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ABSTRACT

We have measured the decay properties of Z° — bb from a study of inclusive
muon and electron events. The average (e and p) b-quark semileptonic branching
ratio has been determined to be Br(b — £+ X) = 0.119 4 0.003(stat) £ 0.006(sys),
assuming the Standard Model prediction of I';; = 378 + 3 MeV. From the ratio of
the number of dilepton events to single lepton events, we find Br(b — £+ X) =
0.113 £ 0.010(stat) + 0.006(sys), without assumptions on I';;. The partial decay
width of the Z° into bb has been measured to be I'y; = 385 & 7(stat) + 11(sys)
MeV with an additional 19 MeV error from the uncertainty in Br(b6 — £+ X ). The
average fractional energy of bottom hadrons in Z° — bb events has been determined

to be (z) = 0.686 & 0.006(stat) + 0.016(sys).
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Introduction

In the Standard Model [1] the partial decay width in Z° — ¢ depends on
the weak isospin of the quark and is expected to be larger for down-type than for
up-type quarks. For light quarks the predictions of I'y; have uncertainties of about
10 MeV due to the unknown mass of the top quark [2]. This limits the accuracy of
Standard Model tests in the light quark sector. In contrast, the decay width into
bb is expected to be insensitive to myop. Thus high statistics measurements of I'y;
provide a decisive test of the Standard Model and allow a precise determination of

the neutral current couplings to b-quarks.

The ete™ collider LEP provides an excellent environment in which to study the
production and decay of bottom quarks and to test their neutral and charged current
couplings [2]. A large amount of experimental data on this topic has already been
published by LEP and SLC experiments [3—7]. The most precise measurements
have been obtained by identifying b-events through their semileptonic decay and

determining their properties from measurements of leptons and jets.

This technique has been used recently by the L3 collaboration in the measure-
ment of the B%-B® mixing parameter [4] and the forward-backward asymmetry of
b-quarks [5]. In an earlier L3 measurement [3], based on 1989 data, inclusive muon
events were used to determine the partial Z° decay width, T';;, and the b-quark
fragmentation parameter, €;. The error in I';; included about equal contributions
from the measurement error and from the uncertainty in the b-quark semileptonic

branching ratio Br(b — £ + X).
Measurements of Br(b — £+ X) have been performed at CESR and DORIS (8]

for low-mass B-mesons, which are produced at the T(4S). These results are not
directly applicable to Z® — bb events, where a large spectrum of B-mesons and
b-baryons is produced in the fragmentation process. The semileptonic branching
fractions measured at PETRA and PEP can be used in our analysis, but the world
average value has an error of about 7% [9] [10] and thus limits the accuracy on I'j;.
An independent measurement of Br(b — £+ X) from Z 0 _, b is needed to improve

the precision.

We have performed a measurement of Br(b — £+ X) from the ratio of dilepton
to single lepton events. Increased statistics, as well as the addition of inclusive
electron events into the data sample, has allowed us to reduce the error on the

measured values of I'y; and €. About 115,000 ete™ — hadrons events, recorded in
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1990 with the L3 detector at /s &~ My, are used in this study. This corresponds
to an integrated luminosity of 5.5 pb™1, a factor of six increase with respect to our

previous measurement.

The L3 detector

A detailed description of the L3 detector is given in reference [11]. 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 proportional wire chamber readout, and a precise muon
spectrometer. These detectors are installed in a 12 m diameter solenoid 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 average single wire resolution is 58 pm over the entire cell. The double-track
resolution is 640 pym. The fine segmentation of the BGO detector and the hadron
calorimeter allow us to measure the direction of jets with an angular resolution
of 2.1°, and to measure the total energy of hadronic events from Z° decay with a
resolution of 10.2% [12]. The muon detector consists of three layers of precise drift
chambers, which measure a muon 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:
— Central chamber: 41° < 8 < 139°,
- H.adron calorimeter: 5° < 6§ < 175°,
— Muon chambers: 36° < 6 < 144°,

— Electromagnetic calorimeter: 42° < § < 138°.

Event selection

We measure the properties of Z° — bb decays from a study of inclusive muon
and electron events. Inclusive lepton events are triggered by several independent
triggers. The calorimetric trigger requires a total energy of 15 GeV in the BGO
and hadron calorimeters. A second trigger for muons requires one of 16 scintillation

counter ¢ sectors in coincidence with a track in the muon chambers. These triggers,
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combined with an independent charged track trigger and a scintillation counter
multiplicity trigger, give a trigger efficiency of greater than 99.9% for hadronic

events containing one or more leptons.
We select hadronic events using the following criteria:
(1) E.q > 38 GeV,
(2) Longitudinal Energy Imbalance: %{"‘% < 0.4,
(3) Transverse Energy Imbalance: EE;J; < 0.5,

where E,; is the total energy observed in the calorimeters and E,;, is the sum of the
calorimetric energy and the energy of any muons, as measured in the muon cham-
bers. Ej and E, are, respectively, the energy imbalances parallel and transverse
to the beam direction. Jets are 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 [12]. We require that there be at
least one jet which has more than 10 GeV in the calorimeters. The clustering al-
gorithm normally reconstructs one cluster in the BGO for each electron or photon
shower, and a few clusters for 7’s. We reject 777~ and ete™ events by requiring a

minimum of 10 clusters in the BGO, each with an energy greater than 100 MeV.

Muons are identified and measured in the muon chamber system. We require
that a muon track consists of track segments in two of the three layers of the muon
spectrometer and that the reconstructed track points to the interaction region: the
transverse distance of closest approach of the track to the interaction point must
be less than 3o, and the longitudinal distance of closest approach must be less than
40. The measurement error, o, on the distance of closest approach is dominated
by multiple scattering in the calorimeters. A typical value for a 10 GeV muon is
o = 25 mm. These requirements are very effective in reducing backgrounds from

hadron punchthrough and from #, K decays.

Candidate electrons are found by associating electromagnetic clusters in the
BGO calorimeter with charged tracks in the central tracking chamber. We require
a cluster in the BGO whose lateral shower shape is consistent with an electromag-
netic shower. The centroid of this cluster is required to match to within 5 mrad in
azimuthal angle to a track in the central tracking chamber and there should be no
other track within 10 mrad of this track. We reject tracks with a measured momen-

tum transverse to the beam direction larger than 35 GeV. Energetic photons and
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70’ accompanying a nearby charged particle are rejected by requiring E/p < 1.5,
where E is the energy of the cluster measured in the electromagnetic calorimeter
and p is the momentum of the matching track as measured in the central tracking
chamber. Hadrons are rejected by requiring that the energy in the hadron calorime-
ter inside a cone around the electron candidate be less than 3 GeV, where the cone

is centered on the BGO cluster and has a half opening angle of 7°.

Because of the hard fragmentation and large mass of the b-quark, leptons from b
semileptonic decay have a large momentum and a large transverse momentum with
respect to the b-quark direction. Therefore by cutting on these quantities we can
preferentially select Z° — bb events. Only muons and electrons with momentum
larger than 4 GeV and 3 GeV, respectively, are used in this analysis. Also, the
transverse momentum p;, calculated with respect to the nearest jet axis, must
exceed 1 GeV, and be less than 6 GeV. The measured momentum of the lepton is
excluded in the calculation of the jet direction. If there is no jet with an energy
greater than 6 GeV in the same hemisphere as the lepton, then p; is calculated
relative to the thrust axis of the event. The number of selected inclusive lepton and

dilepton events is summarized in Table 1.

Event type Number of events
£ + hadrons 2621
e + hadrons 1085
pp + hadrons 83
ee + hadrons 26
ep + hadrons 78

Table 1: Number of selected inclusive muon and eleciron events.

Analysis Method

We classify inclusive lepton events into the following categories (and their charge

conjugate reactions),
1) Prompt b — ¢;

2) Cascade b — ¢ — £ and b — ¢ + ¢ + s where ¢ — £;
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3) Cascade b = 7 — ¢;
4) Prompt ¢ — £
5) Background from non b-quark events and misidentified leptons.

The expected contributions from each category have been given earlier [4] [5].
The prompt b-decay (1) dominates at large transverse momenta as shown in Fig-
ure 1, where the measured momentum and transverse momentum spectra for elec-
trons and muons are shown after the above cuts. The expected contributions from
prompt b-decay (1), b-quarks only (2 and 3) and backgrounds (4 and 5) is indicated.
By requiring 1 GeV< p; < 6 GeV, we estimate that the muon and the electron
samples consist of 62.7% and 76.7% prompt b-decays, respectively. The purity is
higher for the electron sample because of the implicit isolation requirements in the

electron selection.

We obtain the results of our measurement with an unbinned maximum likeli-
hood fit to the momentum and transverse momentum spectra of single lepton and
dilepton events. The likelihood function is determined from the number and type
of Monte Carlo generated leptons found within a rectangular region, centered on
each data point in the p — p; plane. The expected number of events is evaluated
for each event category (1-5). The size of the region is increased until it contains at
least 20 Monte Carlo events. The Monte Carlo events have been normalized using
our measured value of the Z° hadronic partial width, T'3eq = 1742 + 19 MeV [13].
A similar fitting method was used in our measurements of B%-B0 mixing [4] and

b-quark forward-backward asymmetry [5].

For each event category we generate Monte Carlo events with the parton shower
program JETSET 7.2 [14]. The events are passed through the L3 detector sim-
ulation [15] which includes the effects of energy loss, multiple scattering, inter-
actions and decays in the detector materials. The events were generated with

ApL = 290 MeV and string fragmentation. The Peterson et al. fragmentation func-

tion [16],
=2 (1-1-1%)"

z 1-—2z

was used in the Monte Carlo to describe the fragmentation of c— and b—quarks,

where N is a normalization constant and z = %%. The input fragmentation

parameters used in the generator are € = 0.07 for charm quarks and ef = 0.008
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for bottom quarks. These values agree with our earlier measurement [3] and with

extrapolations from measurements at PETRA and PEP [17].

In the fits for T'y5, Br(b — £ +.X) and ¢, we weight the Monte Carlo generated
events such that the z;, = 2E}.4ron/+/5 distributions for b and c-hadrons follow
a Peterson et al. function with the parameters ¢, and ¢,. The reS\;It of the ¢ fit
(e = 0.050 % 0.004") is used in the determination of [y; and Br(b — £ + X). For
the c-quark fragmentation we use €, = 0.5 in agreement with extrapolations from

PETRA and PEP [17].

The JETSET 7.2 Monte Carlo, as used in our acceptance calculation, does
not include the production of high-mass D-mesons (1P and 2S states) in its sim-
ulation of b-semileptonic decays. This can affect our results since the addition of
heavy mesons changes the predicted shape of the prompt-lepton momentum spec-
trum. Any non-resonant production of D- or D*-mesons with extra pions in the
b-semileptonic decay would have a similar effect, and is also not included in the
standard Monte Carlo simulation. A theoretical estimate [18] for the relative frac-
tion of high-mass D-mesons in B-meson semileptonic decay gives = 0.1. However,
experimental results from the T(4S) [19] give values in the range 0.2 to 0.3, albeit

with large errors. Of course, the fraction could be different for b-hadrons coming

from Z° decay.

We have studied the effect of higher mass states in b-semileptonic decay by
simulating the decay b — D3(2460) + fv. Varying the relative branching ratio
Br(b — D3(2460)+¢v) / Br(b — X +£v) in the Monte Carlo from 0 to 0.15 increases
our measured values of I';; by 7 MeV, Br(b — X + £v) by 0.002 and €, by less than
0.001. We have corrected our fitted values by these amounts. Thus, all of the results
quoted in this paper correspond to the relative fraction Br(b— D3(2460) + &v) /
Br(b — X + ¢v) = 0.15. As discussed below, we have varied this fraction by 40.15

in order to estimate the systematic effects due to its uncertainty.

Similarly, we have investigated the effect of higher mass B-meson production.
Since the measured mass difference between B* and B mesons is small (52 + 2 +
4 MeV [20]), the relative contribution of B* and B mesons has an insignificant effect

on our results. The ratio of the number of B* to B mesons is about three in our

(1) The values of €} and ¢; differ because they correspond to Peterson functions f(z) and f(zy),
respectively. We have chosen to express our measurement in terms of €, because z, can be
measured directly and because its definition is independent of the fragmentation model.
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Monte Carlo. Varying this ratio from 2 to 4 changes our measured values of I';,
Br(b — £+X) and € by less than 0.3%. Our standard Monte Carlo does not include
B** production in the fragmentation process. We have investigated its effect on
our results by generating in the Monte Carlo B-**’s, with mpges — mp. = 500 MeV.
Varying the fraction of the number of B** to all b-hadrons between 0 and 10%
changes our results by less than 0.5%.

We use the average branching ratio, Br(c¢ — £+ X) = 0.096 + 0.006, from mea-
surements at PETRA and PEP [9] [10]. This value represents an average over the
production and semileptonic decay of c-hadrons produced in the c-quark fragmen-
tation. Other parameters used in our analysis are: Mz = 91.181+0.01040.02 GeV,
Mpiggs = 100 GeV, Myop = 150 GeV and as(Mz) = 0.1154+0.009. The Mz and o,
values are taken from recent L3 measurements [13] [21]. With these parameters, the
expected partial Z° decay width into b is I'y; = 378 MeV in the Standard Model
[22]. This prediction changes less than 3 MéV, if Mz and «, vary within errors and
the top quark mass and the Higgs boson mass vary in the ranges, 90 GeV< myop <
250 GeV and 50 GeV< mpigz9s < 1000 GeV.

Determination of Br(b — ¢ + X)

We use two methods to determine the b-semileptonic branching ratio. In the
first method, we measure the ratio of the number of selected dilepton events to
the number of single lepton events. This ratio is, in first order, proportional to
the semileptonic branching ratio and independent of I'y;. We have determined the
contributions to the dilepton and single lepton event sample for all event categories
(1-5) with Monte Carlo simulations. For dilepton events, in addition to the standard
cuts, we require that the opening angle between both leptons be larger than 60°.

We find the following results from this measurement:

Br(b — p+ X) =0.113 £ 0.012,

Br(b— e+ X) = 0.138 £ 0.032,

where the errors are statistical only. The systematic uncertainty has been estimated
by varying the cuts and the input parameters. Various sources of systematic errors
and their sizes are listed in Table 2. The variations correspond to at least one

standard deviation changes using the known or estimated uncertainties. The error
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in the selection efficiency is larger for electrons due to uncertainties in the separation
of electrons and hadrons. The systematic error accounts for uncertainties in the
simulation of hadronic showers and in the matching efficiency of calorimeter clusters
with tracks in the central tracking chamber. The effect of the p; cut has been
studied by varying the cut by +0.25 GeV. From these studies we estimate the

systematic error to be +0.006 for muons and +0.008 for electrons.

Parameter Variation | ABr(b— e+ X)|ABr(b — u+ X)
Ty; = 378 MeV +40 MeV +0.002 +0.002
Br(c — £+ X) = 0.096 +0.006 40.001 +0.002
€=0.050 +0.004 +0.002 +0.002
€.=0.5 +0.1 < 0.001 < 0.001
background +10% +0.001 + 0.001
selection efficiencies (p) +0.5% X +0.001

selection efficiencies (e) +3% +0.006 X

py cut =1 GeV $0.25 GeV +0.003 +0.002
D3(2460) fraction = 0.15 +0.15 - +0.002 +0.002

Table 2: Contributions to the systematic error in the measurement of

Br(b — e+ X) and Br(b — pu + X) from the ratio of the number of dilepton and

single lepton events.

If additionally we include the ey events and perform a combined fit of the muon

and electron events, we obtain the average b-semileptonic branching ratio:

Br(b — £+ X) = 0.113 £ 0.010(stat) % 0.006(sys).

Our measurements agree with the average b-semileptonic branching ratios mea-
sured at PETRA and PEP [9] [10]: Br(b — x+ X) = 0.117 + 0.010 and
Br(b — e+ X) = 0.121 £ 0.010.



Averaging our measurement with the values from PETRA and PEP, we obtain:
Br(b — £+ X) = 0.117 & 0.006,

where the statistical and systematic errors have been added in quadrature. This
average is nearly independent of assumptions about the neutral current couplings
to b-quarks. Our result depends only weakly on I';;. The PETRA and PEP results
have been obtained at lower center-of-mass energies where electroweak effects con-
tribute less than 3% to the ete™ — bb cross section. We use this combined average

branching ratio in our determination of I';.

In the second method, we perform a one-parameter fit to determine the branch-
ing ratio Br(b — £+ X)) with I';; set to the Standard Model value of 378 MeV. This
method mainly relies on the number of single lepton events, in contrast to the first

method, where the statistical error is dominated by the number of dilepton events.

The result of the fit is:

Br(b — p+ X) = 0.123 £ 0.003(stat) £ 0.006(sys),

Br(b — e+ X) = 0.112 £ 0.004( stat) % 0.008(sys).

We estimate the systematic error by varying the parameters shown in Table 2,
obtaining similar systematic errors as for the first method. If the value of T is
altered by £3 MeV (the uncertainty in the Standard Model prediction) a change
in the semileptonic branching ratio of +0.001 is observed. From these studies we
estimate a combined systematic error of 0.006 for muons and 0.008 for electrons.

From a combined fit to electron and muon data we obtain:

Br(b — £+ X) = 0.119 % 0.003(stat) £ 0.006(sys).

This result is more than a factor of two better than any individual PETRA or

PEP measurement.
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Determination of I'y;

In the determination of I'y;, we perform a one-parameter fit to the data, with

T',; as free parameter and all other parameters fixed to their nominal values. We

obtain:

Ty =394+9 MeV (u+ X)

Ty; =370+£12 MeV (e+ X)

for inclusive muons and electrons, respectively. The errors are statistical only. We
estimate the systematic error by varying several parameters (see Table 3) by at

least one standard deviation of their known or estimated uncertainties.

Parameter Variation |AT; (MeV)|AT; (MeV)
electrons muons
Br(b— £+ X) =0.117 | +0.006 +19 +19
Br(c = £+ X) = 0.096 +0.006 +2 +4
€,=0.050 +0.004 +2 +3
€.=0.5 : +0.1 +1 +1
background +10% +5 +7
selection efficiencies (p) | +0.5% X +2
selection efficiencies (e) +3% +11 X

plLcut =1 GeV 10.25 GeV +7 +5
D;3(2460) fraction = 0.15 +0.15 +7 +7

Table 3: Contributions to the systematic error in the I'y; measurement.

From these studies we assign systematic errors of Al'y; = 19 MeV from the
uncertainty in the branching ratios, Br(b — £+ X) and Br(c — £+ X), and
ATy; = 11 MeV for muons and AT',; = 15 MeV for electrons from other sources. If

we perform a combined fit using the electron and muon samples, we obtain:
T,; = 385 + 7(stat) £ 11(sys) £ 19(Br) MeV.

The third error gives the uncertainty from the semileptonic branching ratios. Com-
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bining all errors in quadrature we obtain:
[y = 385 £ 23 MeV,

in good agreement with the Standard Model prediction of 378 + 3 MeV.

b - quark Fragmentation

We use the same fitting method to determine the fragmentation function of
b-quarks from Z° decays. We assume that the z, = %ﬁﬂ distribution can be
approximated by a Peterson et al. function and we fit the parameter ¢, to our mea-
sured lepton momentum and transverse momentum spectra. All other parameters
are fixed to their nominal values. In the fit we vary €, and weight the = distribution
of the Monte Carlo events accordingly. The result of the fit is:

€y = 0.047 £ 0.005 for u + X events and

€y = 0.056 = 0.008 for e + X events,

where the errors are statistical. We perform the tests shown in Table 4 to check

the results of the fit and to estimate the systematic errors.

Parameter Variation | Ae | A(zg)

I, = 378 MeV +10 MeV | +0.002 | +0.003
Br(b— £+ X)=10.117 +0.006 | +0.006 | +0.010
Br(c — £+ X)=0.096 | +0.006 |=0.002 | +0.003
background +10% +0.001 | +£0.0015
selection efficiencies (1) | +0.5% |< 0.001| < 0.001
selection efficiencies (e€) +3% +0.002 | +0.003
pL cut =1 GeV +0.25 GeV | £0.001 | £0.0015
Dj3(2460) fraction = 0.15 +0.15 < 0.001 ] < 0.001

Table 4: Contributions to the systematic error in the € and (z;) measurement.
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From these studies we estimate a systematic error of 0.01 in ¢, and 0.016 in
(z), for both the electron and the muon measurement. We perform a combined

fit using electron and muon events and obtain as our final result:
€; = 0.050 £ 0.004(stat) + 0.010(sys),
which gives a precise determination of the average energy fraction of b-hadrons:

(zz) = 0.686 + 0.006(stat) = 0.016(sys).

We have performed a study to check whether the Peterson et al. function gives
an adequate description of the z, distribution. We determine the b-quark frag-
mentation function from the data without assumptions on a functional form and
compare the result with the Peterson et al. function. For this test we use only
the inclusive muon sample. The z, distribution is approximated by a histogram
with 7 bins, and the value for each bin is allowed to vary freely in the fit. The fit
is constrained to enforce overall normalization of the fragmentation function. We
perform a six-parameter fit in the allowed range z, > 2—\7'"? ~ 0.11. The points with
error bars (statistical only) in Figure 2 give the result of the fit. From this fit we
obtain (z;) = 0.680 + 0.011, where the error is statistical only and includes corre-
lations between all the points. Figure 2 also shows, for comparison, the Peterson
et al. function for €, = 0.05. The measured fragmentation function agrees within

errors with a Peterson et al. form.

Summary
We have measured the decay properties of Z° — bb from a study of inclu-
sive muon and electron events. The average (electron and muon) b-semileptonic

branching ratio has been determined to be
Br(b — £+ X) = 0.119 £ 0.003(stat) % 0.006(sys),

assuming the Standard Model prediction I'y; = 378 + 3 MeV. From the ratio of

dilepton events to single lepton events, we find
Br(b— £+ X) =0.113 & 0.010(stat) + 0.006(sys),

without any assumptions on I'j;. The partial decay width of the Z° into bb is
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measured to be
T'y; = 385 £ 7(stat) + 11(sys) &+ 19(Br) MeV.

The average fractional energy of bottom hadrons in Z° — bb decays is determined

to be
(zg) = 0.686 £ 0.006(stat) + 0.016(sys).

These measurements improve previous LEP and SLC results [3] [6] by more

than a factor of two.
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