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Abstract

We have measured the time integrated B0-�B0 mixing parameter and the forward-
backward asymmetry in the process e+e� ! b�b using hadronic events containing
muons or electrons. The data sample corresponds to 1,044,000 hadronic decays of

the Z. From a �t to the momentum and transverse momentum distributions for
single lepton and dilepton events, we have determined the B0-�B0 mixing parameter
to be

�
B
= 0:123 � 0:012 (stat.)� 0:008 (sys.);

and the b�b forward-backward asymmetry at the e�ective center-of-mass energyp
s = 91:30 GeV to be

Ab�b = 0:087 � 0:011 (stat.)� 0:004 (sys.):

This measurement corresponds to a value of the e�ective electroweak mixing

angle of
sin2�W = 0:2335 � 0:0021:

(Submitted to Physics Letters B)



Introduction

The forward-backward asymmetry of quark pairs, Aq�q, produced in the process e
+e� ! Z! q�q

is sensitive to the electroweak mixing angle, sin2�W, which is one of the fundamental parameters

of the Standard Model [1]. Within the framework of the improved Born approximation [2, 3],

the asymmetry on the Z peak is given by

A0
q�q =

3

4

2veae

v2e + a2e

2vqaq

v2q + a2q
; (1)

where vi is the vector and ai the axial-vector coupling constant of the electron or quark. The

angular distribution of the quark production is

d�

d cos �
/ 3

8
(1 + cos2 �) +Aq�q cos �; (2)

where � is the polar angle of the quark with respect to the electron beam direction.

The mixing parameter, �
B
, measures the rate at which a B0

d or B
0
s meson oscillates into its

antiparticle. In the Standard Model this transformation proceeds via a weak avour-changing
box diagram, dominated by virtual top quark exchange. The rate of mixing depends on the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, Vtd and Vts, and the top quark mass.
The mixing parameter �

B
varies in the range 0.0 to 0.5.

Due to mixing in the B0-�B0 system, the b quark asymmetry, Ab�b, is related to the observed
asymmetry, Aobs

b�b , by
Ab�b = Aobs

b�b =(1 � 2�
B
): (3)

In this letter we present updated measurements of �
B
and Ab�b. We use electrons and muons

from the semileptonic decay of b quarks to select events coming from Z! b�b. Because of the
hard fragmentation and large mass of the b quark, leptons from b-quark decay have large

momentum, p, and large transverse momentum, pt, with respect to the quark direction. As the
charge of the lepton is correlated with the charge of the quark, we can use events containing these
leptons to measure Ab�b and �

B
. We use the thrust axis of the event to estimate the direction

of the quark, and we tag its charge with the lepton charge. Similar analyses have previously
been reported [4{8]. Our data sample consists of 1,044,000 hadronic events corresponding to an
integrated luminosity of 38:9 pb�1 collected between 1990 and 1992 on or near the Z resonance

using the L3 detector at LEP. The center-of-mass energies were distributed over the range

88:2 � ps � 94.2 GeV. Most of the data (91%) was taken at the Z peak, i.e. 91.30 GeV.

The L3 Detector

The L3 detector consists of a central tracking chamber, a high resolution electromagnetic
calorimeter composed of BGO crystals, a ring of scintillation counters, a uranium and brass

hadron calorimeter with proportional wire chamber readout, and an accurate muon chamber

system. These detectors are installed in a 12 m diameter magnet which provides a uniform
�eld of 0.5 T along the beam direction.

The central tracking chamber is a time expansion chamber which consists of two cylindrical
layers of 12 and 24 sectors, with a total of 62 wires measuring the R-� coordinate. The single

wire resolution ranges from 35 �m to 100 �m depending on the drift distance. The transverse

momentum resolution is on average �(pt)

pt
= 0:018pt where pt is in GeV. The �ne segmentation
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of the electromagnetic and hadronic calorimeters allows us to measure the direction of jets with

an angular resolution of 2:1� [9], and to measure the total energy of hadronic events from Z

decay with a resolution of 10%. The muon detector consists of 3 layers of precise drift chambers

which measure 56 points on the muon trajectory in the bending plane and 8 points in the non-

bending direction. A detailed description of each detector subsystem and its performance is

given in Reference 10.

Event Selection

The trigger requirements and the selection criteria for hadronic events containing electrons or

muons have been described previously [11,12]. 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 intersection

region. Electrons are identi�ed using the electromagnetic and hadron calorimeters, as well as

the central tracking chamber. We require an energy cluster that is consistent with the shape of

an electromagnetic shower and which matches in azimuthal angle and momentum with a track

in the central tracking chamber. For this analysis, we have only considered electrons in the
barrel region (j cos �j < 0:69). We reject hadrons misidenti�ed as electrons by requiring that
there be less than 3 GeV deposited in the hadron calorimeter in a cone of half angle 7� behind

the electromagnetic cluster. The charge of the electron is determined from the track curvature.
The shower shape and hadron calorimeter criteria select electrons that are isolated from nearby
particles, resulting in a lower e�ciency for electrons than for muons.

The momentum of muon candidates is required to be at least 4 GeV, while the electrons
are required to have at least 3 GeV. In addition, to increase the b�b purity, the transverse

momentum of the lepton is required to be at least 1 GeV. The transverse momentum is de�ned
with respect to the nearest jet [9], where the measured energy of the lepton is excluded from
the jet. The event is rejected if there is no jet with an energy greater than 6 GeV remaining in
the same hemisphere as the lepton.

Table 1 shows the number of single lepton and dilepton events obtained after all cuts. The

single lepton sample is used to determine the asymmetry, while the dilepton sample with the

leptons in opposite hemispheres is used to measure the mixing parameter.

Total Events with � 2 Leptons
Type Events Opposite Hemisphere Same Hemisphere

Same sign Opposite Sign Same sign Opposite Sign

� + hadrons 24027

e + hadrons 10696
�� + hadrons 857 210 427 22 198

ee + hadrons 216 46 114 2 54
�e + hadrons 766 193 402 25 146

Table 1: Number of inclusive lepton and dilepton events.
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Monte Carlo Models

We use the JETSET 7.3 Monte Carlo program [13] to simulate both the fragmentation and

the decay for hadronic events. The events are passed through the full L3 detector simula-

tion [14], which includes the e�ects of experimental resolution, energy loss, multiple scattering,

interactions and decays in the detector materials as well as time-dependent detector e�ects.

We use the Peterson fragmentation function [15] as a function of xE = 2Ehadron=
p
s with

the parameters �b = 0:05 and �c = 0:50 to describe the fragmentation of b and c quarks. We

also use the L3 measurement, averaged with those from PEP and PETRA, of Br(b! `�X) =

0:117 � 0:006 [16] and take Br(c! `�X) = 0:096 � 0:006 from measurements at PETRA and

PEP [17]. We use this value of Br(c ! `�X) for both the prompt c ! ` decay as well as for

the cascade b! c! ` decay. To account for the uncertainty in the mixture of c-hadrons, and

for the di�erence with low energy experiments, this branching is varied by 2 � to compute the

systematic error.

The lepton momentum spectra in JETSET from semileptonic decays of b and c hadrons

do not completely agree with the data. We therefore reweight such events using the lepton

momentum in the rest frame of the b or c hadron. We follow the procedure suggested by the

LEP Electroweak Working Group on Heavy Flavours [18]. The lepton spectrum has to be
corrected for 3 categories of events, b! `, c! ` and b! c! `.

For the b ! ` spectrum we use 3 di�erent models as suggested by the CLEO Collabora-
tion [19]:

� The ACCMM model [20] with two parameters: the Fermi momentum pf = 298 MeV and

the mass of the produced quark mc = 1673 MeV.

� The ISGW model [21] with the original model prediction of 11% D�� production.

� A modi�ed version of the ISGW model (ISGW��) with 32% D�� production as measured
by the CLEO Collaboration [19] .

For completeness, we show the results for all three models, although we take the ACCMM
model for our central values, and use the ISGW and ISGW�� models to estimate the systematic

error due to the b decay models.

For the c ! ` spectrum we use the data from DELCO [22] and MARK III [23], which
we �t to the spectrum of the ACCMM model, including the e�ects of detector resolution and

radiative corrections. The main uncertainty in this spectrum comes from the experimental

measurements. We have investigated the best way to parameterize the dependence of the
measured asymmetry and mixing on this uncertainty and found that varying pf by �1� is a
good estimate [18].

For the b! c! ` decays we correct the c hadron momentum spectrum using the measured

CLEO spectra for inclusive D0 and D+ coming from B decays [24] and correct the lepton

momentum spectrum from the c hadron decays using the procedure above. The uncertainty
introduced in the lepton spectrum due to the c hadron spectrum is small. Ds mesons are
produced from Bs as well as from Bu and B0

d mesons. In order to take into account possible

di�erences in the Ds momentum spectra from these di�erent mesons, we have investigated the

e�ect on the result of not reweighting the spectrum and reweighting it according to the CLEO
D0 and D+ spectrum from B mesons. Leptons from baryons are assumed to have the same

spectra as those from the corresponding mesons, which should be the case if the leptons come

from W decay via the spectator mechanism.
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Monte Carlo events with single leptons are classi�ed into six categories: b! `, b! c! `,

b ! � ! `, b ! c�cs where �c! `, c ! `, and background. Included in the background

are leptons from � and K decays, Dalitz decays, photon conversions and misidenti�ed hadrons

caused by, for example, � �  overlap for electrons and punchthrough for muons.

We determine that the e�ciency for observing a prompt b ! ` decay is 34% for muons

and 20% for electrons. The e�ciency varies by about 1% for the muons and 0.5% for electrons

depending on the decay model used. The sample purities are shown in Table 2 for single lepton

events and in Table 3 for dilepton events.

Category � e

b! ` 65.2% 79.3%

b! c! ` 7.8% 5.4%

b! � ! ` 1.9% 1.9%

b! �c! ` 0.7% 0.3%

c! ` 9.2% 4.0%

background 15.2% 9.1%

Table 2: Monte Carlo estimates of the fraction of each process in the single lepton
data sample.

Category �� ee �e

b! `, b! ` 70.2% 81.2% 77.0%

b! c! `, b! c! ` 1.0% 0.2% 0.6%
b! `, b! c! ` 16.3% 8.2% 14.1%

b! `, b! background 5.2% 5.1% 3.6%
b! c! `, b! background 1.2% 1.3% 0.3%
b! background, b! background 0.1% 0.0% 0.0%

c! `, c! ` 2.1% 0.0% 1.1%

background, background 3.9% 4.0% 3.3%

Table 3: Monte Carlo estimates of the sample purities for dilepton events. The

b! ` fraction includes also b! �c! ` and b! � ! `.

Fitting Method

An unbinned maximum likelihood �t is performed using the p and pt of each lepton to determine
�
B
and Ab�b. This �t is described in detail in References 4 and 11. For each event its probability

to arise from each source is computed using the number of Monte Carlo events in a box in p

and pt space. For the mixing, this box is four dimensional, using the p and pt of the two
leptons, whereas for the asymmetry it is two dimensional. Shown in Figure 1 are the p and

pt distributions for the selected electrons and muons along with the predicted Monte Carlo

fractions from the various sources.
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Determination of the Mixing Parameter

The signature for B0-�B0 mixing is hadronic events with two prompt leptons with the same

charge on opposite sides of the event. The angle between the two leptons is required to be

larger than 60� to ensure that they are from di�erent b-hadron decays. In the case where there

are more than two leptons in an event, the two with the highest transverse momentum are

considered. The number of dilepton events in the sample is given in Table 1.

Using the ACCMM model to describe the lepton spectra, the result of the �t is

�
B
= 0:123 � 0:012 (stat.)� 0:008 (sys.): (4)

Figure 2 shows the rate of same charge dilepton events over all dileptons as a function of the pt
of the least energetic lepton. Since the leptons are in opposite hemisphere, the plot shows the

increase of the mixing e�ect when the pt increases, i.e. when the sample is enriched in prompt

b! ` events.

The values for the mixing parameter using the ISGW and ISGW�� models are �
B
= 0:124�

0:012 (stat.) and �
B
= 0:123 � 0:012 (stat.) respectively. A consistent result of 0.122 � 0.012

(stat.) is obtained by using the factorized �t method described in Reference 12, where the p
and pt spectra for each lepton are assumed to be independent.

Table 4 lists the contributions to the systematic error in the �
B
measurement. The �rst cate-

gory is the uncertainty on the measurement of the partial decay widths, semileptonic branching

ratios, fragmentation parameters and asymmetry. The most important contribution comes from
the uncertainty in the c ! ` branching ratio, which represents the largest background to the
prompt lepton signal. The second category is the uncertainty on the modelling of the decays
as explained above. The b! ` decay model systematic error is the largest di�erence between
the mixing parameter measured using the ACCMM model and the two other models (ISGW

in this case). Misidenti�ed leptons that come from b-quark decays have a correlation with the
parent quark charge. This charge correlation of the b-quark background is determined from
the Monte Carlo to be 65%.

Determination of the Forward-Backward Asymmetry

In the semileptonic decay of a b quark the charge of the detected lepton is directly correlated
with the charge of the quark. We use the thrust axis to estimate the direction of the original

quark. The thrust axis is oriented towards the hemisphere containing the negatively charged

lepton (or opposite the positively charged lepton). With this convention, the thrust axis points

in the direction of the b quark.

The result of the �t for Ab�b using both inclusive muons and electrons is

Aobs
b�b = 0:066 � 0:008; (5)

where the error is statistical only. For this result, the lepton spectra are described using the
ACCMM model. The values using the ISGW and ISGW�� models are 0.066 � 0.008 (stat.)

and 0.066 � 0.008 (stat.) respectively. Separate �ts for Ab�b using the muon and electron data

yield Aobs
b�b = 0:072 � 0:010 for muons, and 0:057 � 0:012 for electrons. Figure 3 shows the

angular distribution of the oriented thrust axis for electrons and muons. A �t to the combined
distribution for electrons and muons gives a result of 0.064 � 0.009, in good agreement with

the unbinned maximum likelihood �t.
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Contribution Variation ��
B

�Aobs
b�b

�Ab�b

�102 �102 �102
�b�b=�had = 0.216 �0:005 �0:002 �0:029 �0:038
�c�c=�had = 0.169 �0:005 �0:002 �0:020 �0:027
Br(b! `�X) = 0.117 �0:006 �0:264 �0:081 �0:046
Br(c! `�X) = 0.096 �0:012 �0:511 �0:155 �0:088
�b = 0.050 �0:010 �0:075 �0:028 �0:019
�c = 0.50 �0:20 �0:006 �0:019 �0:024
Ac�c = 0.06 �0:015 �0:104 �0:138
Number of c quarks per b quark de-
cay = 1.15

�0:10 �0:086 �0:030 �0:020

Monte Carlo Decay models

b decay models �0:030 �0:070 �0:100
c decay model (pf = 0.467 GeV) �0:114 �0:186 �0:070 �0:049
B !D X spectrum �0:127 �0:022 �0:000
B!Ds weighting �0:085 �0:018 �0:043
Charge correlation of the b quark
background: 0.65

�0:15 �0:178 �0:019 �0:016

Background fraction �10% �0:059 �0:039 �0:038
Aback = 0:00 �0:015 �0:150 �0:199
Detector related uncertainties

Charge confusion correction �0:0015 �0:150 �0:020 �0:008
Smearing of the lepton momentum �15% �0:300 �0:030 �0:108
Smearing of the angle between the

lepton and the jet

1� �0:142 �0:100 �0:165

Monte Carlo statistics �0:313 �0:150 �0:212
Combined �0:82 �0:34 �0:42

Table 4: Systematic errors on the �
B
, Aobs

b�b and Ab�b measurements.
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Table 4 lists the contributions to the systematic error in the Aobs
b�b

measurement. The error

due to the b-decay models is the di�erence between the central value and the value computed

using the ISGW�� model.

Correcting Aobs
b�b

using our measured value of �
B
given above, we obtain

Ab�b = 0:087 � 0:011 (stat.)� 0:004 (sys.):

In determining the systematic error for Ab�b, we have taken advantage of the fact that for

many of the sources of systematic error, there is a partial cancellation in the ratio Aobs
b�b
=(1�2�

B
).

For example, a higher b ! c ! ` branching ratio would decrease Aobs
b�b
, but increase �

B
. The

last column in Table 4 gives the systematic error on Ab�b taking this e�ect into account.

Determination of sin2�W

The Born level approximation for the asymmetry given in the introduction is only valid at the

Z mass. In addition, one must apply QED initial and �nal state radiative corrections, as well

as QCD corrections due to gluon bremsstrahlung.

The calculations of Djouadi et al. [25] are used to determine the QCD correction which
amounts to a 3.1% relative change. We use the ZFITTER program [26] to calculate the QED
corrections and the shift due to the di�erence between the center-of-mass energy and the Z
mass, which is an absolute change in Ab�b of +0.0021. The resulting Born level asymmetry is

A0
b�b = 0:092 � 0:012:

Within the Standard Model, the e�ective electroweak mixing angle can be extracted from A0
b�b

and corresponds to
sin2�W = 0:2335 � 0:0021;

which is in excellent agreement with our measurement [27] of sin2�W = 0:2312 � 0:0022 from
the leptonic and hadronic decays of the Z.

Conclusions

We have analyzed Z ! b�b decays using inclusive lepton events selected from a sample of

1,044,000 hadronic events. From a �t to the p and pt distributions for single lepton and

dilepton events, we have determined the average B0-�B0 mixing parameter that corresponds to
the composition of B0

s and B0
d states produced in Z decays to be

�
B
= 0:123 � 0:012 (stat.)� 0:008 (sys.):

Combining this measurement with the B0
d mixing value measured by the CLEO Collaboration

[28] �d = 0:157+0:037
�0:032, and assuming the fractions of B0

d and B0
s at LEP to be fd = 0:375 � 0:05

and fs = 0:15 � 0:05 [2], we extract a value for the B0
s mixing parameter of �s = 0:43+0:26

�0:17,

compatible with the large mixing required for the unitarity of the CKM matrix.
The b�b forward-backward asymmetry at the e�ective center-of-mass energy

p
s = 91:30 GeV

is measured to be:

Ab�b = 0:087 � 0:011 (stat.)� 0:004 (sys.):

Using this value of Ab�b, we have determined sin2�W to be

sin2�W = 0:2335 � 0:0021:
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Figure 1: The p and pt distributions for electrons and for muons. The contributions

of the various sources are indicated. All leptons above 6 GeV pt have been grouped

into the last bin for the plot only.
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Figure 2: Ratio of same charge dileptons over all dileptons as a function of the
transverse momentum of the less energetic lepton. The leptons are in opposite

hemispheres. The curves are the Monte-Carlo expectations with no mixing (dotted

line) and with the measured mixing (full line).
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Figure 3: The measured angular distribution of the thrust axis for events containing
a high pt lepton (> 1 GeV) signed with the charge of the lepton for electrons and

for muons. The distribution is corrected for acceptance and the background is

subtracted. The measured asymmetry is from the �t to the combined electron and
muon samples.
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