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We have measured the forward-backward asymmetry in Z°-»bb decays using hadronic events containing muons and electrons. 
The data sample corresponds to 118 200 hadronic events at ^fs'xMz* From a fit to the single and dilepton p and p± spectra, we 
determine /ib6 =0.130i 8:042 including the correction for B°-B° mixing.

1. Introduction

The forward-backward asymmetry of bb pairs, 
Ab5, produced in Z° decays is sensitive to the electro- 
weak mixing angle sin20w which is one of the funda
mental parameters of the standard model [ 1-3 ]. We 
use leptons from the semileptonic decay of one (or 
both) of the b quarks to select events coming from 
Z°~>bb. Because of the hard fragmentation and large 
mass of the b quark, these leptons have large momen
tum p and large transverse momentum p ± with re
spect to the quark direction. Therefore, we are able 
to separate bb events from events originating from 
the lighter quarks. As the charge of the lepton is cor
related with the charge of the quark, we can use these

1 Supported by the German Bundesministerium fur Forschung
und Technologie.

inclusive leptons to measure Abb. We use the thrust 
axis of the event to give the direction of the b or b 
quark, and tag its charge with the lepton charge. We 
perform a maximum likelihood fit to the single and 
dilepton p and p ± spectra to determine the observed 
forward-backward asymmetry A ^ \  taking into ac
count backgrounds coming from charm decays, cas
cade decays b->c->i2, and other background pro
cesses. Due to mixing in the B°-B° system, the 
observed asymmetry is smaller than the actual 
asymmetry Ahb by a factor (1 — 2^B), where Zb is the 
probability that a hadron containing a b quark has 
oscillated into a hadron containing a b quark at the 
time of its decay. We have reported a measurement 
of Zb in a previous paper [4 ]. Similar techniques have 
been used to measure r b§ and Abg with lower statis
tics [5,6].

The data sample corresponds to 5.5 pb _ 1 collected
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during a scan of the Z° resonance using the L3 detec
tor at LEP. The center-of-mass energies are distrib
uted over the range 88.2 < 94.2 GeV.

2* The L3 detector

The L3 detector covers 99% of 4n. The detector 
consists of a central tracking chamber, a high resolu
tion 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 di
ameter magnet which provides a uniform field 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 62 wires measuring the R-<p 
coordinate. The single wire resolution is 58 (im av
eraged over the entire cell. The double-track resolu
tion is 640 |im. The fine segmentation of the BGO 
detector and the hadron calorimeter allow us to mea
sure the direction of jets with an angular resolution 
of 2.5°. and to measure the total energy of hadronic 
events from Z° decay with a resolution of 10.2%. The 
muon detector consists of 3 layers of precise drift 
chambers, which measure a muon’s trajectory 56 
times in the bending plane, and 8 times in the non
bending direction.

For the present analysis, we use the data collected 
in the following ranges of polar angles:

-  for the central chamber, 41 ° < 0 < 139 ° ,
-  for the hadron calorimeter, 5° <#<175°,
-  for the muon chambers, 35.8° <d<  144.2°,
' f o r  the electromagnetic calorimeter, 42.4°<

6< 137.6°.
A detailed description of each detector subsystem, and 
its performance, is given in ref. [7],

3. Selection of bb events

Events of the type Z°-*bb are identified by the ob
servation of a hadronic event containing a lepton 
coming from the semileptonic decay of the b or b 
quark. These inclusive lepton events are triggered by 
several independent triggers. The primary trigger re
quires a total energy of 15 GeV in the BGO and had

ron calorimeters. A second trigger for inclusive muon 
events requires one of sixteen barrel scintillation 
counters in coincidence with a track in the muon 
chambers. These triggers, combined with an inde
pendent charged track trigger and a barrel scintilla
tion counter trigger, give a trigger efficiency greater 
than 99.9% for hadronic events containing one or 
more leptons.

In this analysis we first select hadronic events us
ing the following criteria:

(1) £ Cai>38 GeV,
(2) Relative longitudinal energy imbalance: 1 ^1 / 

£ vis<0.4,
(3) Relative transverse energy imbalance: E _L/

where £ cai is the total energy observed in the calorim
eters, Eyis in the sum of the calorimetric energy and 
the energy of the muon as measured in the muon 
chambers, and E^ and are the energy imbalances 
parallel and transverse to the beam direction.

The number of jets is found using a two step algo
rithm which groups the energy deposited in the BGO 
crystals and in the hadron calorimeter towers into 
clusters, before collecting the clusters into jets [8 ]. 
We require that there be at least one jet which has 
more than 10 GeV in the calorimeters.

The clustering algorithm normally reconstructs one 
cluster in the BGO for each electron or photon 
shower, and a few clusters for x’s. We reject 
events by requiring at least 10 clusters in the BGO, 
each with energy greater than 100 MeV.

A total of 118 200 hadronic events collected during 
the scan of the Z° in the 1989 and 1990 running pe
riods are used for the inclusive muon analysis. For 
the inclusive electron analysis only the data from 1990 
is used, which corresponds to 104 400 hadronic 
events.

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 lay
ers of muon chambers, and that the muon track points 
to the interaction region. To be used in this analysis, 
the momentum of the muon must be larger than 4 
GeV. Charge confusion is negligible for muon candi
dates in this sample ( 1%).

Electrons are identified using the BGO and hadron 
calorimeters and the tracking chamber. We require a 
cluster in the BGO whose lateral shower shape is con-
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sistent with an electromagnetic shower. The energy 
in the hadron calorimeter behind this cluster should 
be small. In addition, the centroid of the cluster must 
be matched to a track in the chamber. The identifi
cation of electrons is described in more detail in ref. 
[4]. To be used in this analysis, the energy of the 
electron must be larger than 3 GeV. Charge confu
sion is less than 1% in this sample. Table 1 shows the 
number of single and dilepton events obtained after 
all cuts.

To determine the acceptance for inclusive lepton 
events, we use the Lund parton shower program 
JETSET 7.2 [9] with ALL= 290 MeV and string frag
mentation. For b and c quarks we use the Peterson 
fragmentation function [10]. For b quarks, the frag
mentation function is adjusted to match our inclu
sive muon data [ 5 ]. The generated events are passed 
through the L3 detector simulation#1, which in
cludes the effects of energy loss, multiple scattering, 
interactions and decays in the detector materials and 
beam pipe. We use the average of the semileptonic 
branching ratios measured by previous experi
ments #2. Br(b-*ji + X) = (1 1,8± 1.1)% and Br(c-* 
(i + X) = (8.0±1.0)%. These branching ratios are 
also used for b->eX and c->eX. We determine that 
the efficiency for observing a prompt b -+£ decay is 
39.4% for muons and 17.4% for electrons. The lower 
efficiency for electrons is due to the identification 
criteria, which require the electron to be isolated.

Fig. 1 shows the momentum spectrum for inclu
sive muons and the energy spectrum for inclusive 
electrons passing the selection cuts given above. Fig. 
2 shows the measured transverse momentum, p ±, of 
each lepton with respect to the nearest jet. In defining

»1

#2

The L3 detector simulation is based on GEANT Version 3.13 
(September 1989) [11 ]. Hadronic interactions are simulated 
using the GHEISHA program [12].
The semileptonic branching ratios are taken from PEP and 
PETRA data, see ref. [13].

Table 1
Number of inclusive lepton events.

Type Events Momentum cut

\i+hadrons 5351 p^> 4 GeV
e+hadrons 1130 /?e> 3 GeV
PH + hadrons 229 p^> 4 GeV
ce + hadrons 21 pe> 3 GeV
p.e + hadrons 111 Pn > 4 GeV, p,. > 3 GeV

2000

1000 -

+ — IG<D>
o
<urO
£

0

200

Muon momentum

•  Data

□  MC: u,d,s,c,b 

MC: c |n 

NIC* b —̂ c —̂fffi///<
I I MC: b —> |*l

< ■ t 1_I
Electron energy

S
100 -

Data

MC: u,d,s,c,b 

MC: c —» e

MC: b c -> e

□  MC: b

0
4

(GeV)

Fig. 1, The measured muon momentum (a) and electron energy 
(b) distributions for inclusive lepton events compared to the 
Monte Carlo simulation. No p± cut has been applied. The con
tributions of the various processes are indicated. The data at high 
momentum are dominated by b->£ decays.

the axis of the nearest jet, the measured energy of the 
lepton is first excluded from the jet. If there is no jet 
with an energy greater than 6 GeV remaining in the 
same hemisphere as the lepton, then p L is calculated 
relative to the thrust axis of the event. As can be seen 
from the Monte Carlo distributions also shown in 
these figures, the fraction of prompt b->£ events in
creases at higher p and p ±.

Monte Carlo events with leptons are classified into 
six categories: prompt b->£} the cascades b->c->j2, 
b-+T and b-»c + c+s where c-»2, prompt c-*fi, and 
background. Included in the background are leptons 
from n and K decays, including Dalitz decays, and 
mis-identified hadrons caused by, for example, 7i-y 
overlap for electrons and punch-through for muons. 
Table 2 shows the results of Monte Carlo studies giv
ing the fraction of each source of leptons and back
ground for data samples with no cut on p ± and also 
with a cut at 1.5 GeV.
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Fig. 2. The measured distributions of the transverse momentum 
p ± of the muon (a) and electron (b) with respect to the nearest 
jet. Cuts ofpM> 4 GeV for the muons, and pe> 3 GeV for the elec
trons have been applied. The contributions of the various pro
cesses are indicated. The data at large p ± are dominated by b-»fi 
decays.

Table 2
Monte Carlo estimates of thè fractions (in %) of each type of 
lepton in thè data sample.

Category
p> 4 GeV

e
p>  3 GeV

ƒ?_!_> 1.5 P x >0 P i>  1-5

( 1) b - £ 38.1 77.9 66.8 84.3
(2 ) b->c->G 12.0 4.7 6.5 2.5
(3)b->T-+£ 2.1 1.5 2.1 1.7
(4) b->c —>£ 1.9 0.6 0.3 0.1
(5) c->£ 17.5 4.7 3.9 1.2
( 6 ) background 28.4 10.6 20.4 10.2

Rather than using only the data with a high p ± cut 
to determine ^ bB, we use a maximum likelihood fit
ting procedure which gives events with high p and p ± 
larger weights than events with low p or p ±. This al

lows us to use the full statistics, while increasing the 
sensitivity to prompt events.

4. Determination o f^bs

(

In a semileptonic decay of a b quark, the charge of 
the detected lepton is directly correlated with the 
charge of the b (or b) quark. Using the thrust axis to 
define the direction of the original quarks and the sign 
of the lepton charge to distinguish b (-*£” ) and b 

+ we are able to measure the forward-back- 
ward asymmetry/ib6 for the process e +e~-~>bb. In or
der to measure this asymmetry, we perform an un
binned maximum likelihood fit to the p versus p ± 
distributions for both single lepton and dilepton 
events in the data, where we assume no B°-B° mix
ing, We then correct A ££bs for the effect of mixing.

For single lepton events, the likelihood function is 
determined from the number and type of the Monte 
Carlo generated leptons found within a rectangular 
box centered on each data lepton in the p-p± plane. 
We allow the size of the box to increase until a mini
mum number of Monte Carlo leptons are included 
inside the box. We require a minimum of 40 leptons 
in the box. The likelihood function (L) for single 
lepton events has the form

Addata
L = nXX ¡7-777  L  Nk( i )Wk( i ) ,

i=  I * b o x  ( O  k=  1
( l )

where

w k( i ) = t t i + A kf m ) (2 )

The index k indicates the category of the lepton 
source type, Nk(i) is the number of simulated Monte 
Carlo leptons of this category found in the box with 
data lepton /, and Kbox(0  is the area of the box. The 
parameter Ak is the asymmetry associated with each 
source of leptons. The function /(0 ,)  is the angular 
dependence of the asymmetry,

8 cos 0/
(3)

where 0/ is the polar angle of the thrust axis of the 
data event with respect to the e" beam direction. The 
thrust axis is chosen to point along the b quark direc
tion, as indicated by the lepton charge. Since 0/ is 
taken from the data, the fit does not rely upon the
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Monte Carlo description of the cos 6  distribution or 
the bb asymmetry in the Monte Carlo.

The asymmetries, Aki for the different lepton 
sources are

Ai
—  ^bb ?

for b->£,

for b->c-+fi,

A 3
=  /^bb’ for b-*x->£,

A4
=  b̂b> forb~+c-»£,

As — Aci, for c->£,

^6 —  -̂ hack 1
for background .

For dilepton events, the fitting procedure is simi
lar, except that we fit in four dimensional {pu p x l , 
Ph P12) space. The weighting functions are as in ref
[4], modified to include the angular dependence of 
the asymmetry. We use the average asymmetry of the 
two leptons, since they are usually from the same pri
mary source.

5. Results

The result of the fit, which assumes no mixing, is 

A l f  =  0.084±0.025 .

In this fit, the forward-backward asymmetry for pri
mary charm quarks is fixed as a fraction of the b quark 
asymmetry, ^ c5=0.7^bB, and the asymmetry of the 
background is assumed to be zero. The statistical er
ror of 0.025 includes 0.005 added in quadrature to 
account for fluctuations in the asymmetry of these 
background processes. Separate fits to the electron 
and muon data yield = 0.104 ±0.029 for muons, 
and 0.028 ± 0.044 for electrons.

Our value of is determined using our entire 
data sample. In our energy range, the asymmetry is 
expected to increase as a function of center-of-mass 
energy. By considering the effects of initial state ra
diative corrections [14], we compute that the 
weighted average center-of-mass energy correspond
ing to our data sample is 91.22 GeV. Table 3 shows 
the values of the asymmetry for the data below, on, 
and above the Z° peak.

As a consistency check, Fig. 3 shows the accep
tance corrected angular distribution of the measured

Table 3
for different center-of-mass energies.

Mean energy (GeV)

89.57 0.1J 2 ± 0.057
91.22 0.06110.028
92.97 0.069 ±0.047

-Q  COS0 ll\rusi

Fig. 3. The acceptance corrected distribution of the measured b 
quark direction, cos 0b, for the electron and muon data. The thrust 
axis defines the direction of the quark, and the sign of the lepton 
charge is used to tag the b or b quark. The curve shows the ex
pected distribution for /igbs =0.084. Note that this distribution 
was not used in the fit.

b quark direction, for the electron and muon data with 
p ± > 1.5 GeV. With this cut the sample is approxi
mately 80% pure b-+£ (see table 2). The remaining 
background from cascade b->c-*£, charm and the 
lighter quarks has been subtracted. The curve shows 
the expected distribution for y4£gs= 0.084. We note 
that this acceptance corrected distribution is not used 
in the fit.

The observed asymmetry must be corrected for the 
effects of mixing, Ah§= A°^ /  { \ - 2 xb)< Using our 
measured value of Xb [ 4 ], Xb — 0.178io;o4o > we obtain
a __n 1 ™+0-044^bb — u-1 JlJ-0.042 •

Table 4 lists the contributions to the systematic er
ror in this measurement. We have estimated the error
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Table 4
Systematic errors in the/ibb measurement.

Contribution Error

changing the b ->2 and c~>£ branching
ratios by their associated errors 0.006

varying the background fraction by ± 15% 0,006
varying AcC between 0.0 and 0.12 0.006
varying the b fragmentation parameter

eb by ± 50% 0.007
smearing the lepton transverse momentum

by A p j p ± ~25% 0.006
introduction of an additional charge

confusion of 0.5% 0.003
probability assignment 0.007
systematic error info (0.02) 0.007

by changing several parameters by at least one stan
dard deviation of their known (or estimated) uncer
tainties. Since the fraction of cc events is small, our 
measurement of AbB is not sensitive to the value of 
AcC. We have estimated the effect of reconstruction 
errors by smearing the transverse momentum of each 
lepton by 25%. The error coming from the uncer
tainty in assigning probabilities to events has been es
timated by changing the number of leptons required 
in the fit box, as well as by using different samples of 
Monte Carlo events. The combined systematic error 
is estimated to be 0.02.

We have also performed a fit to simultaneously de
termine A b§ and Xb taking into account correlations 
between these quantities. Our result is identical to 
those from the above fit and from ref. [4], both for 
central values and errors.

6. Determination of sin20w

In the standard model using the improved Born 
approximation framework [ 1], the forward-back- 
ward asymmetry for Z°-»bb on the peak is given by

A * r  = 24AeAb , (4)

where

2z;,a,- 2 ( 1- 416,1 sin2flw) m
1 v j + a j  1 + ( 1 — 4 1 Qi | sin20w)2 ‘

Here vh a,- and Q, are the vector and axial-vector cou

pling constants and the charge of the electron and b 
quark, and sin2#w is the effective weak mixing angle. 
To compare our measured asymmetry to this Born 
level calculation, QED and QCD corrections and the 
shift between the Z° mass and our effective center-of- 
mass energy must be taken into account#3. To do this 
we use the formulation given in ref. [ 1 ]. We obtain

sin2(9w =0.225 ±0.008.

This value can be compared with the prediction of 
the standard model for a top-quark mass of 130 GeV
[15] and Higgs mass of 100 GeV of sin2#w =0.233.

7. Conclusions

We have analyzed Z°-*b5 decays using inclusive 
lepton events selected from a sample of 1 18 200 had- 
ronic events. From a fit to the p and p ± distributions 
for single lepton and dilepton events, we have deter
mined the bb forward-backward charge asymmetry 
at yfs&Mz* Near the Z° peak, the bb asymmetry is 
Ah§ = 0.130i ao42> where the errors are statistical only. 
From this measurement we determine sin20w to be
0.225±0.008.
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