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Abstract

Using the distance from the average primary vertex to reconstructed secondary vertices in

jets, samples of events with b purity varying from about 13% to 89% have been selected.

The charged particle multiplicity in the hemispheres opposite those containing these jets

has been studied as a function of the b purity of the events. Extrapolating to 0% and

100% b purity, values of the hemisphere charged particle multiplicity in Z0 ! bb events

and in non-bb events have been measured to be

�n
b
= 11:71� 0:03� 0:18� 0:21

�n
udsc

= 10:32� 0:01� 0:07� 0:19:

The �rst error is statistical, the second systematic and the third is a common systematic

error.

The di�erence in charged particle multiplicity between b quark events and light (u, d, s)

quark events has been measured and found to be

�
bl
= 3:02� 0:05� 0:79:

The result is compared to the predictions of MLLA QCD calculations.

By studying the impact parameter distributions of charged particles in the hemispheres

opposite these jets, the charged particle decay multiplicity of B hadrons from Z0 decay,

including particles from K0

s
and � decay, has been measured to be

�nB = 5:51� 0:05� 0:51:

From the mean momentum of these decay products and separately from the number of

primary charged particles per b event, the average xE of b 
avoured hadrons has been

measured to be

hxEib = 0:693� 0:003� 0:030:

(Submitted to Zeitschrift f�ur Physik C)
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1 Introduction

Heavy 
avour and especially b quark physics is becoming an increasingly signi�cant area of LEP

physics. For many of the production and decay properties of b quarks, we rely at the moment on

measurements taken at much lower energies around the �(4s) and from ad hoc fragmentation

models. However, because of the relatively large mass of the b quark, the fragmentation of

b quarks into B hadrons can to some extent be treated perturbatively in QCD. It is important

to measure as many properties of B hadron production and decay as possible at LEP and where

relevant to compare these with theory.

In this paper we report on a study of charged particle multiplicity in Z0 ! bb decays. Precision

tracking, including information from our silicon microvertex detector, was used to reconstruct

secondary vertices in jets. Using the distance of these vertices from the average beam interaction

point, samples of events with varying b purity were produced. The charged particle multiplicity

and impact parameter distributions of the tracks in the hemispheres opposite those containing

the reconstructed vertices were studied as a function of the b purity of the events. Results

on the charged particle multiplicity in Z0 ! bb and non-bb events separately are presented
and compared with predictions from QCD. The charged particle multiplicity of b events is also
separated into the primary (non-leading) component and that coming from B hadron decays.
The results are then used to estimate the mean xE of b 
avoured hadrons in Z0 ! bb events.

2 The OPAL Detector

A complete description of the OPAL detector can be found elsewhere[1, 2]. Only a brief
description of the components particularly relevant to this analysis are included here. Tracking

of charged particles is performed by the central detector which consists of a silicon microvertex
detector, a precision vertex drift chamber, a large volume jet chamber and chambers measuring
the z-coordinate1 of tracks as they leave the jet chamber. Excluding the silicon microvertex

detector, the system allows detection of charged particles over 98% of the full solid angle with a
track �nding e�ciency close to 100% for tracks in the region j cos �j < 0:92. The central detector

is positioned inside a solenoid coil that provides a uniform magnetic �eld of 0.435 T. The coil is
surrounded by a time-of-
ight counter array and a lead glass electromagnetic calorimeter with

presampler. Outside the electromagnetic calorimeter is the return yoke of the magnet, which

is instrumented as a hadron calorimeter and is surrounded by muon chambers.

The silicon microvertex detector[2] is crucial to this analysis. It consists of two concentric arrays
of silicon strip detectors at radii of 6.1 cm and 7.5 cm surrounding a 5.3 cm radius beryllium

beampipe. Each silicon wafer has 629 readout strips with a pitch of 50�m. The detector has an

active length of 18 cm, giving 2 layer coverage for j cos �j < 0:76. Within this acceptance, each
layer covers approximately 90% of the solid angle with an e�ciency for reconstructing a hit

within the �ducial region of the silicon wafers of 97%. The detectors provide r� hit coordinates
with an intrinsic precision of better than 6�m but this is limited to about 10�m by alignment

uncertainties. When combined with angle and curvature information provided by the other

1The OPAL coordinate system is de�ned with positive z along the electron beam direction with � and �

being the polar and azimuthal angles, respectively.

3



central detector components, the impact parameter resolution for Z0 ! �+�� and Z0 ! e+e�

events is 18�m.

3 Event Selection and Monte Carlo Simulation

This analysis is based on about 17.3 pb�1 of data recorded in 1992 at the Z0 peak with fully op-

erational central tracking chambers, silicon microvertex detector and electromagnetic calorime-

ters. Multihadronic Z0 decays were selected using the criteria described in [3]. Charged tracks

were required to have at least 20 hits in the jet chamber, to have a measured momentum in

the r� plane of at least 0.150 GeV/c and to pass within 5 cm of the nominal beam interaction

point in the r� plane. No requirement on hits in the silicon microvertex detector was made at

this stage. At least seven such charged tracks were required per event, which suppressed the

residual contamination from e+e� ! �+�� to less than 0.1%[4].

In each event, charged tracks and those electromagnetic clusters not associated to charged
tracks, were grouped into jets using the scaled invariant mass algorithm described in [5] with
the E0 recombination scheme and the invariant mass-squared cut-o� set to 49 (GeV=c2)2. This
value was chosen so as to include the maximum number of tracks from the jet containing the

B hadron whilst minimizing the number of tracks from nearby gluon jets. It was required that
the two highest energy jets be in opposite hemispheres, where the hemispheres are de�ned
with respect to the thrust axis calculated using the same tracks and clusters as used in the jet
�nding. This requirement removed about 3% of the data. A total of 527 998 events satis�ed
these event selection and detector performance criteria.

Hadronic Z0 decays were generated with the Jetset 7.3[6] Monte Carlo program tuned to OPAL

data as described in [7] using parameters described in [8] and using the Peterson fragmentation
function[9] for c and b quarks. These events were passed through a detailed simulation[10] of the
OPAL detector and subjected to the same pattern recognition and reconstruction algorithms

as the data. During the analysis, the di�erences between the r� parameters2 d0 and �0 of the
reconstructed tracks and of their associated generated particles were increased by a factor of 1.2

to account for systematic misalignments in the data that were not included in the Monte Carlo
simulation. This Monte Carlo sample is referred to as the full detector simulation. Additional

Monte Carlo samples, not subjected to the simulation of the OPAL detector are referred to as

generator level.

4 Secondary Vertex Reconstruction

In order to �nd secondary vertices, a vertex �t was attempted in each of the two highest energy
jets separately. Each track used in these vertex �ts was required to have a least one hit in
the silicon microvertex detector. All such tracks in the jet were �tted to a common vertex

2The r� parameters describing a track reconstructed in the OPAL detector are �, the curvature, d0 the
distance of closest approach to the origin in the r� plane and �0, the azimuthal angle of the tangent to the
track at the point of closest approach.
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point in the r� plane and the track with the largest contribution to the �2 removed if its value

was greater than four. The procedure was repeated until no further tracks were removed, or

there were fewer than four remaining tracks. For each successfully reconstructed secondary

vertex, the apparent decay length in r� with respect to the average primary vertex position

was calculated[11] along with its error. The method used to obtain the average primary vertex

position is described in [12]. The decay length was signed such that it was positive if the angle

between the jet momentum vector and the vector from the primary to the secondary vertex was

less than 90�, otherwise it was negative. In order to accept only well measured decay lengths,

the error on the decay length was required to be less than 600�m. The average projected decay

length is 2.1mm for B hadrons and the typical decay length error 150�m.

A secondary vertex with at least four associated tracks was found in 66% of the highest energy

jets, and 58% of the second highest energy jets. Figure 1 shows the decay lengths of these

vertices in the data and the Monte Carlo sample as well as the separate contributions in the

Monte Carlo from uds3, c and b quark events. There is a slight discrepancy between data and

Monte Carlo at large negative decay lengths and at positive decay lengths. These discrepancies

are related to the resolution of the track parameters, and the input values of the b lifetime and

fragmentation function and are discussed in Section 10.

Figure 1 shows that above 0.2 cm, the decay length distribution is dominated by b quark

events. Figure 2 shows the quark purity, obtained from the Monte Carlo simulation, de�ned
as the fraction of vertices coming from b, c and uds events, as a function of decay length.
The method is not e�cient at reconstructing vertices from Z0 ! cc events because of the
requirement that there be at least four charged tracks per secondary vertex, and hence the
charm fraction changes much less than the bottom fraction.

Using the decay length of these reconstructed secondary vertices, samples of events with b pu-
rities varying from about 13% to 89% were selected and used in the subsequent analysis.

5 Charged Particle Multiplicity

If the vertex �t was successful in either of the two highest energy jets, the charged particle
multiplicity in the hemisphere opposite that containing the jet was calculated. The hemispheres

were de�ned by the thrust axis as described above. The multiplicity measurement was made in

the opposite hemisphere to avoid the bias that would otherwise be caused by the minimum four
track requirement. In calculating the charged particle multiplicity, the standard track criteria

described previously were used without any requirement on hits in the silicon microvertex
detector. Figure 3 shows the uncorrected charged particle multiplicity in the hemispheres

opposite those containing a reconstructed secondary vertex with di�erent values of decay length.
The average charged particle multiplicity increases with decay length in the opposite hemisphere

and hence with b purity. The Monte Carlo simulation agrees well with the data at all decay

lengths.

Using the relationship between decay length and b purity shown in �gure 2, the average charged

3Throughout this paper we use the notation uds(c) to refer to a mixture of Z0 ! uu, Z0 ! dd, Z0 ! ss
(Z0 ! cc) events in their Standard Model ratios.
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particle multiplicity was plotted against b purity. If vertices were reconstructed in both hemi-

spheres of an event then the multiplicity opposite each of them was used.

The measured charged particle multiplicity was corrected for detector acceptance and e�ciency

as well as the introduction of spurious tracks from photon conversions and interactions using an

unfolding matrix derived from the full detector simulation as described in [13]. No correction

for initial state radiation was made. After this procedure, the multiplicity is de�ned as the total

number of all promptly produced stable charged particles and those produced in the decays of

particles with lifetimes shorter than 3 � 10�10 sec. This means that charged decay products

from K0
s , hyperons and weakly decaying b and c 
avoured hadrons are included in the de�nition,

regardless of how far away from the interaction point the decay actually occurred.

The unfolding matrix was calculated separately for each bin of decay length in the opposite

hemispheres. Applying the corrections increased the mean multiplicity, �n, by between 3% and

5% depending on the decay length. Making no decay length cuts, a hemisphere multiplicity

of 10:651 � 0:005 was obtained, which is to be compared with the published OPAL value of

10:70 � 0:02 � 0:19[13].

Using the Monte Carlo simulation, the variation of the multiplicity in the opposite hemisphere
with decay length was studied for each 
avour separately. To account for the small correlations
observed we made corrections of between -0.2% and 0.9%.

The hemisphere multiplicity after correction is plotted against b purity in �gure 4. The hemi-

sphere multiplicities in b quark events, �nb, and in non-b quark events, �nudsc, separately, were
extracted by �tting the data to the form

�n = (1 �Pb)�nudsc + Pb�nb (1)

where Pb is the b purity in a particular decay length bin. In order to treat �nudsc as a single
variable in the �t, small corrections of between -0.4% and 0.0% were applied to account for
the varying charm contribution. These corrections were obtained from the Monte Carlo which
provides a good description of charm decays. The results of the �t were

�nb = 11:71 � 0:03 and �nudsc = 10:32 � 0:01:

In order to compare the value of �nb with that from light quarks only, �nuds, another �t was

performed of the form

�n = Puds�nuds + Pc�nc + Pb�nb

where �nc is the charged particle multiplicity per hemisphere in charm events and Pc and Puds

are the charm and light quark purities respectively. This procedure relied on the fact the charm
purity as well as the b-purity varied with decay length. The charm correction was not made
prior to this �t. The results were

�nuds = 10:21 � 0:07

�nc = 10:73 � 0:25

�nb = 11:72 � 0:04

where secondary tracks from the decays of K0
s and �s are included. The large error on �nc

re
ects the small variation of Pc with decay length. The result for �nb hardly changed although

the error increased. The three results are highly correlated.
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Taking into account these correlations, the di�erence in charged particle multiplicity between

b quark and light quark events is

�bl = 2 � (�nb � �nuds) = 3:02 � 0:05:

6 Impact Parameter Distributions

The hemisphere charged multiplicity of Z0 ! bb events has two main components; the tracks

from the decay of the B hadron, including the subsequent charm decay, and the rest of the

fragmentation tracks. The tracks from the B hadron in general have non-zero impact parameters

with respect to the primary vertex due to the relatively long lifetime of the b quark, whereas

most of the other tracks come from the primary vertex.

In order to determine the number of tracks that originated from the decays of the B hadrons and

their daughter charmed hadrons, we used a sub-sample of tracks with the best impact parameter

resolution, as described below. The impact parameter distributions of these tracks were used to
determine the fraction of tracks, fB, originating from B decays and the fraction, fpri, originating
from the primary vertex. These fractions were then applied to the total numbers of tracks to
obtain the number of tracks from B decay and the primary vertex respectively. As the impact
parameter resolution is momentum dependent, the tracks were divided into several momentum

bins and the fractions calculated for each momentum and decay length bin separately.

In addition to the standard charged track criteria described above, the tracks used in the
determination of fB and fpri were required to have 2 silicon microvertex detector hits and
�j > 0:4 rad where �j is the angle between the plane formed by the track and the axis of the
jet containing it and the plane formed by the jet and the z-axis. Tracks with �j close to zero
carry little lifetime information when projected into the r� plane even if they originate from

long lived B hadrons.

The impact parameter is de�ned as the distance of closest approach, in the r� plane, of the track
to the primary vertex position. The primary vertex was determined on an event by event basis
as described in [8], except that the primary vertex �t was repeated for each track separately

excluding the track in question from the �t. This prevented the assignment of arti�cially small

impact parameters to tracks that would otherwise dominate the primary vertex calculation.

The sign of the impact parameter was positive if the angle in the r� plane between the vector

from the primary vertex position to the point of closest approach of the track and the axis of
the jet containing the track was less than 90�, otherwise the sign was negative.

Figure 5 shows the impact parameter distributions of tracks in the opposite hemispheres, for

three di�erent decay lengths, within a particular range of momentum. The distributions become
more asymmetric as the b fraction increases indicating the increasing contribution from tracks

coming directly from the B hadron or subsequent charmed hadron decays. The solid lines on
the �gures are results of the �ts described below.

The impact parameter distributions shown in �gure 5 receive contributions from the following

sources:
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� Primary tracks: Tracks from primary event vertices.

� Bottom tracks: Tracks from B hadron decay vertices and cascade b!c charm decay

vertices.

� Charm tracks: Tracks from directly produced charm decay vertices.

� Secondary tracks: Tracks from K0, � etc. decays, interactions in the detector etc.

In the Monte Carlo simulation, the contribution from primary tracks is symmetric about zero

whereas the bottom contribution is heavily skewed to positive values. The charm contribution is

similar to the primary but slightly skewed to positive values. The contribution from secondary

tracks is much broader than the others and comes mainly from interactions in the detector.

The fractions fB(p; L) and fpri(p; L) were extracted separately in 100 bins of momentum(p) and

decay length (L) from distributions similar to those shown in �gure 5. Each distribution was

�tted to the sum of a primary plus a bottom contribution after �rst subtracting the estimated

charm and secondary contributions. The parameterization of each contribution is discussed
below and summarized in table 1. The �2 �ts were performed with two free parameters in each
distribution, the fraction of bottom tracks and a resolution scale factor s, described below. The
number of impact parameter bins in each distribution was adjusted so that each bin had at

least 10 entries.

The contributions from each source were parameterized as follows:

Primary Contribution

The primary contribution was parameterized as a delta function at zero impact parameter
convoluted with a resolution function obtained from the data. The resolution function was

obtained by taking the negative half of the impact parameter distribution for tracks in hemi-

spheres opposite those containing a reconstructed secondary vertex with decay lengths in the
range -0.1 to 0.0 cm, where the b quark contribution is smallest. The function was then sym-
metrized about zero. The charged particle multiplicity of a hemisphere changes with decay

length in the opposite hemisphere and because this might have an e�ect on track resolution,

the width of the resolution function was allowed to scale by a factor s. The resolution function

was constructed separately for the 10 momentum bins.

Bottom Contribution

The bottom contribution was parameterized as a physics function convoluted with the same
resolution function as described above. The physics function was obtained from the impact

parameter distribution of bottom tracks in the generator level Monte Carlo with no detector
e�ects included. The physics function was obtained separately in each momentum bin.

Studies with the full detector simulation suggested that the resolution of bottom tracks appears

to be slightly worse that that for primary tracks. This is due to errors in the signing of the
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impact parameters due to errors in the reconstruction of the jet axis. A sign error makes no

di�erence to the primary track distribution but will turn a bottom track with large positive

impact parameter into one with a large negative value which will worsen the calculated reso-

lution. In order to account for this e�ect a small number (2.5%) of entries on the positive side

of the bottom distribution were randomly switched to the negative side.

The bottom contribution, as given by the �ts, was 3% at low momentum and small decay

lengths, rising to above 80% at high momentum and large decay lengths.

Charm Contribution

The shape of the charm contribution was parameterized in the same way as for the bottom con-

tribution but with no switching of impact parameter signs. The size of the charm contribution

was obtained from the full detector simulation.

The subtracted charm contribution was about 1% at lowmomentum, was 4% at high momentum

and large decay lengths and had a maximumof 15% at high momentumand small decay lengths.

Secondary Contribution

The shape of the secondary contribution was obtained from the full detector simulation. The
size of the secondary contribution was obtained by normalizing the Monte Carlo distribution
to the data in the region outside the impact parameter range used in the �ts. The secondary
contribution includes tracks from the decays of K0

s and hyperons that come from B hadron
decay.

The subtracted secondary contribution was about 7% at low momentum falling to about 1%
at high momentum.

7 B Hadron Decay Multiplicity

In order to calculate the B hadron decay multiplicity, the �tted fractions of bottom tracks

fB(p; L) were multiplied by the total number of tracks Ntot(p; L), satisfying the standard track

cuts, and corrected for reconstruction and analysis losses. The results from the 10 momentum
bins were then summed to give the mean number of tracks from B hadron decay

�nB(L) =
X
p

fB(p; L)Ntot(p; L)

"rec(p)"cut(p)Nhem(L)

where Nhem(L) is the number of hemispheres with a reconstructed vertex in the required decay

length range.

The track reconstruction e�ciency, "rec, was obtained from the full detector simulation

"rec =
Number of B hadron decay tracks reconstructed=reconstructed b event

Number of B hadron charged decay particles generated=generated b event

9



and was calculated separately in each momentum bin. The e�ciency varied from about 84%

below 0.5 GeV/c to 92% above 2 GeV/c.

The e�ciency, "cut, for tracks to pass the �j cut and the 2 silicon hit requirement was calculated

for each momentum bin as

"cut = ("All)Data �
�
"B tracks

"All

�
MC

where each of the terms on the right hand side is calculated according to

" =
Number of tracks passing cuts

Number of tracks reconstructed

and `all' refers to all tracks and `B tracks' to those from B hadron decay. The �rst term is cal-

culated solely from the data whereas the second, small correction, comes from the full detector

simulation. The e�ciency "cut was approximately 45%, falling slightly with momentum.

The average number of primary tracks, �npri, was found in a similar way using fpri instead of

fB. The second term in "cut and "rec were calculated using primary tracks instead of B tracks.

The numbers of bottom tracks and primary tracks per hemisphere are plotted against b purity
in �gure 6. The b purity corresponding to a given decay length bin was obtained from the
Monte Carlo simulation as described above. The non-statistical scatter of the data is due to

systematic uncertainties in the determination of the purity which is discussed in Section 10.

The data shown in �gure 6 were �tted with straight lines of the form

�nB = (1�Pb) �n
B
udsc + Pb�n

B
b and �npri = (1�Pb) �n

pri
udsc + Pb�n

pri
b

where �nBudsc, �n
B
b , �n

pri

udsc and �nprib are the number of B tracks in udsc events, the number of B tracks
in b events, the number of primary tracks in udsc events and the number of primary tracks in
b events. The production of bb pairs during fragmentation and hence �nBudsc was expected to be

very small.

The results were

�nBudsc = 0:026 � 0:013

�nBb = 5:025 � 0:042

�npriudsc = 8:707 � 0:014

�nprib = 5:515 � 0:042

where contributions from secondary decays of K0s and �s are not included. Constraining �nBudsc
to be zero yielded �nBb = 5:059 � 0:024.

Instead of summing over momentum bins, �nB and �npri were plotted against b purity in each

momentum bin separately. From these d�nBb (p) and d�nprib (p) were derived as shown in table 2.
Figure 7 shows d�nBb=dp and d�nprib =dp. The tracks from B hadron decay have a much harder

momentum spectrum than the primary tracks in b events, re
ecting the hard fragmentation
function of b quarks. The mean momentum of the B and primary tracks in b events and

primary tracks in non-b events was found to be

hpiBb = 3:78 � 0:05 GeV=c

hpiprib = 1:33 � 0:04 GeV=c

hpipriudsc = 2:71 � 0:01 GeV=c
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These measurements were used to measure the mean scaled energy hxEib carried by b 
avoured
hadrons as described in section 9.

8 Contribution from K0
s and � Decays

In order to compare the measurement of the mean B decay multiplicity with previous pub-

lications, it was necessary to include the contribution from K0
s , � and other hyperons. The

measurements of �nBb , �n
pri
b and �n

pri
udsc, which do not include contributions from decays of K0

s and

�, were combined with the measurements of �nb and �nudsc which do include contributions from

these decays.

Ignoring contributions from direct charm production in b events, which are expected to be very

small,

�nb = �nprib + �nK�b + �nBb + �nB!K�
b

�nudsc = �npriudsc + �nK�udsc + �ncharmudsc

where �nK�udsc is the number of tracks from K0
s and � in udsc hemispheres and �ncharmudsc is the number

of charm decay tracks per udsc hemisphere. The number of tracks from K0
s and � in b events

has two components; the number originating from B hadron decay, �nB!K�
b , and the rest, �nK�b .

The mean B decay multiplicity including contributions from K0
s and � is hence

�nBb + �nB!K�
b = �nb � �nprib � �nK�b

The value of �nK�b was estimated from the data by assuming that the ratio of tracks from K0
s and

� decays to primary tracks is the same in the non-leading (not from B decay) part of b events

as it is in udsc events i.e.

�nK�b =
�nK�udsc
�npriudsc

� �nprib

where

�nK�udsc = �nudsc � �npriudsc � �ncharmudsc

The value �ncharmudsc was taken to be 0:52 � 0:13. This was calculated by assuming the ratio of
D�:D production was 3:1 and using the D� branching ratios from [14] combined with D decay

multiplicities from [15] to give 2:39�0:14 tracks per stable D decay4 where the error includes the

e�ect of varying the D� rate from 0 to 100%. This was converted to the number of charm tracks

per udsc event using the Standard Model values of �cc=�had = 0:171 and �bb=�had = 0:217.
Jetset predicts �ncharmudsc = 0:522 and Eurodec[16] 0.471.

Hence
�nBb + �nB!K�

b = 5:51� 0:05

4Transition pions from D�� or D� decays were considered to be primary and not included in �ncharm
udsc

. Correc-
tions due to Ds and charm baryon decays are � 0:01 tracks in Jetset and � 0:04 tracks in Eurodec and have
not been included.
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9 The b quark Fragmentation Function

The measurements of �nBb and �n
pri
b were used to estimate the mean scaled energy, hxEib carried

by b 
avoured hadrons in Z0 decays, where xE = 2Ehadron=W , Ehadron is the energy of the

B hadron and W is the nominal centre-of-mass energy. As hxEib increases and the B hadron

takes more of the available energy, the energy remaining to create primary particles decreases

and �n
pri
b decreases. The number of tracks from the B hadron, �nBb , is �xed but as the B hadron

takes more energy, the momentumdistribution of these tracks will harden and hpiBb will increase.

A number of methods of estimating hxEib were investigated. Two complimentary methods, the

mean momentum of B hadron decay tracks, hpiBb , and the number of primary tracks in b events,

�nprib were chosen.

The relationships between hpiBb and hxEib and �nprib and hxEib were obtained from generator level

Jetset 7.3 Monte Carlo events with standard OPAL parameters and Peterson fragmentation

with �b between 0.001 an 0.01. There is a linear relationship between hpiBb and hxEib that is

independent of the fragmentation model. The relationship between �nprib and hxEib is nearly

linear over the range of hxEib considered but may depend on the shape of the fragmentation
function.

The following results were obtained using hpiBb and �nprib respectively:

hxEib = 0:702 � 0:009

hxEib = 0:684 � 0:004

Since the systematic errors on the two methods were found to be similar and dominate the

statistical errors, the average of the two results was taken to obtain

hxEib = 0:693 � 0:003:

This corresponds to �b � 0:0055 within the Jetset Model.

10 Systematic Uncertainties

There are two classes of systematic uncertainty in this analysis, those that a�ected the measured
multiplicity in each decay length bin and those that a�ected the assumed purity within that

bin. Some sources contributed to both classes. The systematic uncertainties are summarized

in table 3.

The main sources of systematic uncertainty are those which determine the shape of the decay
length distribution, used to extract the b-purity. The discrepancy on the positive side of the

distribution (�gure 1) can be removed by increasing the b lifetime in the Monte Carlo to 1.7ps,

making the b fragmentation harder or increasing the scaling of the track parameters in the
Monte Carlo as described in section 3. The systematic uncertainties in the results due to these

e�ects were estimated as follows:

� The average b lifetime was varied by �0:10ps about its central value of 1.55ps [17].
12



� The parameters �b and �c, that control the b and c quark fragmentation, were varied from

0.0095 to 0.0025 and 0.057 to 0.046 respectively. These are equivalent to the averages of

hxEib and hxEic given in [4, 18, 19].

� The Monte Carlo scaling described in section 3 was varied between 1.0 (no scaling) and

1.4.

As a cross check every reconstructed decay length in the Monte Carlo was increased by a factor

of 15% which also removed the discrepancy between data and Monte Carlo and changed the

results by less than the systematic uncertainties attributed to the sources given above.

Other factors that in
uence the shape of the decay length distribution are the production rates

of b and c quarks, and because of the four track requirement, the mixture of B hadrons produced

and the decay multiplicities of the B hadrons.

� The ratios �bb=�had and �cc=�had were varied from 0.204 to 0.232 and 0.133 to 0.209

respectively, corresponding approximately to the errors given in[19, 20].

� The fractions of Bs and �b produced were changed from half to double their nominal
values of 12% and 9% respectively, and the ratio of Bu to Bd was changed by �20%.

� The B hadron decay multiplicity (including K0
s and � decays) was varied by �0:5 tracks.

The following procedures were speci�c to the estimation of the systematic uncertainties on �nb,

�nudsc and �bl:

� The correlation and charm corrections are model dependent. The �ts were repeated
without these corrections and the di�erence in the results treated as a source of systematic
uncertainty.

� Since the same correction procedure as described in [13] has been used with essentially
the same Monte Carlo program, it was assumed that this analysis is subject to the same
acceptance and e�ciency systematic uncertainties as described in [13]. The contributions

to the uncertainty in single hemisphere multiplicity are 0.2% from detector simulation,

1.5% from track and event selection and 0.9% from model dependence giving an overall

systematic uncertainty of 1.8%. This correction should be treated as an overall scale
uncertainty and applied to both �nuds and �nb, but not to the ratio.

� To account for any decay length dependence in this procedure, the analysis was repeated

with the corrections derived from three decay length bins only and by applying the same
global correction to all 10 decay length bins.

Although the �tting of the impact parameter distributions relies mainly on the data itself to

provide the resolution function, the secondary contribution and especially the charm contribu-
tion rely on Monte Carlo simulation and are possible sources of systematic error.

� The charm contribution in the impact parameter �ts was varied by 25% to account for

uncertainties in �cc=�had and the charm decay multiplicity.
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� The secondary contribution in the impact parameter �ts was taken directly from the full

detector simulation instead of being normalized to the data.

� The B physics function used in the �ts is the sum of the contributions of tracks coming

directly from B decays and of those coming from cascade B!D decays. The latter has on

average larger impact parameters. The relative amounts of these two contributions came

from the Monte Carlo simulation and a variation of �20% in the fraction coming directly

from B decays was treated as a possible source of systematic uncertainty. This variation

is equivalent to changing the total B decay multiplicity by �1 track whilst keeping the

amount of cascade constant, or alternatively in terms of the lifetime content of the tracks,

changing the D� fraction from zero to twice its nominal value.

� The number of B tracks whose impact parameter signs were changed was varied from 0%

to 5%.

� The e�ciency for tracks to pass the additional track cuts, "cut, was mainly determined

from the data. However, the e�ciency for reconstructing a track in the OPAL detector,

"rec, was obtained from the full detector simulation and could be a source of systematic

error, especially if there were 
avour dependent e�ects that depended on the environment
surrounding a track. The e�ciency was calculated separately for each type of track (B
tracks, D decay tracks, primary tracks in uds events, primary tracks in b events etc.) and
for events with less and more than 20 tracks generated and the largest variations used to
estimate the systematic uncertainty.

� The resolution scaling factor, s, was a free parameter in the �ts since the impact parameter
resolution in the Monte Carlo simulation was seen to depend on the decay length in

the opposite hemisphere. The scaling factor was changed by �20% around the value
determined by the �t for B tracks only.

The extraction of hxEib from hpiBb and �nprib relies on the modelling of B hadron decay and light
quark fragmentation. The model dependence was estimated as follows:

� The procedure was repeated using Eurodec instead of Jetset to model B hadron decays.

� The light quark fragmentation parameters in Jetset were varied by the one standard

deviation errors given in [7]. The QCD scale parameter �QCD was varied between 0.30
and 0.33 GeV. The parton shower cut-o� parameter Q0 was varied between 0.7 and
1.8 GeV. The parameter �q that controls the transverse momentum was varied between

0.31 and 0.39 GeV and the parameter a that controls the fragmentation function was

varied between 0.06 and 0.23.

Several additional cross checks were performed. In all cases, the variations in the results were

within the systematic uncertainties from the sources already described and were not considered

as additional sources of uncertainty.

� The number of tracks required to form a vertex was changed by �1 from the standard
value of four. This change had a signi�cant e�ect on the b purity in each decay length

bin and a dramatic e�ect on the vertex �nding e�ciency, but the e�ect on the overall

result was small.
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� The requirement that there be two silicon hits per track was loosened to one per track.

This increased the number of tracks used in the analysis but introduced more poorly

measured tracks and secondary tracks. There was a signi�cant change in the result but

it was less than the systematic error assigned to the secondary track contribution for

instance.

� The �j cut was changed from 0.4 by �0:2 rad. This changed the amount of lifetime

information contained in the impact parameter distributions. The changes to the results

were small.

� The impact parameters were calculated with respect to the event by event primary vertex

position. The analysis was repeated using the average primary vertex position which wors-

ened the impact parameter resolution and might have introduced a di�erent correlation

between the two hemispheres. The e�ect on the results was small.

� The analysis was repeated with 1991 data which had two missing silicon detector ladders.

The changes to the results were well within the systematic errors quoted for detector

resolution.

11 Comparison of Multiplicity with QCD Predictions

QCD calculations using the Modi�ed Leading Log Approximation (MLLA)[21] combined with
Local Parton-Hadron Duality (LPHD)[22] are expected to describe the gross features of hadronic
systems, such as multiplicity distributions, without invoking phenomenological fragmentation

schemes. This approach is expected[23] to be particularly successful in the case of e+e� anni-
hilation into heavy quarks of mass MQ at centre of mass energies W where W �MQ � �QCD.
In particular, there is a prediction[24] that the di�erence in multiplicity between heavy quark
and light quark events is independent of centre of mass energy.

Due to the suppression of forward gluons in the angular region around the heavy quark direction,

MLLA predicts that the companion or non-leading multiplicity �N(QQ;W ) of light hadrons
accompanying the heavy quark Q, excluding the decay products of the on-shell heavy hadron

is less than the multiplicity in a light quark event at the same centre of mass energy, N(qq;W )

�N(QQ;W ) = N(qq;W )�N(qq;
p
e �MQ) +O(�s(M2

Q)N(qq;MQ))

where e is the base of natural logarithms.

Hence ignoring higher order terms, MLLA predicts thatN(qq;W )��N(QQ;W ) is independent
of centre of mass energy. The di�erence in multiplicity between heavy and light quark events

at the same centre of mass energy can be written as

�Ql = �N(QQ;W ) +Ndecay
Q �N(qq;W )

= Ndecay
Q �N(qq;

p
e �MQ)

where Ndecay
Q is the multiplicity from the decay of heavy hadrons containing the heavy quark

Q. Thus MLLA predicts that �Ql is independent of centre of mass energy.
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An estimate of the numerical value of �bl is given in [24] using
p
e �MB =

p
e � 4:8 = 7:9 and

low energy data corrected for charm contributions, which yields N(qq;
p
e �MB) = 5:5 � 0:7.

Assuming Ndecay
b = 11:0 � 0:2 they get the MLLA prediction that

�bl = 5:5� 0:8:

Additional uncertainties arise from higher order contributions. For example the magnitude of

the O(�s(M2
Q)N(qq;MQ)) term is expected to be about 0:2� 5:5 � 1:1 tracks.

A more na��ve approach[25] is to assume that the non-leading multiplicity in heavy quark events

is the same as the multiplicity in light quark events at the centre of mass corresponding to the

energy left behind after the heavy quarks have fragmented i.e.

�N(QQ;W ) = N(qq; (1� hxEiQ) �W )

where hxEiQ = 2EQ=W is the mean fraction of the beam energy carried by the heavy hadrons

containing the heavy quark Q. Hence

�Ql = N
decay
Q +N(qq; (1 � hxEiQ) �W )�N(qq;W )

Using a parameterization of world average charged particle multiplicity data, corrected to re-
move the e�ects of heavy quark production[26],

N(qq;W ) = 2:554 + 0:1252 � exp(2:317
p
lnW )

and assuming hxEib = 0:7, �bl falls from 6.9 at W = 20 GeV to 1.9 at W = 100 GeV, with a
value of 2.3 at W = 91:2 GeV. There is an uncertainty of about �0:5 in this prediction due to

the charm subtraction.

The Jetset Monte Carlo program also predicts that �bl is independent of energy and gives
�bl = 2:37 at W = 91:2 GeV.

Figure 8 shows our measurement of �bl at 91.2 GeV along with previous measurements[25, 27] at

other energies. Also shown are the MLLA and the na��ve predictions discussed above. Fitting

a straight line of the form �bl = a + bW through all the data5, gave a = 5:0 � 1:3 and
b = �0:023 � 0:019 which is compatible with the hypothesis that �bl is independent of energy.

However, we cannot distinguish between the na��ve and MLLA predictions with the current
results.

12 Conclusions

We have reconstructed secondary vertices in jets. By cutting on the distance of these vertices

from the average beam position, samples of events with b purity varying from about 13% to

89% were selected.

5Note that some of the errors are correlated between experiments due to a common charm uncertainty. The
errors between this measurement and the ones at 29 GeV are largely uncorrelated.
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We have measured the charged particle multiplicity in the hemispheres opposite these jets and

derived values for the hemisphere charged particle multiplicity in Z0 ! bb events compared to

that in non-bb events of

�nb = 11:71 � 0:03 � 0:18 � 0:21

�nudsc = 10:32 � 0:01 � 0:07� 0:19

where the �rst error is statistical, the second systematic and the third a common uncertainty due

to the acceptance and e�ciency correction as described in [13]. The systematic uncertainties

are summarized in table 3. The results include contributions from K0
s and � decays.

We �nd the di�erence in total charged particle multiplicity between b quark events and light

(uds) quark events to be

�bl = 3:02 � 0:05 � 0:79:

This result is consistent with the na��ve model that the non-leading multiplicity in b quark

events is the same as that in light quark events at centre of mass energies corresponding to

that remaining after the b quarks have fragmented to B hadrons. When combined with data

at other energies the result is also consistent with the MLLA prediction that �bl should be
independent of centre of mass energy.

We have also studied the impact parameter distributions of charged particles in the hemispheres

of the events opposite these jets and measured the charged particle decay multiplicity of B
hadrons to be

�nB = 5:03 � 0:04 � 0:49 (Excluding K0 and � decay products);

�nB = 5:51 � 0:05 � 0:51 (Including K0 and � decay products):

The latter result can be compared with the predictions of Jetset and Eurodec, including K0
s

and �, of 5.211 and 5.135 respectively. It agrees well with lower energy results from CLEO
and ARGUS of 5:44 � 0:10 which is the combined result from charged particle multiplicity

measurements of 10:81� 0:05� 0:23[28] and 10:99� 0:06� 0:29[29] at the �(4s). At the �(4s)
only Bu and Bd are produced whereas at LEP Bs and B baryons are also produced.

The hemisphere non-leading or primary multiplicity (excluding K0
s and � decays) in b and

non-b events were found to be
�nprib = 5:52 � 0:04 � 0:34

�npriudsc = 8:71 � 0:01 � 0:21:

From the meanmomentumof the B decay products and the number of primary charged particles

per b event, the average xE of b 
avoured hadrons was measured to be

hxEib = 0:693 � 0:003 � 0:030:

The result is in excellent agreement with the value obtained independently from high transverse
momentum leptons, hxEib = 0:697 � 0:006 � 0:010[30].
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Contribution Shape Resolution Size

Primary � function Data Fit

Bottom Generator level MC Data Fit

Charm Generator level MC Data Full MC

Secondary Full MC Data

Table 1: Summary of the source of each contribution to the �ts to the impact parameter

distributions.

p (GeV/c) hpi d�nBudsc(p) d�nBb (p) d�npriudsc(p) d�nprib (p)

0.00 to 0.50 0.34 0:030 � 0:008 0:392 � 0:024 1:887 � 0:007 1:717 � 0:022
0.50 to 1.00 0.73 0:007 � 0:005 0:623 � 0:017 1:775 � 0:006 1:503 � 0:016

1.00 to 1.50 1.23 �0:001 � 0:004 0:584 � 0:013 1:085 � 0:004 0:803 � 0:013

1.50 to 2.00 1.74 0:003 � 0:003 0:489 � 0:011 0:737 � 0:004 0:467 � 0:011
2.00 to 2.50 2.24 �0:002 � 0:003 0:415 � 0:010 0:540 � 0:003 0:302 � 0:010

2.50 to 3.00 2.74 0:003 � 0:003 0:351 � 0:008 0:404 � 0:003 0:190 � 0:009
3.00 to 4.00 3.46 �0:003 � 0:003 0:562 � 0:010 0:584 � 0:003 0:228 � 0:011
4.00 to 6.00 4.88 0:001 � 0:004 0:693 � 0:011 0:658 � 0:004 0:194 � 0:012

6.00 to 10.0 7.65 �0:004 � 0:003 0:578 � 0:010 0:583 � 0:003 0:096 � 0:012
10.0 to 50.0 15.56 �0:007 � 0:003 0:333 � 0:008 0:454 � 0:003 0:011 � 0:011

Table 2: The number of B tracks and the number of primary tracks per hemisphere in udsc
and b events as a function of momentum, p.
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Description �nudsc �nb �bl �nBb �n
pri
b �n

pri
udsc hxEib

b lifetime 0.006 0.001 0.011 0.141 0.108 0.022 0.0036

b fragmentation 0.004 0.010 0.055 0.209 0.045 0.110 0.0030

c fragmentation 0.005 0.016 0.026 0.014 0.039 0.081 0.0021

Resolution scaling 0.017 0.127 0.496 0.307 0.121 0.096 0.0039

�bb=�had 0.040 0.031 0.023 0.092 0.076 0.043 0.0041
�cc=�had 0.010 0.047 0.135

B species 0.003 0.040 0.061 0.015 0.010 0.008 0.0017
B decay multiplicity 0.000 0.061 0.178 0.101 0.076 0.006 0.0036

Correlation correction 0.034 0.053 0.064

Charm correction 0.008 0.056

Global & 3 bin correction 0.044 0.050 0.561

Charm contribution 0.118 0.175 0.084 0.0100

Secondary contribution 0.003 0.014 0.005 0.0008

Direct B contribution 0.123 0.108 0.004 0.0158
Sign 
ipping 0.172 0.176 0.005 0.0139

E�ciency 0.045 0.043 0.074 0.0014
B Resolution scaling 0.037 0.037 0.015 0.0127

Eurodec B decays 0.0023
Light quark fragmentation 0.0090

Total systematic error 0.072 0.183 0.789 0.489 0.344 0.208 0.0294

Acceptance & E�ciency 0.186 0.211 0.054

Table 3: Summary of systematic error contributions. The contribution due to the acceptance
and e�ciency correction is an overall scale factor that should be applied to �nudsc and �nb sepa-
rately, but not to the ratio.
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Figure Captions

Figure 1. The decay length of either of the highest energy jets in the data (points with error

bars) and the Monte Carlo (histogram). The contribution to the Monte Carlo from

bottom quark events is shown as the shaded histogram, and that from charm quarks and

light quarks as the dashed and dotted histograms respectively.

Figure 2. The quark purity as a function of decay length for bottom, charm and light (uds)

quarks.

Figure 3. The uncorrected charged particle multiplicity for data (points with error bars) and

Monte Carlo (histogram) in the hemispheres opposite reconstructed vertices with decay

lengths of (a) -0.1 to 0.0 cm, (b) 0.05 to 0.2 cm, (c) 0.3 to 1.0 cm. These correspond to

b purities of about 12%, 48% and 90% respectively. The B decay multiplicity (including

K0
s and � decays) in the Monte Carlo was increased to agree with the value measured in

this paper.

Figure 4. The charged particle multiplicity in the hemispheres opposite those containing a
reconstructed secondary vertex as a function of the b purity of the events. The solid line
is a straight line �t through the data points. The errors shown are statistical only and
do not include systematic uncertainties in the determination of the b purity.

Figure 5. Distributions of the impact parameters of tracks with momenta in the range 2.0
to 2.5 GeV/c in hemispheres opposite those containing a reconstructed secondary vertex

with decay lengths in the range (a) -0.1 to 0.0 cm, (b) 0.05 to 0.2 cm and (c) 0.3 to 1.0 cm.
These correspond to samples with b purities of �12%, �48% and �90% respectively. The
points with error bars are the data and the solid histograms are the results of the �ts
described in the text. The almost perfect agreement on the negative side of (a) is due to
the fact that this distribution provides the resolution function used by the others.

Figure 6. The charged particle multiplicity, (a) for tracks from B hadron decays and (b) for
primary tracks, in the hemispheres opposite those containing a reconstructed secondary
vertex, as a function of the b purity of the event. The solid lines are straight line �ts

through the points. The error bars, which are smaller than the points, are statistical only

and do not include systematic uncertainties in the determination of the b purity.

Figure 7. The momentum distributions of charged tracks from B decays (solid points) and

primary tracks (open points) in Z0 ! bb events. The error bars are statistical only.

Figure 8. The di�erence in charged particle multiplicity �bl between b quark and light quark

events as a function of centre of mass energy. The �rst point is the average of mea-

surements at 29 GeV with common systematics taken into account[24]. The MLLA
prediction[24] that �bl is independent of energy (see text for details) is shown as the solid
line. The dotted line indicates the error on this prediction but does not include higher

order corrections. The dashed line is the na��ve prediciton.
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