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Abstract

The time-integrated B°B® mixing parameter and the forward-backward charge asymmetry in the process e* e~ — bb 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 milion hadronic Z events with a mean centre-of-mass energy of 91.26 GeV yields:
A%y =0.0960 + 0.0066(stat.) + 0.0033(sys.), x, = 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 effective
electroweak mixing angle of: A% =0.1015 + 0.0064(stat.) + 0.0035(sys.), sin?fy, = 0.2318 + 0.0013. © 1999 Published

by Elsevier Science B.V. All rights reserved.

! Also supported by CONICET and Universidad Nacional de
La Plata, CC 67, 1900 La Plata, Argentina.

% Also supported by Panjab University, Chandigarh-160014,
India.

3 Supported by Deutscher Akademischer Austauschdienst.

* Also supported by the Hungarian OTKA fund under contract
numbers T22238 and T026178.

> Supported by the German Bundesministerium fir Bildung,
Wissenschaft, Forschung und Technologie.

6 Supported by the National Natural Science Foundation of
China.

7 Supported by the Hungarian OTKA fund under contract num-
bers T019181, F023259 and T024011.

8 Supported also by the Comision Interministerial de Ciencia y
Tecnologia.

1. Introduction

In the process ete™— Z — bb, the distribution of
the quark production angle 6, relative to the elec-
tron beam direction can be parametrised by:

do

3 2 b
—— a (1 +cos0, )+ Arpcos6, .
dcosf, 8( b) B b

Within the Standard Model [1] for lowest order Z
exchange, at Vs =m,, the forward-backward pole
asymmetry A% is related to the vector v, and
axial-vector a, couplings of fermions to the Z boson
by:

AO,b_i 2v.a, 2v,a, (1
By Ue2+a§ Uﬁ+a§'
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Higher order corrections are accounted for by replac-
ing the couplings v;, a, with modified effective
couplings v, a, [2] which are related by:

1%} _
— =1 —4|q,kin%,, (2)
ag

where ¢; is the fermion charge and 6y, is the
effective electroweak mixing angle.

The high sensitivity of the down type quark asym-
metries to s_inzaW and the relative ease of selecting
pure Z — bb samples make A%, measurements ex-
cellent tests of Standard Model predictions.

Due to mixing in the B’B® system where a B} or
B? oscillates into its anti-particle the observed asym-
metry is diluted by a factor 1/(1 —2 x,), where yx,
is the mixing parameter. In the Standard Model the
oscillation proceeds by a weak flavour-changing box
diagram, dominated by virtual top-quark exchange.
The rate of mixing depends on the Cabibbo-
Kobayashi-Maskawa matrix elements, V; and V,
the top-quark mass and the B meson decay constant.

Electrons and muons from the semileptonic de-
cays of b-quarks are used to select events coming
from Z — bb. 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 p, with respect to the quark direction;
the p, reflects the momentum distribution in the
centre-of-mass frame of the heavy hadron. Thus, a
high p, p, lepton within a jet provides both b-flavour
enhancement and charge information, from the corre-
lation of the lepton charge, ¢, 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 effective background rejection
and lepton selection are required.

Events containing two high p, p, leptons in
different jets allow the rate of mixing to be deter-
mined. As both oscillations from B and B mesons
contribute to the observed mixing, x, =/fi X4 T/ X
where f; and f, are the production fractions of B
and BY mesons.

In this paper, measurements of 4%, and y, with
the L3 detector [3], using events collected at centre-
of-mass energies, Vs, 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. Mea-
surements using data collected during 1993—1995 at
centre-of-mass energies significantly 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
effective weak mixing angle sinzéw. Other LEP
measurements of these quantities are reported in
Refs. [5-8].

2. Event selection

A detailed description of the L3 detector is pro-
vided by Ref. [3]. The trigger requirements and the
selection criteria for hadronic events containing elec-
trons or muons have been described previously [9,10].
Muons are identified and measured in the muon
chamber system. We require that a muon track con-
sists 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
identified using the electromagnetic and hadronic
calorimeters, as well as the central tracking chamber.
Only electrons in the barrel region |cos 0] < 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 fulfil the electron shower shape and energy
criteria in the electromagnetic calorimeter. Photons
are rejected by requiring a track in the central track-
ing 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-
fied electrons. This results in a lower efficiency 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 p,> 1
GeV of the leptons are used to further enhance the
bb purity. The transverse momentum is defined with
respect to the nearest jet, where the measured mo-
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mentum 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 p, is calcu-
lated relative to the thrust axis of the event. In events
containing more than one lepton candidate, only the
highest p, 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 different jets. The transverse mo-
menta 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 re-
quirements the total number of hadronic events se-
lected is 2.3 million, at a mean centre-of-mass en-
ergy of 91.24 GeV. Of these, the number with
prompt lepton candidates selected is 79417, compris-
ing 55597 with muon candidates and 23820 with
electron candidates. The number of dilepton events
selected, after all cuts is 4452, comprising 2046
muon—muon candidates, 1874 muon—electron candi-
dates and 532 electron—electron candidates.

3. Event simulation

The JETSET 7.4 Monte Carlo program [11] is
used to generate event samples, simulating the frag-
mentation and decay of hadronic events. The events
are passed through the full L3 detector simulation
[12], which includes the effects of experimental reso-
lution, energy loss, multiple scattering, interactions
and decays in the detector materials.

Relevant electroweak parameters, fragmentation
parameters, semileptonic decay models, and branch-
ing ratios are set to their current best values and the
uncertainties on these parameters are used to deter-
mine the systematic uncertainties on the results. The
parameter values and variations follow the recom-
mendations developed in Ref. [13] and updated in
Ref. [14]; and are summarised below together with
the resulting systematic uncertainties on A%;and y,.

The distributions of the scaled energy (x; =
2F, dron/ Vs) of weakly decaying heavy hadrons are
modelled using the Peterson fragmentation function

[15]. The shape determining Peterson parameters €,,
€. for b and ¢ hadrons are adjusted to attain the
recommended mean scaled energies {xy(b)) and
{xg(c)). 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 momen-
tum p;= 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 ¢ =/ decays the ACCMM model is
used as a convenient functional form, with parame-
ters for the central point and variations chosen from
fits to DELCO [18] and MARK 11I [19] data. For the
b — ¢ =/ decay chain, the b - D spectrum mea-
sured by CLEO [20] is combined with the ¢ =/
spectrum corrected by the procedure described above.

Monte Carlo events with single leptons, or the
highest p, lepton in multi-lepton events, are classi-
fied into six categories: b =/, b—>c—>/,b—> 17—
/, b>c—=/, ¢c >/ and background. Where the
class b = ¢ =/ represents the cascade b > W —¢C
—/. The background includes leptons from 7 and
K decays, Dalitz decays, photon conversions and
misidentified hadrons. Examples of the causes of
misidentifying hadrons as leptons are 7 — 7y overlaps
for electrons and punchthrough for muons. The
Monte Carlo estimate of the sample composition is
shown in Table 1 together with the asymmetry con-
tribution of each source.

Table 1
Monte Carlo estimates of the composition (%) of the single lepton
data sample and the corresponding asymmetry contributions

Category (k) m e Ay
b—/" 62.7 74.7 A,
boc—>/" 7.5 58  — 4,
b—>71—/" 0.9 1.1 A,
b—>t—/" 1.1 0.6 Ay
co /" 10.0 6.1 — 4,
background 17.8 11.7 Apyq
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Table 2

Monte Carlo composition (%) estimates for the dilepton sample.
‘Others’ refers to misidentified hadrons or leptons from light
hadron decays. The b— / fraction includes b—7— / and
b— ¢ — / decays

Category mu ee pue /7
b=/, b7/ 66.0 75.6 726 703
b->/,bo>c—/ 174 13.6 139 153
b— /,b— background 72 48 79 72
b—c¢— /,b— background 1.3 04 44 08
bo>c—>/,b>c—>/ 07 07 03 05
b — background, b — background 0.1 04 02 02
c>/l,c=/ 24 04 07 13
others 48 41 39 43

Simulated events with two leptons separated by
more than 60° are classified into eight categories,
listed in Table 2 together with the estimated sample
composition.

:
ln4000- 1 L3
9
o L 1 o data
;3000 [] background
§2000 g ICJ::ICL—W
E Ub-u
I
51000
£
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z % 3 4
p, (GeV)
®
0
< 1000! L3
é o data
2 750r [] background
5 % coe
2 b
<50y B oo
<
° 250
O
E
:

4. Asymmetry determination

The observed asymmetry is extracted by applying
an event by event unbinned maximum-likelihood fit
to the p and p, distributions, assuming no B°B’
mixing. The likelihood function has the form:

N, data 6

Z=T1 X fi(i) - [3(1 +cos®,) + 4, cosb,].

i=1p=1

For each data lepton i the fractions in each category
k, f,(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—p, 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 A4,, which parameterise the

>
Lo_).) @;L L3
J3000¢ *
0 o data
§ % background
I C—oU
52000 B bocop
0 0 b-u
)
<1000
E
] &
00 5 10 15 20 25 30
p (GeV)
>2000f
8 L3
215000 o data
g é] background
Q c—e
'% 1000¢ B bocoe
= [J] boe
8 500}
£
j=] *e
Z G I I 1 A ) Y 4
0 5 10 15 20 25 30

p (GeV)

Fig. 1. The p, and p distributions for muons and electrons, with Monte Carlo expectations of contributions from various sources.
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Fig. 2. The — g cos @ distributions for muons and electrons, with
Monte Carlo expectations of contributions from various sources.

angular distributions for each of the classes. The
asymmetries A, enter the likelihood function in the
bracketed weighting factor; only A4, is left free in the
fit. The estimate of the b-quark direction cos6, is
obtained from the observable —q cos6,, where the
thrust direction 6, is oriented into the hemisphere
containing the lepton, of charge ¢. Figs. 1 and 2
show the p, p, and —gcosé distributions for the
selected electrons and muons together with the pre-
dicted Monte Carlo fractions of the various sources.
While the p, p, distributions for the various classes
are the principal Monte Carlo inputs to the asymme-
try fit, it is also important that no asymmetry in
—g cosf; is introduced by detector effects. No such
detector introduced asymmetry has been observed
and tolerable agreement is seen in all the distribu-
tions.

5. Extraction of the mixing parameter

A maximume-likelihood fit, described in detail in
Ref. [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 indepen-
dently from single lepton Monte Carlo events by
counting the number and type of Monte Carlo lep-
tons found in (p,,p,) boxes, where p, is the lepton
momentum along the jet axis.

A global probability function, with terms repre-
senting each of the different sign combinations of the
two leptons, is constructed from the single lepton
probability functions and several parameters, namely
a, which is the fraction of bb events in the dilepton
sample, B, 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(p,,p,) which takes into account possible correla-
tions between the lepton momenta.

Parameters «, B and B are evaluated from the
Monte Carlo sample and are fixed in the fit (o =
0.813, B8 = 0.070, B = 0.705). The contribution of
these parameters to the systematic uncertainties are
evaluated by a 2% variation around the fixed values,
corresponding to the estimated error on the value. As
Monte Carlo studies have shown that the correlation

UW + ee + ue samples

L3

| @ Likelihood
0.2 * Counting

% 1
Minimum p, (GeV)

Fig. 3. Mixing parameter values as a function of the minimum
transverse momentum for the factorized fit method (dots) and a
simple counting method (stars). The dots are displaced horizon-
tally for improved visibility.
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Table 3

Systematic uncertainties on x,, 4% and A4%; for muons and
electrons collected during the 1993-95 peak running periods,
(\/s_ > =91.24 GeV. The uncertainty totals are obtained from their
components by addition in quadrature

Contribution Value & variation Ay, AAY Add,
X102 x10* %102

R, 0.2170 + 0.0009 +0.000 —0.008 —0.010
R, 0.1734 4+ 0.0048 +0.001 +0.032 +0.042
AFB 0.0741 + 0.0048 +0.000 +0.051 +0.067
Electroweak parameters 0.001  0.061 0.079

{xpb)) 0.7020 + 0.0080 +0.000 +0.004 +0.005
(xgle) 0.4840 + 0.0080 +0.000 +0.017 +0.023
Br(b— /) 0.1050 + 0.0050 +0.262 —0.122 —0.092
Brb—>c— /%) 0.0800 + 0.0050 —0.291 +0.049 —0.010
Brb—>c— /") 0.0162 + 0.0040 +0.063 —0.017 —0.006
Br(b—>7—-/) 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
¢ — / 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 1.0000 + 0.1000 —0.001 +0.049 +0.063
fraction

Background 0.0000 + 0.0100 +0.000 —0.166 —0.217
asymmetry

Background effects 0.001 0.173  0.226

Charge confusion —0.097 +0.013 —0.008

correction

Lepton-jet angle 1° +0.138 +0.108 +0.145
smearing

Lepton momentum 2% +0.011 +0.017 +0.023
smearing

Detector effects 0.169 0.110 0.147
a,B,B +2% +0.132 +0.000 +0.034
Mixing specific uncertainties 0.132  0.000 0.034
Total systematic 0.512 0.289 0.334

parameter C is compatible with zero, it is fixed at
zero in the fit.

Fig. 3 shows the stability of x, as a function of
the minimum transverse momentum of the two lep-
tons. Results from the maximum-likelihood fit are
compared with results from a simple counting method
[10], used as a cross-check.

6. Results

The A% results from the 1993—1995 data sample
at the Z peak, with an average centre-of-mass energy
of 91.24 GeV, and the y, results from all energy
points are:

A%y =0.0977 + 0.0080( stat.) £+ 0.0033(sys.)
Xy =0.1172 £ 0.0083( stat.) + 0.0051( sys.)

The observed asymmetry is corrected for the effects
of mixing using the reported y, value and the A%,
uncertainties take account of correlations between
the systematics of the mixing and observed asymme-
try determinations.

Details of the systematic uncertainties are pro-
vided 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 ¢ quark partial
widths of the Z to its total hadronic partial width, R,
and R, as well as the forward-backward asymmetry
of ¢ quarks, Afg; the values and variations used
correspond to the world average results reported in
Ref. [21]. Separate fits for muons and electrons are
performed, yielding the statistically consistent results
0.103 + 0.009 and 0.088 + 0.014 respectively. Esti-
mates of the charge confusion for muons and elec-
trons are made and corrections are applied. The error
on the charge confusion estimate is included as a
contribution to the systematic error.

Effects of reconstruction uncertainties in the simu-
lation of the lepton momentum and in the jet direc-
tion 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.

Table 4

A% for different centre-of-mass energies after applying QCD
corrections. These results are from the full LEP1 data, with
statistical and systematic uncertainties provided

Vs (GeV) Aoy

89.50 0.0611+0.0293 £+ 0.0043
91.26 0.0980+0.0067 £+ 0.0034
93.10 0.1371 +£0.0240 £+ 0.0044
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Fig. 4. The energy dependence of A%, after QCD correction, is
compared with the Standard Model predictions of ZFITTER with
QCD effects removed, corresponding to sin?fy, = 0.2315.

The results for A%, from the peak data alone,
and y, are combined with the 1990—1992 results [4]
to yield:

Abg = 0.0960 + 0.0066( stat.) + 0.0033( sys.)
Xb = 0.1192 + 0.0068( stat.) + 0.0051( sys.)

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 4%, as illustrated in Table 4
and Fig. 4. The results after applying QCD correc-
tions, to remove the diluting effects of QCD, are
compared with the Standard Model predictions of
ZFITTER [22] with QCD effects removed. The Stan-
dard Model parameters used correspond to sin’0y, =
0.2315. In performing the combination it was neces-
sary to re-evaluate some systematic uncertainties
from the 1990—-92 analysis to account for significant
non-linear behaviour of the uncertainties as a func-
tion of the input parameters, particularly for Br(b —

7).

7. Determination of sin.,

In order to convert the three measured asymme-

tries A%, to a pole asymmetry A%} or equivalently

sin’fy,, corrections to account for the centre-of-mass

energy dependence are applied to the off-peak points,
allowing a combination with the peak point. Further
small corrections are applied to account for QED and
QCD effects as well as effects from the centre-of-
mass energy dependence, as described in Ref. [13].
The event selection bias s, and QCD correction
factor C,, defined by:

Ay = (1 =5, X 80T e ) A5 = (1 = C,) Aig »

are obtained from Monte Carlo and generator level
studies to be s, = 0.72 £ 0.12(stat.) and C, = (2.07
+ 0.36(stat.) + 0.24(th.))%, where the reference
value 8585 is determined to be (2.87 £0.35)%
using the results of analytic calculations at parton
level corrected by generator studies of the effects of
hadronisation. Full details of the determination of the
QCD correction applied to this analysis are provided
in Ref. [23].

Egs. (1) and (2) are used to relate the pole
asymmetry 4% to sin’f,, yielding results from the
full 1990—1995 data sample:

A% =0.1015 + 0.0064( stat.) + 0.0035( sys.),
sin’fy, = 0.2318 4+ 0.0013..

The results are compatible with previous L3 and
LEP measurements, and are consistent with Standard
Model expectations.

Acknowledgements

We wish to express our gratitude to the CERN
accelerator divisions for the excellent performance of
the LEP machine. We acknowledge the contributions
of all the engineers and technicians who have partici-
pated in the construction and maintenance of this
experiment.

References

[1] S.L. Glashow, Nucl. Phys. 22 (1961) 579; S. Weinberg,
Phys. Rev. Lett. 19 (1967) 1264; A. Salam, Elementary
Particle Theory, N. Svartholm (Ed.), Stockholm, Almquist
and Wiksell, 1968, p. 367.

[2] M. Consoli, W. Hollik, in: Z Physics at LEP 1, CERN
Report CERN 89-08, vol. 1, 7; M. Béhm, W. Hollik, in: Z
Physics at LEP 1, CERN Report CERN 89-08, vol. 1, p. 203.



162 M. Acciarri et al. / Physics Letters B 448 (1999) 152—162

[3] L3 Collaboration, B. Adeva et al., Nucl. Instr. and Meth. A
289 (1990) 35; M. Acciarri et al., Nucl. Instr. and Meth. A
351 (1994) 300; I.C. Brock et al., Nucl. Instr. and Meth. A
381 (1996) 236; A. Adam et al., Nucl. Instr. and Meth. A
383 (1996) 342.

[4] L3 Collaboration, M. Acciarri et al., Phys. Lett. B 335 (1994)
542.

[5] L3 Collaboration, M. Acciarri et al., Measurement of the
effective weak mixing angle by jet—charge asymmetry in
hadronic decays of the Z boson, submitted to Phys. Lett. B.

[6] ALEPH Collaboration, D. Buskulic et al., Phys. Lett. B 384
(1996) 414.

[7] DELPHI Collaboration, P. Abreu et al., Z. Phys. C 65 (1995)
569; Phys. Lett. B 332 (1994) 488.

[8] OPAL Collaboration, R. Akers et al., Z. Phys. C 67 (1995)
365.

[9] L3 Collaboration, B. Adeva et al., Phys. Lett. B 252 (1990)
703.

[10] L3 Collaboration, B. Adeva et al., Phys. Lett. B 288 (1992)
395.

[11] T. Sjostrand, Comp. Phys. Comm. 39 (1986) 347; T.
Sjostrand, M. Bengtsson, Comp. Phys. Comm. 43 (1987)
367.

[12] The L3 detector simulation is based on GEANT Version
3.15, R. Brun et al., GEANT 3, CERN DD/EE/84-1 (Re-

vised), September 1987. The GHEISHA program (H. Fese-
feldt, RWTH Aachen Report PITHA 85,02 (1985)) is used
to simulate hadronic interactions.

[13] ALEPH, DELPHI, L3 and OPAL Collaborations, Nucl. Instr.
and Meth. A 378 (1996) 101.

[14] ALEPH, DELPHI, L3, OPAL and SLD Collaborations, Input
Parameters for the LEP/SLD Electroweak Heavy Flavour
Results for Summer 1998 Conferences, in preparation.

[15] C. Peterson et al., Phys. Rev. D 27 (1983) 105.

[16] G. Altarelli et al., Nucl. Phys. B 208 (1982) 365.

[17] N. Isgur et al., Phys. Rev. D 39 (1989) 799.

[18] DELCO Collaboration, W. Bacino et al., Phys. Rev. Lett. 43
(1979) 1073.

[19] MARK III Collaboration, R.M. Baltrusaitis et al., Phys. Rev.
Lett. 54 (1985) 1976.

[20] CLEO Collaboration, D. Bortoletto et al., Phys. Rev. D 45
(1992) 21.

[21] The Particle Data Group, C. Caso et al., Eur. Phys. J. C 3
(1998) 1.

[22] D. Bardin et al., Phys. Lett. B 255 (1991) 290.

[23] D. Abbaneo et al., Eur. Phys. J. C 4 (1998) 185; S.C. Blyth,
L3 Internal note 2181 (1997). [L3 Internal Notes are freely
available upon request from The L3 Secretariat, CERN,
CH-1211 Geneva 23, Switzerland. Internet: http://
13www.cern.ch.]



