompt muons or electrons, collected by the L3 experiment in the years 1990 to 1995.

The total sample of 3.3 million hadronic Z events with a mean centre-of-mass energy
of 91.26 GeV yields:

Ab
FB = 0:0960� 0:0066(stat:)� 0:0033(sys:) ;

�b = 0:1192� 0:0068(stat:)� 0:0051(sys:) :

This asymmetry measurement together with measurements at energies away from

the Z pole energy yield a pole asymmetry and corresponding e�ective electroweak

mixing angle of:

A
0;b
FB = 0:1015� 0:0064(stat:)� 0:0035(sys:) ;

sin2 ��W = 0:2318� 0:0013 :

Submitted to Phys. Lett. B



Introduction

In the process e+e� ! Z ! b�b , the distribution of the quark production angle �b relative to

the electron beam direction can be parametrised by:

d�

d cos �b
/ 3

8
(1 + cos2 �b) + Ab

FB cos �b:

Within the Standard Model [1] for lowest order Z exchange, at
p
s = mZ, the forward-backward

pole asymmetry A
0;b
FB is related to the vector vf and axial-vector af couplings of fermions to the

Z boson by:

A
0;b
FB =

3

4

2veae

v2e + a2e

2vbab

v2b + a2b
: (1)

Higher order corrections are accounted for by replacing the couplings vf ,af with modi�ed e�ec-

tive couplings �vf ,�af [2] which are related by:

�vf

�af
= 1� 4jqf jsin2 ��W; (2)

where qf is the fermion charge and ��W is the e�ective electroweak mixing angle.

The high sensitivity of the down type quark asymmetries to sin2 ��W and the relative ease
of selecting pure Z! b�b samples make Ab

FB measurements excellent tests of Standard Model

predictions.
Due to mixing in the B0 �B0 system where a B0

d or B0
s oscillates into its anti-particle the

observed asymmetry is diluted by a factor 1=(1�2�b), where �b is the mixing parameter. In the

Standard Model the oscillation proceeds by a weak 
avour-changing box diagram, dominated by
virtual top-quark exchange. The rate of mixing depends on the Cabibbo-Kobayashi-Maskawa

matrix elements, Vtd and Vts, the top-quark mass and the B meson decay constant.
Electrons and muons from the semileptonic decays of b-quarks are used to select events

coming from Z! b�b. The large mass and hard fragmentation of the b-quark results in prompt

leptons from b-quark decays having high momentum p and transverse momentum pt with

respect to the quark direction; the pt re
ects the momentum distribution in the centre-of-mass
frame of the heavy hadron. Thus, a high p, pt lepton within a jet provides both b-
avour

enhancement and charge information, from the correlation of the lepton charge, q, with the

quark charge. The quark direction estimator is obtained from the event thrust axis. Prompt

leptons constitute roughly 1% of all charged particles produced in hadronic events. Thus, both
e�ective background rejection and lepton selection are required.

Events containing two high p, pt leptons in di�erent jets allow the rate of mixing to be

determined. As both oscillations from B0
d and B0

s mesons contribute to the observed mixing,

�b = fd�d + fs�s, where fd and fs are the production fractions of B0
d and B0

s mesons.

In this paper, measurements of Ab
FB and �b with the L3 detector [3], using events collected

at centre-of-mass energies,
p
s, close to the Z pole energy during the data taking periods

of 1993-1995, are presented. The data sample consists of 2.3 million hadronic events with

mean energy 91.24 GeV. Measurements using data collected during 1993-1995 at centre-of-mass

energies signi�cantly below and above the pole energy are also presented. These measurements
are combined with previous L3 results [4] using data from the 1990-1992 running periods,

corresponding to 1.04 million hadronic events. The combined result is used to extract a value

for the e�ective weak mixing angle sin2 ��W . Other LEP measurements of these quantities are

reported in References [5{8].
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Event selection

A detailed description of the L3 detector is provided by Reference [3]. The trigger requirements

and the selection criteria for hadronic events containing electrons or muons have been described

previously [9,10]. Muons are identi�ed and measured in the muon chamber system. We require

that a muon track consists of track segments in at least two of the three layers of muon chambers,

and that the muon track points back to the interaction region. Electrons are identi�ed using

the electromagnetic and hadronic calorimeters, as well as the central tracking chamber. Only

electrons in the barrel region j cos �j < 0:69 are considered for this analysis. Requiring less

than 3 GeV to be deposited in a cone of half angle 7� behind the electromagnetic cluster

rejects hadrons which ful�l the electron shower shape and energy criteria in the electromagnetic

calorimeter. Photons are rejected by requiring a track in the central tracking chamber to be

matched with the electromagnetic cluster. The track curvature in the central tracking chamber

determines the charge of the electron. The electron selection, in particular the shower shape

criteria, implies an isolation requirement on identi�ed electrons. This results in a lower e�ciency

for electrons than for muons.

The momentum of muon candidates is required to be greater than 4 GeV, while the electron

candidates are required to have momentum greater than 3 GeV. Requirements on the transverse

momentum pt > 1 GeV of the leptons are used to further enhance the b�b purity. The transverse
momentum is de�ned with respect to the nearest jet, where the measured momentum of the

lepton is excluded from the jet. If there is no jet with an energy greater than 6 GeV in the
same hemisphere as the lepton, the pt is calculated relative to the thrust axis of the event. In
events containing more than one lepton candidate, only the highest pt lepton is used in the

asymmetry analysis.
For the mixing determination, two leptons are required with a separation angle of more

than 60� to provide tagging information from two b-hadrons originating from di�erent jets. The

transverse momenta of the leptons are required to be greater than 0.5 GeV. In events containing
more than two leptons the two with the highest transverse momentum are considered.

After hadron selection and detector quality requirements the total number of hadronic events
selected is 2.3 million, at a mean centre-of-mass energy of 91.24 GeV. Of these, the number with

prompt lepton candidates selected is 79417, comprising 55597 with muon candidates and 23820

with electron candidates. The number of dilepton events selected, after all cuts is 4452, com-
prising 2046 muon-muon candidates, 1874 muon-electron candidates and 532 electron-electron

candidates.

Event simulation

The JETSET 7.4 Monte Carlo program [11] is used to generate event samples, simulating

the fragmentation and decay of hadronic events. The events are passed through the full L3
detector simulation [12], which includes the e�ects of experimental resolution, energy loss,

multiple scattering, interactions and decays in the detector materials.

Relevant electroweak parameters, fragmentation parameters, semileptonic decay models,

and branching ratios are set to their current best values and the uncertainties on these pa-

rameters are used to determine the systematic uncertainties on the results. The parameter
values and variations follow the recommendations developed in Reference [13] and updated in

Reference [14]; and are summarised below together with the resulting systematic uncertainties

on Ab
FB and �b .
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The distributions of the scaled energy (xE = 2Ehadron=
p
s) of weakly decaying heavy hadrons

are modelled using the Peterson fragmentation function [15]. The shape determining Peterson

parameters �b,�c for b and c hadrons are adjusted to attain the recommended mean scaled

energies hxE(b)i and hxE(c)i . The lepton momentum spectra implemented in JETSET are

re-weighted using several models, adjusting the spectra for both the `central point' at which the

measurement is made as well as the `upper' and `lower' points used to determine the systematic

uncertainties. The sign convention used is for the harder and softer spectra to be modelled

by the upper and lower points, respectively. For b ! ` decays the ACCMM model [16] with

Fermi momentum pf = 298 MeV and produced c-quark mass 1673 MeV is used as the central

point, and the ISGW model [17] with 11% D�� and 32% D�� (ISGW��) are used as upper and

lower points of the systematic variation. For c ! ` decays the ACCMM model is used as a

convenient functional form, with parameters for the central point and variations chosen from

�ts to DELCO [18] and MARK III [19] data. For the b ! c ! ` decay chain, the b ! D

spectrum measured by CLEO [20] is combined with the c ! ` spectrum corrected by the

procedure described above.

Monte Carlo events with single leptons, or the highest pt lepton in multi-lepton events, are

classi�ed into six categories: b! `, b! c! `, b! � ! `, b! �c! `, c! ` and background.

Where the class b! �c! ` represents the cascade b!W ! �c! `. The background includes

leptons from � and K decays, Dalitz decays, photon conversions and misidenti�ed hadrons.
Examples of the causes of misidentifying hadrons as leptons are � � 
 overlaps for electrons
and punchthrough for muons. The Monte Carlo estimate of the sample composition is shown

in Table 1 together with the asymmetry contribution of each source.
Simulated events with two leptons separated by more than 60� are classi�ed into eight

categories, listed in Table 2 together with the estimated sample composition.

Asymmetry Determination

The observed asymmetry is extracted by applying an unbinned maximum-likelihood �t to the

p and pt distributions, assuming no B0 �B0 mixing. The likelihood function has the form:

L =
NdataY

i=1

6X

k=1

fk(i) � [3
8
(1 + cos2 �i) + Ak cos �i]:

For each data lepton i the fractions in each category k, fk(i), are determined from the number

and type of Monte Carlo leptons found within a rectangular box centered on the data lepton in

the p-pt plane. The box dimensions are increased until a minimum of 30 Monte Carlo leptons

are included in the box. The six categories are listed in Table 1 together with their associated

asymmetries Ak. The estimate of the b-quark direction cos �i is obtained from the observable

�q cos �T, where the thrust direction �T is oriented into the hemisphere containing the lepton,
of charge q. Figures 1 and 2 show the p, pt and �q cos �T distributions for the selected electrons

and muons together with the predicted Monte Carlo fractions of the various sources.

Extraction of the Mixing Parameter

A maximum-likelihood �t, described in detail in Reference [10], is used to extract the mixing

parameter. The probability functions for the two leptons to come from various sources are

assumed to factorize, allowing the functions to be determined independently from single lepton
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Monte Carlo events by counting the number and type of Monte Carlo leptons found in (pl; pt)

boxes, where pl is the lepton momentum along the jet axis.

A global probability function, with terms representing each of the di�erent sign combinations

of the two leptons, is constructed from the single lepton probability functions and several

parameters, namely �, which is the fraction of b�b events in the dilepton sample, �, the fraction

of (u,d,s,c) with opposite charges in the dilepton sample, B, the fraction of b! ` events in the

total b decay sample and C(p1; p2) which takes into account possible correlations between the

lepton momenta.

Parameters �, � and B are evaluated from the Monte Carlo sample and are �xed in the �t

(� = 0.813, � = 0.070, B = 0.705). The contribution of these parameters to the systematic

uncertainties are evaluated by a 2 % variation around the �xed values, corresponding to the

estimated error on the value. As Monte Carlo studies have shown that the correlation parameter

C is compatible with zero, it is �xed at zero in the �t.

Figure 3 shows the stability of �b as a function of the minimum transverse momentum of

the two leptons. Results from the maximum-likelihood �t are compared with results from a

simple counting method [10], used as a cross-check.

Results

The Ab
FB results from the 1993-1995 data sample at the Z peak, with an average centre-of-mass

energy of 91.24 GeV, and the �b results from all energy points are:

Ab
FB = 0:0977� 0:0080(stat:)� 0:0033(sys:)

�b = 0:1172� 0:0083(stat:)� 0:0051(sys:)

The observed asymmetry is corrected for the e�ects of mixing using the reported �b value
and the Ab

FB uncertainties take account of correlations between the systematics of the mixing

and observed asymmetry determinations.
Details of the systematic uncertainties are provided in Table 3, including dependencies on

other electroweak parameters; the parameter values and variations are listed. The electroweak

parameters varied include the ratios of the b and c quark partial widths of the Z to its total
hadronic partial width, Rb and Rc , as well as the forward-backward asymmetry of c quarks,

Ac
FB ; the values and variations used correspond to the world average results reported in Ref-

erence [21]. Separate �ts for muons and electrons are performed, yielding consistent results.

Estimates of the charge confusion for muons and electrons are made and corrections are applied.

The error on the charge confusion estimate is included as a contribution to the systematic error.

E�ects of reconstruction uncertainties in the simulation of the lepton momentum and in the
jet direction determination are estimated by smearing the lepton momentum by 2% and the

angle between the lepton and the nearest jet by 1�. Monte Carlo studies show the background

asymmetry to be consistent with zero, we vary this by �0:01 as an estimate of the uncertainty

on this quantity.

The results for Ab
FB , from the peak data alone, and �b are combined with the 1990-1992

results [4] to yield:

Ab
FB = 0:0960� 0:0066(stat:)� 0:0033(sys:)

�b = 0:1192� 0:0068(stat:)� 0:0051(sys:)
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from the total sample of 3.3 million hadronic Z decays. The data is divided into energies below,

on and above the Z resonance due to the centre-of-mass energy dependence of Ab
FB , as illus-

trated in Table 4 and Figure 4. The results after applying QCD corrections, to remove the dilut-

ing e�ects of QCD, are compared with the Standard Model predictions of ZFITTER [22] with

QCD e�ects removed. The Standard Model parameters used correspond to sin2 ��W = 0:2315.

In performing the combination it was necessary to re-evaluate some systematic uncertainties

from the 1990-92 analysis to account for signi�cant non-linear behaviour of the uncertainties

as a function of the input parameters, particularly for Br(b! `).

Determination of sin2 ��W

In order to convert the three measured asymmetries Ab
FB to a pole asymmetry A

0;b
FB or

equivalently sin2 ��W , corrections to account for the centre-of-mass energy dependence are

applied to the o�-peak points, allowing a combination with the peak point. Further small

corrections are applied to account for QED and QCD e�ects as well as e�ects from the centre-

of-mass energy dependence, as described in Reference [13]. The event selection bias sb and

QCD correction factor Cb, de�ned by:

Ab
FB = (1� sb � �

had;T
QCD;ref)A

0;b
FB = (1� Cb)A

0;b
FB ;

are obtained from Monte Carlo and generator level studies to be sb = 0:72 � 0:12(stat:) and
Cb = (2:07� 0:36(stat:) � 0:24(th:))% , where the reference value �had;TQCD;ref is determined to be

(2:87� 0:35)% using the results of analytic calculations at parton level corrected by generator
studies of the e�ects of hadronisation. Full details of the determination of the QCD correction

applied to this analysis are provided in Reference [23].
Equations 1 and 2 are used to relate the pole asymmetry A0;b

FB to sin2 ��W , yielding results
from the full 1990-1995 data sample:

A
0;b
FB = 0:1015� 0:0064(stat:)� 0:0035(sys:) ;

sin2 ��W = 0:2318� 0:0013 :

The results are compatible with previous L3 and LEP measurements, and are consistent with
Standard Model expectations.
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Category (k) � e Ak

b! `� 62.7 74.7 Ab

b! c! `+ 7.5 5.8 �Ab

b! � ! `� 0.9 1.1 Ab

b! �c! `� 1.1 0.6 Ab

c! `+ 10.0 6.1 �Ac

background 17.8 11.7 Abkg

Table 1: Monte Carlo estimates of the composition (%) of the single lepton data

sample and the corresponding asymmetry contributions.

Category �� ee �e ``

b! `, b! ` 66.0 75.6 72.6 70.3

b! `, b! c! ` 17.4 13.6 13.9 15.3

b! `, b! background 7.2 4.8 7.9 7.2

b! c! `, b! background 1.3 0.4 4.4 0.8

b! c! `, b! c! ` 0.7 0.7 0.3 0.5
b! background, b! background 0.1 0.4 0.2 0.2
c! `, c! ` 2.4 0.4 0.7 1.3

others 4.8 4.1 3.9 4.3

Table 2: Monte Carlo composition (%) estimates for the dilepton sample. `Others'

refers to misidenti�ed hadrons or leptons from light hadron decays. The b ! `

fraction includes b! � ! ` and b! �c! ` decays.
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Figure 1: The pt and p distributions for muons and electrons, with Monte Carlo
expectations of contributions from various sources.
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Figure 2: The �q cos �T distributions for muons and electrons, with Monte Carlo

expectations of contributions from various sources.
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Contribution Value & Variation ��b �Aobs
FB �Ab

FB

� 102 � 102 � 102

Rb 0.2170 � 0.0009 +0:000 �0:008 �0:010
Rc 0.1734 � 0.0048 +0:001 +0:032 +0:042

AFB
c 0.0741 � 0.0048 +0:000 +0:051 +0:067

Electroweak Parameters 0.001 0.061 0.079

hxE(b)i 0.7020 � 0.0080 +0:000 +0:004 +0:005

hxE(c)i 0.4840 � 0.0080 +0:000 +0:017 +0:023

Br(b! `) 0.1050 � 0.0050 +0:262 �0:122 �0:092
Br(b! c! `+) 0.0800 � 0.0050 �0:291 +0:049 �0:010
Br(b! �c! `�) 0.0162 � 0.0040 +0:063 �0:017 �0:006
Br(b! � ! `) 0.0045 � 0.0008 +0:000 �0:008 �0:010
Br(c! `) 0.0980 � 0.0050 +0:003 +0:055 +0:073

Br(b! J= ! ``) 0.0007 � 0.0002 +0:000 +0:023 +0:030

Fragmentation and Branching Ratios 0.397 0.147 0.124

b! ` model �0:030 �0:046 �0:067
c! ` model �0:186 +0:116 +0:104
b! D model �0:153 +0:022 �0:010
Decay Models 0.243 0.127 0.125

background fraction 1.0000 � 0.1000 �0:001 +0:049 +0:063
background asymmetry 0.0000 � 0.0100 +0:000 �0:166 �0:217
Background e�ects 0.001 0.173 0.226

charge confusion correction �0:097 +0:013 �0:008
lepton-jet angle smearing 1� +0:138 +0:108 +0:145

lepton momentum smearing 2% +0:011 +0:017 +0:023
Detector e�ects 0.169 0.110 0.147

�,�,B � 2 % +0:132 +0:000 +0:034
Mixing speci�c uncertainties 0.132 0.000 0.034

Total Systematic 0.512 0.289 0.334

Table 3: Systematic uncertainties on �b , Aobs
FB and Ab

FB for muons and electrons

collected during the 1993-95 peak running periods, hpsi = 91:24 GeV.

p
s (GeV) Ab

FB

89.50 0:0611� 0:0293� 0:0043
91.26 0:0980� 0:0067� 0:0034

93.10 0:1371� 0:0240� 0:0044

Table 4: Ab
FB for di�erent centre-of-mass energies after applying QCD corrections.

These results are from the full LEP1 data, with statistical and systematic uncer-
tainties provided.
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