CERN LIBRARIES, GENEVA w@\) “ L0222

LTI N

CM-P00065291

A Measurement of the Z° — bb Forward-Backward Asymmetry

The L3 Collaboration

ABSTRACT

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 /s = Mj.
From a fit to the single and dilepton p and p, spectra, we determine

Ay = 0.130 1094 including the correction for B%- B mixing.
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INTRODUCTION

The forward-backward asymmetry of bb pairs, Ayj, produced in Z° decays is
sensitive to the electroweak mixing angle sin? fy which is one of the fundamental
parameters of the Standard Model" ™ We use leptons from the semileptonic decay
of one (or both) of the b quarks to select events coming from Z® — 5. Because of
the hard fragmentation and large mass of the b quark, these leptons have large mo-
mentum p and large transverse momentum p; with respect 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 ‘correlated with the charge of the quark, we
can use these inclusive leptons to measure Ayz- 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 Pl spectra
to determine the observed forward-backward asymmetry A:g’ , taking into account
backgrounds coming from charm decays, cascade decays b — ¢ — £, and other
background processes. Due to mixing in the BY-Bo system, the observed asymme-
try A:g’ is smaller than the actual asymmetry A;; by a factor (1 — 2X,), where X B
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

Xp in a previous paper!! Similar techniques have been used to measure I'y; and

A;; with lower statistics®™®

The data sample corresponds to 5.5 pb~! collected during a scan of the Z°
resonance using the L3 detector at LEP. The center-of-mass energies are distributed
over the range 88.2 < /s < 94.2 GeV.

THE L3 DETECTOR

The L3 detector covers 99% of 4w. The 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 pro-
portional wire chamber readout, and an accurate muon chamber system. These
detectors are installed in a 12 m diameter 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-¢ coordinate.
The single wire resolution is 58 um averaged over the entire cell. The double-track
resolution is 640 pm. The fine segmentation of the BGO detector and the hadron
calorimeter allow us to measure 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° < § < 139°,

— for the hadron calorimeter, 5° < § < 175°,

— for the muon chambers, 35.8° < 6 < 144.2°,

— for the electromagnetic calorimeter, 42.4° < 6 < 137.6°.

A detailed description of each detector subsystem, and its performance, is given in

Reference 7.

SELECTION OF bb EVENTS

Events of the type Z° — bb are identified by the observation 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 requires a total energy of 15 GeV in the BGO and hadron 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, com-
bined with an independent charged track trigger and a barrel scintillation 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 using the following criteria:
(1) Eca > 38 GeV,
(2) Relative longitudinal energy imbalance: g?::l < 0.4,
(3) Relative transverse energy imbalance: E;t— < 0.5,

where E., is the total energy observed in the calorimeters, Ey;js is the sum of the
calorimetric energy and the energy of the muon as measured in the muon chambers,
and E| and E, are the energy imbalances parallel and transverse to the beam

direction.

The number of jets is found using a two step algorithm which groups the energy
deposited in the BGO crystals and in the hadron calorimeter towers into clusters,
before collecting the clusters into jets.m 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 7’s. We reject 777~ 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 periods 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 consists of track segments in at least two of the three layers
of muon chambers, and that the muon track points to the interaction region. To
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be used in this analysis, the momentum of the muon must be larger than 4 GeV.
Charge confusion is negligible for muon candidates 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 consistent
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 identification of electrons is described in more detail in
Reference 4. To be used in this analysis, the energy of the electron must be larger
than 3 GeV. Charge confusion is less than 1% in this sample. Table 1 shows the
number of single and dilepton events obtained after all cuts.

Type Events Momentum cut
p + hadrons| 5351 pu > 4 GeV
e+ hadrons| 1130 Pe > 3 GeV
pp + hadrons 229 Pu > 4 GeV
ee + hadrons 21 Pe > 3 GeV
pe + hadrons 111 [ py > 4 GeV;pe > 3 GeV

Table 1: Number of inclusive lepton events

To determine the acceptance for inclusive lepton events, we use the Lund parton
shower program JETSET 7.2 with Ay = 290 MeV and string fragmentation.
For b and ¢ quarks we use the Peterson fragmentation function™® For b quarks,
the fragmentation function is adjusted to match our inclusive muon data’ The
generated events are passed through the L3 detector simulation!'” which includes
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 experiments!'” Br(b — u + X ) =(11.8 £ 1.1)% and Br(c —
g+ X) = (8.0 £ 1.0)%. These branching ratios are also used for b — eX and
¢ — 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.

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

pandpy.



Monte Carlo events with leptons are classified into six categories: prompt b — ¢,
the cascades b —» ¢ — £, b— r — ¢, and b — ¢+ ¢+ s where ¢ — ¢, prompt ¢ — ¢,
and background. Included in the background are leptons from 7 and K decays,
including Dalitz decays, and mis-identified hadrons caused by, for example, # — v
overlap for electrons and punchthrough for muons. Table 2 shows the results of
Monte Carlo studies giving the fraction of each source of leptons and background
for data samples with no cut on p; and also with a cut at 1.5 GeV.

U e
Category p >4 GeV p> 3 GeV

p1>0(p1 >15|py >0|py > 1.5
1:b—¢ 381% | 77.9% |66.8% | 84.3%
22b—oc—2l |120% ] 4% | 6.5% 2.5%
bor—-2 | 21% 1.5% | 2.1% 1.7%
4:b—-c—>¢ | 1.9% | 06% | 03% | 0.1%
5
6

tc—od 17.5% | 4.7% | 3.9% 1.2%
: background | 28.4% | 10.6% | 20.4% | 10.2%

Table 2: Monte Carlo estimates of the fractions of each type of lepton in the data sample.

Rather than using only the data with a high p; cut to determine A,;, we use a
maximum likelihood fitting procedure which gives events with high p and p; larger
weights than events with low p or p, . This allows us to use the full statistics, while
increasing the sensitivity to prompt b — £ events.

DETERMINATION OF Ay

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 (=€ )andb (— £%), weare able to measure the forward-backward asymmetry
Ay for the process ete™ — bb. In order to measure this asymmetry, we perform an
unbinned 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° mixing. We
then correct Azg’ 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 minimum number of Monte Carlo leptons are included inside the
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box. We require a minimum of 40 leptons in the box. The likelihood function (L)
for single lepton events has the form: ’

Niata 1 6 . .
L= ,1;‘! m ; Ni(2)Wi(2), (1)
where
Wi(i) = 501+ Arf(60)] 2

The index k indicates the category of the lepton source type, Ni(7) is the number
of simulated Monte Carlo leptons of this category found in the box with data lepton
i, and Vjo.(7) is the area of the box. The parameter Ay is the asymmetry associated
with each source of leptons. The function f(6;) is the angular dependence of the
asymmetry,

8 cos(6;
10)=(3) Tl Q

where 6; 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 direction, as
indicated by the lepton charge. Since 6; is taken from the data, the fit does not rely
upon the Monte Carlo description of the cos(d) distribution or the bb asymmetry
in the Monte Carlo.

The asymmetries, Ag, for the different lepton sources are

A1l = Ay for b — ¢,

A = —Ay forb—c—¢,
A3 = Ay forb—- 71—,
Ay = Ay forb—-c—¢,
As = —A: forc— ¢,

Ag = Apack for background.

For dilepton events, the fitting procedure is similar, except that we fit in four
dimensional (p1,p11,p2,P12) space. The weighting functions are as in Reference 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 primary source.



RESULTS

The result of the fit, which assumes no mixing, is
A% = 0.084 + 0.025.

In this fit, the forward-backward asymmetry for primary charm quarks is fixed
as a fraction of the b quark asymmetry, Az = 0.7A;;, and the asymmetry of the
background is assumed to be zero. The statistical error 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 Agg’ = 0.104 £+ 0.029
for muons, and 0.028 + 0.044 for electrons.

Our value of Agg’ 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 radiative corrections'” we compute that
the weighted average center-of-mass energy corresponding to our data sample is
91.28 GeV. Table 4 shows the values of the asymmetry for the data below, on, and

above the Z° peak.

Mean Energy | A%
89.63 GeV  [0.112 £ 0.057
91.28 GeV |0.061 + 0.028
93.03 GeV |0.069 + 0.047

Table 4: A:g’ for different center-of-mass energies.

As a consistency check, Figure 3 shows the acceptance corrected angular dis-
tribution of the measured b quark direction, for the electron and muon data with
py > 1.5 GeéV. With this cut the sample is approximately 80% pure b — £ (see
Table 2). The remaining background from cascade b — ¢ — ¢, charm and the
lighter quarks has been subtracted. The curve shows the expected distribution for
Agg’ = 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, Ay =

Azg’ /(1 —2x,). Using our measured value of X 21 X, =0.17830:023 we obtain

0
Ay = 0.130%004r-

Table 5 lists the contributions to the systematic error in this measurement. We
have estimated the error by changing several parameters by at least one standard
deviation of their known (or estimated) uncertainties. Since the fraction of c¢ events
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is small, our measurement of A;j is not sensitive to the value of A;;. We have es-
timated the effect of reconstruction errors by smearing the transverse momentum
of each lepton by 25%. The error coming from the uncertainty in assigning prob-
abilities to events has been estimated 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.

Contribution Error

changing the b — £ and ¢ — £ branching | 0.006

ratios their associated errors

varying the background fraction by 15% | 0.006
varying A.z between 0.0 and 0.12 0.006

varying the b fragmentation parameter | 0.007
€, by £50%

smearing the lepton transverse momen- | 0.006
tum by Ap, /p; = 25%

introduction of an additional charge con- | 0.003
fusion of 0.5%

probability assignment 0.007

systematic error in X, (0.02) 0.007

Table 5: Systematic errors in the A,; measurement

We have also performed a fit to simultaneously determine A;; and X, taking
into account correlations between these quantities. Our result is identical to those
from the above fit and from Reference 4, both for central values and errors.

DETERMINATION OF sin® Gy

In the Standard Model using the improved Born approximation fra.méworkf”
the forward-backward asymmetry for Z® — bb on the peak is given by

AR™ = 2 A, 4, (4)

> W

where
A= 2vja; 21-4|Q; lsin2 Ow)
T vl+a? 14+(1—4|Qi|sin?0w)?’

()

Here v;, a; and @Q; are the vector and axial-vector coupling constants and the charge
of the electron and b quark, and sin?8yy is the effective weak mixing angle. To
compare our measured asymmetry to this Born level calculation, QED and QCD
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corrections and the shift between the Z° mass and our effective center-of-mass
energy must be taken into account.” To do this we use the formulation given in
Reference 1. We obtain

sin? O = 0.226 + 0.008.

This value can be compared with the prediction of the Standard Model for a top-
quark mass of 130 GeV"" and Higgs mass of 100 GeV of sin® 8y = 0.233.

CONCLUSIONS

We have analyzed Z° — bb decays using inclusive lepton events selected from a
sample of 118,200 hadronic events. From a fit to the p and p; distributions for single
lepton and dilepton events, we have determined the bb forward-backward charge
asymmetry at /3 ~ Mz. Near the Z° peak, the bb asymmetry is Ay = 0.130 fg:gg,
where the errors are statistical only. From this measurement we determine sin® Gy
to be 0.226 & 0.008.
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FIGURE CAPTIONS

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 contributions of the various processes are indicated.
The data at high momentum are dominated by b — £ decays.

2. The measured distributions of the transverse momentum p; of the muon (a)
and electron (b) with respect to the nearest jet. Cuts of p, > 4 GeV for the
muons, and p, > 3 GeV for the electrons have been applied. The contributions
of the various processes are indicated. The data at large p; are dominated by

b — £ decays.

3. The acceptance corrected distribution of the measured b quark direction,
cos @y, for the electron and muon data. The thrust axis defines the direc-
tion of the quark, and the sign of the lepton charge is used to tag the b or
b quark. The curve shows the expected distribution for A:g" = 0.084. Note
that this distribution was not used in the fit.
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