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Abstract. About 4.4 million hadronic decays of Z bosons, recorded by the OPAL detector at LEP at
a centre-of-mass energy of around /s = 91.2GeV, are used to determine the mean charged particle
multiplicities for the three light quark flavours. Events from primary u, d, and s quarks are tagged by
selecting characteristic particles which carry a large fraction of the beam energy. The charged particle
multiplicities are measured in the hemispheres opposite to these particles. An unfolding procedure is
applied to obtain these multiplicities for each primary light quark flavour. This yields

0.86 1.46 0.39
(nu) = 17.77+0.51 750 | (na) =21.44 £0.63 1175, (ne) =20.02 £0.13 752,

where statistical and systematic errors are given. The results for (n,) and (nq) are almost fully statistically
anti-correlated. Within the errors the result is consistent with the flavour independence of the strong

interaction for the particle multiplicities in events from the light up, down, and strange quarks.
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1 Introduction

The flavour independence of the strong coupling is a fun-
damental property of quantum chromodynamics (QCD).
A Dbreaking of the flavour symmetry should only occur
due to calculable mass effects. These mass effects have
been observed for bottom quarks [1,2] using event shapes
and jet rates in the final state of electron-positron anni-
hilation into bb. Another observable which can be em-
ployed to test flavour independence is the multiplicity of
charged hadrons in jets originating from quarks of a spe-
cific flavour. According to the local parton hadron duality
hypothesis (LPHD) [3], the particle multiplicity is related
to the gluon multiplicity inside a jet which depends on
the value of the strong coupling constant [4]. A depen-
dence of the multiplicity of charged hadrons on the quark
flavour has been found for heavy quarks [5]. Up to now
only few measurements exist on the flavour independence
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of the strong interaction in the light quark sector (up,
down, strange quarks) [2]. Within the large uncertainties
due to the limited statistics, flavour independence of the
strong interaction is supported.

This paper presents a new, high statistics investigation
of the flavour dependence of the strong interaction. It is
based on the mean charged multiplicity determined sepa-
rately for events of primary up, down, and strange quarks
in ete” annihilation at centre-of-mass energies close to
the mass of the Z boson. To identify the flavour of the
primary quark in the Z decay, the leading particle effect is
exploited [6]. This assumption of a correlation between the
flavour of the primary quark and the type of the hadron
carrying the largest momentum has recently received fur-
ther support by measurements of the SLD [7] and OPAL
collaborations [8].

The study presented in this paper uses three different
selections of events with leading Kg and K* mesons, and
highly energetic stable charged particles, denoted “high
zg” in the following. Due to the different fractions of pri-
mary up, down, and strange quarks in these samples a
statistical decomposition of the contributions from each of
the three quark flavours is possible. The leading Kg and
K* meson selections, even though dominantly stemming
from primary strange quarks, yield the separation of up
and down quark events since a leading K§ (K*) meson is
rarely formed from a primary up (down) quark while both
K and K* are equally likely to be produced in a strange
quark event. Together with the high x g selection, contain-
ing up, down, and strange quark events in approximately
equal proportions, properties like the mean charged parti-
cle multiplicity in events of each of these three light quark
flavours can be determined by statistical unfolding. The
mean charged multiplicity is determined from all long-
lived charged particles in the hemisphere opposite to the
leading particle where the two hemispheres of an event
are defined by the plane perpendicular to the thrust axis
which contains the main interaction point. Choosing the
opposite hemisphere minimizes the bias of the measured
multiplicity due to the high energy of the leading particle.

Before the three selections of leading particles are pre-
sented in Sect. 3, the OPAL detector and the data sam-
ples used for this study are briefly introduced in Sect. 2.
The determination of the charged particle multiplicities is
discussed in Sect. 4. The investigation of various sources
of systematic uncertainty is detailed in Sect.5. Section 6
presents a cross-check of the analysis using flavour frac-
tions obtained from the data. The results of this analysis
are presented in Sect. 7.

2 The OPAL detector, data,
and Monte Carlo simulation

The OPAL detector has been described in detail else-
where [9]. The analysis presented here relies mainly on
the reconstruction of charged particles in the large vol-
ume jet chamber whose performance has been presented
n [10]. A solenoidal coil surrounds all tracking detec-
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tors. It provides a field of 0.435T along the beam axis!.

Tracks of charged particles are reconstructed with up to
159 space points. Their momenta in the plane transverse
to the beam-axis, p,y, can be determined to a precision
of 0., /Pay = 1/0.022 + (pgy - 0.0015/GeV)2. This resolu-
tion degrades towards the acceptance boundary of | cos 8 |
~ 0.98. From the specific energy loss dE/dx, which is
measured from up to 159 samples with a resolution of
o(dE/dx)/(dE/dz) ~ 0.035, the type of the charged par-
ticle can be identified over a wide momentum range.

The analysis is based on data recorded with the OPAL
detector between 1990 and 1995 comprising about 4.4 mil-
lion hadronic events at centre-of-mass energies /s around
91.2GeV (LEP I). The events considered for this study
were preselected by a standard selection for high multi-
plicity events [11] which relies on a minimum number of
measured tracks of charged particles in the tracking de-
tectors and clusters of energy deposited in the electro-
magnetic calorimeter. The remaining background of two-
photon processes and T-pair events are estimated to be
0.07% and 0.11 %, respectively.

Tracks to be used for the reconstruction or identifica-
tion of the leading particles and for the determination of
the charged multiplicity were required to pass the quality
selection cuts as detailed in [12]. These tracks had to have
at least 20 hits in the jet chamber and a closest approach
to the interaction point in the plane perpendicular to the
beam axis of |dg| < 5em. The track momenta had to be
between 0.1 and 65 GeV. Events with 7-pairs are further
suppressed by requiring at least seven tracks.

The Monte Carlo simulation comprised about 8.5 mil-
lion hadronic events simulated by version 7.4 of the JET-
SET program [13] which has been tuned to describe the
OPAL data [14]. The generated events were passed
through a detailed simulation of the OPAL detector [15]
and processed using the same reconstruction and selection
algorithm as the measured data.

3 Selection of flavour enriched data samples

Every event is divided into two hemispheres by the plane
perpendicular to the thrust axis containing the interac-
tion point. In each hemisphere we searched for Kg and
K* mesons, and highly energetic stable charged particles,
whose energy fraction zp = 2E/+/s is above a certain
threshold. Due to the cuts, in particular on x g, these three
samples are enriched in events from up, down, and strange
quarks in different proportions (see Table 1). The xp se-
lection cuts were chosen to have samples of comparable
size.

! The coordinate system of OPAL has the z axis along the
electron beam direction, the y axis points upwards and z to-
wards the centre of the LEP ring. The polar angle 6 is measured
with respect to the z axis.
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Table 1. Number of tagged hemispheres in data and in the
Monte Carlo simulation, scaled to the same integrated lumi-
nosity, and the flavour composition of the three samples found
from the simulation after applying the reweighting procedure
described in Sect. 3.4. The errors are statistical only

tag K2 K=* highz g

rp range 0.40-1.07  0.50-1.07  0.70-1.07
Data Ntag 193594139 18979+138 279094167
MC expectation Nyo& = 19303+ 99 18947+ 99 27845+119
u fraction [1072] fi* = 83401 21.7+0.2 314402
d fraction [1072] fi*® = 15.6+0.2 13.94£0.2 27.8+0.2
s fraction [1072] f* = 57.04£0.3 53.1£0.3 36.440.2
¢ fraction [1072] f¥* = 14.64£0.2  9.0+0.2  3.0£0.1
b fraction [1072] f*® 4.5+ 0.1 2.34+0.1 1.4+ 0.1

3.1 K9 selection

Kg mesons were selected via their decay into two charged
pions using the procedure described in [16]. It was adapted
for large momenta of the K¢ mesons by dropping the spe-
cific dy cut imposed on the two pions in the default pro-
cedure. Any two oppositely charged particles were com-
bined. The invariant mass m,, was calculated assuming
the pion mass for the particles. Kg candidates were re-
quired to have [myg —mxr| < 60 MeV using the mass of a
K§ meson, myg, given in [17]. Photon conversions were re-
jected by demanding me. > 100 MeV if the electron mass
is assigned to both tracks. The impact of detector effects
close to the acceptance boundary is reduced by restricting
the polar angle of K% candidates to |cos#| < 0.9. To en-
rich the sample in primary strange and down quarks and
to suppress up, charm, and bottom events, a requirement
on the scaled energy of the K2 candidate of zp > 0.4
was applied. Candidates with zp > 1.07 were rejected.
This takes into account the 7% momentum resolution for
particles with the beam energy.

Figure la and d show the energy spectrum of the K2
candidates and the expected flavour composition of the
events tagged by the K2 candidates. Table 1 gives the
number of tagged hemispheres in the data as well as the
expected number and the flavour composition of the sam-
ple taken from the Monte Carlo simulation plus their sta-
tistical errors. The sizeable charm quark contribution is
due to D mesons decaying into K(S).

3.2 K+ selection

Charged kaons were identified using the energy loss mea-
surements in the jet chamber [10]. To effectively reject the
contribution of charged pions and protons, only tracks in
the central region of the jet chamber, |cosf| < 0.72, were
considered which have at least 130 hits for the momentum
measurement and a minimum of 100 hits for the determi-
nation of the energy loss. Tracks azimuthally closer than
0.5° to an anode wire plane of the jet chamber were not
accepted to avoid biases from the significantly degraded

The OPAL Collaboration: Charged multiplicities in Z decays into u, d, and s Quarks

OPAL
g“lo;‘;“ T H‘(g)éé 1 (d mus~drgs Ocb
4 i 18 .
-af {1 06
10 ¢ 3
F 3 04
1 + Data ]
10 3 1L Monte Carlo TE 0.2 %
S IS P I I 0
04 06 08 1 04 0.(3 0.8
Xe(K2 cand.) xe(Kscand.) i,
gulog,a‘\\\;_;\uwwu(g)éé 1 () PMuRNdXs Och
= E ] g
S 1F +H&=
=z E 3
= af ]
10 3 E CRRRXN]
oF 1 RIS
10 T + Data ]
E JL Monte Carlo E
Lo | I B B
04 06 08 1 04 0.6 0.8
x(K* cand.) Xe(K* cand.) ;.
o LT T ] s YT
S . ©Fg 1L
pd E 1& SRS,
© r 13 $XRAS
= 0.8 R
z 1L 4 K
= E E 0.6 RS
-1 1
10 £ = 0.4 %
E + Data E
F N MonteCarlo . 0.2 //
-2 j
0 Bl b1 3 0
06 07 08 09 1 06 07 08 09 1

xg(high x¢ cand.) xg(high x¢ cand.)

min
Fig. 1. a—c Observed energy spectra of K3, K*, and highzg
candidates. The solid line shows the Monte Carlo simulation
normalized to the integrated luminosity of the data after apply-
ing the reweighting procedure described in Sect. 3.4. d—f Cor-
responding flavour fractions taken from the Monte Carlo simu-
lation as a function of the cut on the minimum energy fraction,
ZTE,min, Of the tag particle. The zg cuts chosen for the flavour
enriched samples are indicated by the vertical lines

resolution of both momentum and energy loss measure-
ment close to these planes.

Each track is assigned five dE/dx weights, wy, calcu-
lated from the probabilities of the measured energy loss of
the track to be consistent with that expected for a particle
of type h, where h can be p(p), KT, 7%, u* or e*. The
weight is positive signed if dE/dz(measured)>dE/dx (ex-
pected) according to a particular hypothesis, and negative
otherwise. K* were selected by requiring:

|wK| > max(|wp|7 |w7r‘7 ‘w,u|a |we|)
|wK| > 0.1
and |w;| <0.1.

This yielded, according to the simulation, a composition
of the sample of tagged particles of about 77 % kaons, 13 %
pions, and 9.5 % protons. The remainder is due to muons
and charged hyperons. It was not attempted to correct
the K* selection for the pion and proton contributions
directly.
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Figure 1b shows the energy spectrum of the K* candi-
dates. To enrich the sample in events of primary strange
and up quarks, a cut on the minimum scaled energy of
xp > 0.5 was applied as shown in Fig. le. Badly recon-
structed tracks were rejected by requiring xp < 1.07.
Table 1 summarizes the number of tagged hemispheres,
the expected number and the primary flavour composi-
tion taken from the Monte Carlo simulation.

3.3 High z g particle selection

Even though the fragmentation of bottom and charm
quarks is harder than that of the light quarks, the cascade
decays of the b- and c-hadrons lead to many stable parti-
cles which consequently have a significantly softer energy
spectrum. Thus the selection of stable charged particles
carrying a high energy fraction z g, calculated using the
assumption that the particle is a pion, depletes an event
sample of primary charm and bottom quarks. Besides the
cuts on the scaled energy of 0.7 < zg < 1.07, additional
cuts concerned the selection of well-reconstructed tracks
which were required to have at least 130 hits used for the
reconstruction, a polar angle of |cos@| < 0.72 and an az-
imuthal angular distance from the closest anode wire plane
of at least 0.5°. Moreover, the X72“<p per degree of freedom
of the fit of the track to the hits in the plane perpendic-
ular to the beam axis had to be less than 2. This tight
cut rejected badly reconstructed tracks, including those
containing kinks due to an unrecognized decay in flight.

The energy spectrum of the high v candidates and the
flavour composition depending on the cut on the minimum
energy of the high x g particles are shown in Figs. 1c and f.
The slightly rising fraction of heavy quark events at very
large x g is due to the remaining contribution of badly re-
constructed tracks in this energy region. Such tracks occur
with the same low probability for each primary flavour.

In Table 1 the number of tagged hemispheres found
in the data are given and compared with the expected
number from the simulation. It should be pointed out that
about 10 % of the high zz hemispheres are also selected
with the K* selection cuts. No rejection was applied, but
it was checked that eliminating the 10 % had no significant
effect on the result of this analysis. The small statistical
correlation was taken into account.

3.4 Checks of the flavour composition

A crucial ingredient in this analysis is the knowledge of
the flavour composition of the three tagged event samples.
The JETSET Monte Carlo simulation using the tuned
parameters of [14] predicts for each of the tagged par-
ticles in the region of high values of xg a larger differ-
ential cross-section (1/N) - (dN/dzg) than measured in
the data. This discrepancy was accounted for by apply-
ing a flavour independent reweighting to each of the three
tagged event samples in the simulation. The reweighting
factors were derived from the ratio of the x g spectra of the
tagged particles in the data and the simulation. They were
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parametrized by a function f(xg) = ¢ - (1 — 2g)° whose
form is motivated by the Lund symmetric fragmentation
function [18]. Each tag type had its own reweighting func-
tion, but § was found to be consistent for all three tags.
The impact of this reweighting on the flavour fractions is
negligible and was considered as an additional systematic
uncertainty in Sect. 5.

The flavour composition and its sensitivity to changes
in the fragmentation function can be checked with mea-
sured data. To this end the number of events with a single
and a double tag have been counted and compared in mea-
sured and simulated data following the proposal of [19].
Here a double-tagged event has exactly one tagged particle
in each hemisphere, whereas single-tagged events have at
least one tag. These counts depend on the sums and prod-
ucts of the flavour fractions. Due to the small number of
tagging samples it is not possible to find a unique solution
in this analysis. However, the single-tagged and double-
tagged events can be used to cross-check the flavour frac-
tions obtained from the Monte Carlo simulation using
measured data only.

Double-tagged events were studied in different zg
ranges of the tagged particles. Each of the three samples
was divided into two x g regions. For each sample the lower
g region was chosen so that the impact from the choice
of the parameters of the fragmentation function is small.
The remaining part corresponds to the higher zp region
which is particularly sensitive to the hardness of the frag-
mentation function. In detail, the lower xg ranges were
chosen for the K and K* samples to be 0.4 < zg < 0.6,
and for the highxg sample to be 0.6 < zg < 0.7. The
higher xg regions are 0.6 < g < 1.07 for both kaon se-
lections and 0.7 < zg < 1.07 for the high g sample. For
both the lower and the higher z g regions the number of
double-tagged events were determined. The events were
classified according to whether (a) both tags belong to
the lower xp region, or (b) at least one tag belongs to a
higher xg region. Table 2 lists the double tag counts for
data and simulation, normalized to the integrated lumi-
nosity of the data after the reweighting. Good agreement
between the double tag counts in data and simulation is
found for both xg regions, as can be seen from Table 2.
This can be quantified using the x? per degree of free-
dom of the double tag counts which is 3.6/8 (5.3/8) in
the higher (lower) z g regions. Since the double tag counts
depend on the flavour fractions, the good agreement for
the absolute number of tags and for the number of dou-
ble tags leads to the conclusion that the estimate of the
flavour fractions by the JETSET generator is reliable.

Different multiplicities for events from primary u, d, or
s quarks could imply different fragmentation functions for
these quarks. To test the impact of different fragmentation
functions another cross-check was conducted which con-
siders a different reweighting factor f(zg) =c- (1 —zg)°
for one of the three light quarks. This corresponds to the
case of a different fragmentation function for one quark
flavour with respect to the other two. The flavour depen-
dence was modelled by allowing in turn for a different
value of § for one of the three light quarks while main-
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Table 2. Number of doubly tagged events when: a both tags
belong to the lower zg region, b at least one tag belongs to a
higher zg region. The upper rows are the measured data. The
lower rows present the reweighted simulation data (MC). Also
the total number of tags are given for data and the simulation
(third column)

a
N8 K$ K* high g
. data 16236+127 2345 116411 1244 11
Ks  MC 16185+ 91 33+4 111+ 8 123+ 8
. data 349524187 144412 340+ 18
K MC  35075+134 151410 350+ 14
. data 491604222 258+ 16
highee Vo 492454159 273+ 12
b
Ntas KY K* high z
. data 3123 56 1444 244 5 101 10
Ks  MC 3118+ 40 1943 23+ 3 113+ 6
. data 8099 90 24 1 197+ 14
K MC 7938+ 64 0 190+ 9
. data  27909+167 419+ 20
highze N 277554119 407+ 12

taining as a constraint in the fit of the § parameters the
agreement of both the number of single tag counts and
the zp spectra in data and simulation as before.

When this reweighting was applied to the simulation,
the light flavour fractions of the two kaon selections
changed by less than 0.08, while for the highzpg selec-
tion the fractions changed by up to a factor of two. The
comparison of the double tag counts after the flavour de-
pendent reweighting revealed, however, a worse descrip-
tion of the data by the simulation than in the case of
the flavour independent reweighting. This can be inferred
from the x? per degree of freedom for the number of dou-
ble tag counts in the whole g regions considered which
increased to 27.7/7, 13.7/7, or 36.5/7, respectively for
each sample, when allowing for a different value of ¢ and,
hence, a different fragmentation function for up, down, or
strange quarks. These large values of 2 per degree of free-
dom strongly disfavour a flavour dependent reweighting of
the fragmentation functions and, therefore, the substan-
tial changes of the flavour fractions associated with this
reweighting. This gives further evidence that the flavour
fractions derived from the simulation can be considered
to be an accurate estimate of the flavour fractions in the
data. We, therefore, use for our main result the flavour
fractions obtained from JETSET without application of
the reweighting procedure. The small effect on the flavour
fractions due to the reweighting will yield a systematic
uncertainty which is discussed in Sect. 5.
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Fig. 2. Mean charged multiplicity in a hemisphere as a func-
tion of the energy of the tagged particles. Open circles show the
values obtained from the hemispheres containing the tagged
particle, full circles correspond to the opposite hemispheres.
The histogram is the expectation from the Monte Carlo simu-
lation

4 Determination
of charged particle multiplicities

4.1 Determination of flavour dependent multiplicities

The flavour dependent multiplicities are defined as the
average number of charged particles with life-times 7 >
300 ps emerging from a decay of a Z into one of the three
light quark flavours, u, d, or s, as for the inclusive mul-
tiplicities in [20]. To obtain these multiplicities from the
charged particle tracks measured for each of the three se-
lections, several corrections must be applied. In particular,
the finite detector resolution and acceptance, and biases
due to the tag selections must be accounted for.

The requirement of a high energy of the tagging par-
ticles in all three selections affects the multiplicity in its
hemisphere due to a reduced phase space for the produc-
tion of other particles. In the opposite hemisphere the ef-
fect is much smaller. This can be seen in Fig.2 where
the mean charged particle multiplicities per hemisphere
in the three selections are plotted in bins of the tagging
particle’s energy. To keep the bias of the multiplicity due
to the tagging small we determine the multiplicities only
in the hemispheres opposite to the tagged particles.

The remaining small dependence of the multiplicity in
the opposite hemisphere on the energy of the tagging par-
ticle is due to the impact of the high energy of this particle.
The higher the energy required of the leading particle the
more the phase space is reduced, which is available for par-
ticle production, and, therefore, the mean charged multi-
plicity in the opposite hemisphere. It should also be noted
from Fig. 2 that the Monte Carlo simulation satisfactorily
describes the effects in the opposite hemisphere due to the
tag, although it tends to slightly overestimate the multi-
plicity in particular if the energy of the tagging particle is
very high. This is due to a slight underestimation of the
rate of badly reconstructed tracks in the simulation which
particularly affects the hemisphere of the tagging particle
if the measured energy fraction, x g, of such a track is close
to or above the physical limit of 1. Since the differential
cross-section is tiny for leading particles with z g close to
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Table 3. Mean charged multiplicities and statistical errors of the three
selections, measured in the hemispheres opposite to the tagged particles
after applying the reweighting procedure described in Sect. 3.4

tag K3 K* high g
Data (n*8) 10.373 £0.031 10.229 £ 0.031 9.883 £ 0.024
MC udscb (nf\igc) 10.323 £0.022 10.362 £ 0.021 10.031 £ 0.015
MC u (nffgl"v[c)z 10.171 £0.074 10.377 £0.045 10.089 £ 0.027
MC d (angMC): 10.187 £0.056  10.370 & 0.059 9.995 £+ 0.029
MC s <n2,a§10> = 10.1194£0.029 10.242 4+ 0.029 9.921 £ 0.025
MC ¢ (niafdd = 10.853+0.057 10.684 +£0.070 10.314 £0.084
MC b (nfﬁv{c): 11.932 £0.101 11.717£0.147 11.660 £ 0.132
. . . . OPALI o ‘ _ Table 4. Mean generated charged multiplicities (ng, McC had.)
=012 I,Kg selection 11 kA selection. " Lhigh ,"F wlection |  as obtained from the Monte Carlo generator JETSET 7.4. Only
= - 1r 1o 1 charged particles with life-times 7 > 300 ps were considered
% 0.1 it ¢ Data 1L i j + Data i
% 0.08 JL Monte Carlo _| . JL Monte Carle _| ﬂavour q mean multlphCIty <nq, MC had.>
0.06 - ] 10 ] u 20.097 =+ 0.005
0.04 | 1| | d 19.987 + 0.005
0.02 - 7] uin n S 19.897 + 0.005
W N VR | 7 SR TR o e L
0 10 20 30 0 10 20 30 o 10 20 30 ¢ 21.387 £ 0.005
n'?¢ n'?e n'38 b 23.725 4+ 0.005

Fig. 3. Charged multiplicity distributions of the three selec-
tions, measured in the hemispheres opposite to the tag parti-
cles. Overlaid are the expectations from the Monte Carlo sim-
ulation

1, the effect of events selected due to badly reconstructed
tracks on the mean charged multiplicity in the opposite
hemisphere is negligible when considering the full range
of zp used for the tagging. Any remaining discrepancies
between data and Monte Carlo simulation in the oppo-
site hemisphere are taken as a source of systematic error,
which is treated in Sect. 5.

Figure 3 shows the multiplicity distributions and Ta-
ble 3 lists the averages of the distributions for the hemi-
sphere opposite to the tag. In the K& sample good agree-
ment between data and the Monte Carlo is found, but in
the events selected by a highly energetic K* or highzg
tag the simulation predicts a slightly larger multiplicity.

4.2 Unfolding procedure

The three tag samples are composed of events with all
five primary quark flavours accessible at LEP 1. A statis-
tical unfolding procedure was applied to obtain the mean
charged particle multiplicities for each light quark flavour.
The procedure simultaneously corrects for effects due to
the selection cuts and for detector effects.

The measured mean charged multiplicities, (n*?8), in
the hemisphere opposite to the tagged particle are ex-
pressed as

. <ntag C>
(nt8) = Z f;ag . % Ang)
g=u,d,s,c,b g, MC had.>
tag = K8, K*, highzp . 1)

Here fi*® is the fraction of events with primary quark
flavour ¢ in a sample denoted by “tag”. It is listed in Ta-
ble 1. The term in square brackets was also taken from the
Monte Carlo simulation. It is the ratio of the mean charged
multiplicity of the opposite hemisphere for events with pri-
mary quark flavour ¢ in the “tag” sample, (nfﬁ%\m), listed
in Table 3, and the number for both hemispheres obtained
without detector simulation, (ng mchad.), which is given
in Table 4. This ratio corrects (i) for the biases due to
the tagging cuts, (ii) for the restriction to the hemisphere
opposite to the tag particle when determining the charged
multiplicity, and (iii) for effects from the selection of mul-
tihadronic events, the finite resolution and acceptance of
the detector. On average the correction factor in square
brackets is 1/(2 x 1.007) for all flavours varying at most
by £3.7%, and where the factor of 2 is due to consider-
ing a single hemisphere only for the determination of the
multiplicities denoted by “tag”.

The flavour dependent mean charged multiplicities,
(ng), can be determined by solving the equation system
(1). The values of (n.) and (ny,) were taken from our pre-
vious determination [21]:

(ne) = 21.55 £ 0.37 + 0.64 (2)
(np) = 23.16 £ 0.02+£0.45 | (3)
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where the errors are statistical and systematic, respec-
tively. The solution of the equation system (1) using the
measured multiplicities in the hemisphere opposite to the
tagging particles from Table 3 yielded

(ny) = 17.77£0.51
(ngq) = 21.44 +0.63
(ng) = 20.02+0.13

where the errors are statistical only. Combining these, and
considering the statistical correlation matrix:

u d S
u 1.00 -0.90 +40.06
d 1.00 —0.42
s 1.00

and using the branching ratios of Z — u@, dd, s§ from
[22] one obtains (n,qs) = 19.90 &+ 0.09 (stat.). This is in
agreement within systematic errors with the results of [21,
23] which were obtained using a different method. The
mean charged multiplicities (n,) and (nq) are almost fully
anti-correlated, since the statistical separation power for
u and d quarks is due to the small but different fractions
of these quarks in the K¢ and the K* samples.

4.3 Test of the unfolding procedure

It was checked that the unfolding procedure described
in Sect.4.2 is able to determine the flavour dependent
multiplicities. For this test the Monte Carlo data sample
was split into two disjoint parts. The smaller, compris-
ing about the same statistics as the measured data, was
used in place of the measured data which were to be cor-
rected using the larger part of the Monte Carlo events. The
multiplicities (n,) = 20.05 &+ 0.63 (stat.), (nq) = 19.98 £+
0.81 (stat.), and (ng) = 19.89£0.16 (stat.) are in excellent
agreement with the mean multiplicities obtained from the
Monte Carlo generator (cp. Table 4).

5 Systematic study
of the particle multiplicities

In addition to the consistency check based on the double
tag rates in Sect. 3.4 and the test of the unfolding proce-
dure in Sect.4.3, many sources of systematic uncertain-
ties were investigated which may be subdivided into five
groups, namely (i) fluctuations due to limited Monte Carlo
statistics, (ii) the experimental precision of the multiplic-
ity in charm and bottom events, (iii) impacts of detec-
tor effects and event selection and the dependence of the
mean charged multiplicity on the choice of the hadroniza-
tion model, (iv) variations of tagging cuts, and finally, (v)
impacts on the flavour fractions, f;ag, due to variations
of hadronization parameters of the Monte Carlo gener-
ator, the matching of the Monte Carlo xg spectra and
hemisphere correlations to the data, and changes of the
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hadronization model. Apart from the items (i) and (ii),
whose error contributions were estimated by error propa-
gation, the general procedure to derive the uncertainty as-
sociated with the source was to repeat the complete anal-
ysis with one of the cuts or parameters varied. Any devia-
tion from the result found for the standard set of cuts and
parameters was interpreted as a systematic uncertainty.

The respective error contributions of the uncertainties
derived for the groups (i) to (v) were quadratically added
to estimate the total systematic uncertainties. The indi-
vidual error contributions are listed in Table 5. In the
following sections the sources (iii) to (v) of systematic un-
certainties will be discussed in more detail.

5.1 Uncertainties from detector simulation
and event selection

The detector simulation was needed to correct for the frac-
tion of multiplicity that was not recorded by the detector
either owing to limited acceptance, biases of the event se-
lection, or interactions in the detector such as J-electrons
or hadronic interactions, all of which have been studied
in great detail in [20]. In total an error of about 1% due
to this source of systematic uncertainty was estimated in
[20]. This was also adopted for this measurement.

5.2 Uncertainties from tagging

The measured multiplicity depends on the energy of the
tagged particle. Although this effect is reduced by mea-
suring the multiplicity in the hemisphere opposite to the
tag residual effects have to be taken into account.

— Variations of the xg cuts in steps of 0.05 by as much
as £0.1 around the default cut value were done. The
largest up- and downward excursions yielded the error
estimates for the multiplicities.

— Also a more stringent cut on the maximum accepted
momentum, zgp < 0.9, for all tags did not change the
measured multiplicities by more than 0.4 %.

For each of the three tag types the impact of the choice
of the most important selection cuts was studied.

— For the K the allowed mass window around the world
average mass value [17] was altered from 120MeV
within the range of 80 to 200 MeV.

Since the K* selection relies very much on the capability
to precisely measure the energy loss in the jet chamber,
the relevant cuts were investigated.

— As the precision of the measurement of dE/dx de-
grades towards the very forward and backward regions,
the | cosfk+| < 0.72 requirement was varied in small
steps between 0.6 and 0.8, taking the r.m.s. to estimate
the contribution to the systematic uncertainty.

— The minimum number of both jet chamber hits and
dE/dx hits was relaxed from 130 to 80.

— The required number of dE/dx hits was increased from
100 to 110.
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Table 5. Compilation of individual contributions to the total

error

source of uncertainty Alny)  Ang)  Ans)
data statistics +0.51 +0.63 +0.13
MC statistics +0.37  +0.48  +£0.09
¢, b multiplicity [21] +0.27 +0.13  £0.19
detector [20] +0.17  +0.20 +£0.19
= T p-cut variation —7—84118 _7_8?7)2 '1__8%%
g < 0.9 —-0.06 —0.06 +0.02
2% K& mass window —-0.24 4022 +0.04
| cos B+ | < 0.6, 0.8 +0.14  F0.20 40.04
o Noy>80, Napjae >80 +0.09  —0.14  +0.02
< Nagsae. > 110 —0.15 +0.22 —0.04

|lwg+| > 0.5, wp > 0.4,
we+ > —0.06 +0.16 —0.23  +0.04
. +0.01  +40.11  +0.05
§ [cosbhignap| <0.6,08  Togr T Do03
®  Ney > 120, 140 <001 T8 Fo.01
T2, <15 +0.01 4011  —0.03
: +0.54 +0.53  +0.24
selection cuts total 2036 —088% -012
Arpa = 250 + 6 MeV +0.04 +0.06 +0.01
Qo =19+0.5GeV +0.03  +0.05  +£0.03
oq = 0.40 £ 0.03 GeV +0.04 £0.06 +0.01
o026 +0.12 —0.20 —0.09
gc = 0.031 £0.011 +0.06 +0.06 +0.05
e, = 0.0038 £ 0.0010 +0.06 +0.11  +£0.02
_ +0.30 —0.34  +0.06
7% =0.31£0.10 —068 4074  —0.07
(us/ud)/(s/d) = 0.45 £ 0.04 4+0.03  +0.06 +£0.02
Va,u = 0.60 £ 0.10 +0.04 +0.07 +£0.02
_ —-0.36 4+0.39 —0.04
Va = 040+0.05 4026 ~0.31 40,03
no tensor mesons —-0.58 4085 —0.14

Blc =K+ X):+13.9%

®B(Mb - K2+ X):4+100% +0.14 F0.13 F0.02

Bc—Kf¥+X):+11.5%
®B(b - K*¥ +X):421.6% F0.07 +0.10 +0.02
reweighted xr spectra -0.35 +40.17  —0.03
hemisphere correlations —-0.01 +0.02 <0.01
hadronization total i—(l]ég i_(l)gg tg%é
total systematic errors ir(l)gg fi‘llg Jjggg
+1.01 +159 +0.41
total errors ~131 -1.33 -0.40

— From the various modifications to the energy loss
weight cuts, namely choosing a tighter cut on the kaon
dE/dx weight of 0.5 instead of 0.1, adding an addi-
tional rejection cut on the proton dE/dx weight of 0.4,
or considering a better pion rejection by requiring its
dE/dxz weight to be larger than —0.06, only the first
one contributes a significant systematic error.
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The high x g selection critically depends on the ability of
the jet chamber to reliably measure high momentum par-
ticles.

— As for K*, the allowed range of | cos Onigh z | Was var-
ied from less than 0.72 to either less than 0.6 or 0.8.

— A variation of the minimum number of hits required
for a high i particle in the jet chamber by £10 around
the standard value of 130 had only a negligible effect
on all flavours.

— Tightening the cut on the X%w of the track fit from 2
to 1.5 affected the multiplicity by less than 0.5 %.

5.3 Uncertainties due to impacts on flavour fractions

The Monte Carlo event generator requires several param-
eters to be adjusted for a proper description of the mea-
sured data. Changing these hadronization parameters af-
fects the flavour composition, f;ag, and, therefore, tests
the sensitivity of the result of this analysis on the par-
ticular choice of these parameters. In the following we
consider those parameters which are expected to have an
impact on the flavour fractions. These were varied about
their tuned values within the intervals quoted in [14] apart
from the b and 4 parameters where larger variations were
investigated, in particular the range for 75 given in [24].
Most of the parameter variations did not significantly af-
fect the flavour dependent multiplicities, (14, MChad.), OF
the flavour fractions, fi*#, of (1). We therefore mention
only the significant changes of the flavour fractions due to
the parameter variations.

— The amount of gluon radiation was modified by vary-
ing the Appa parameter and the cut-off of the parton
shower, Q.

— During the hadronization step a hadron receives extra
transverse momentum whose size is controlled by the
parameter o, which was changed from its tuned value.

— The fraction of energy and momentum transferred
from a heavy c or b quark to the related hadron also
has an impact on the background contributions from
these heavy quarks. The relevant ¢ parameters of the
Peterson et al. [25] fragmentation function were var-
ied. Only the change of &, except for the charm quark
fraction itself, had a noticeable effect on the strange
quark fraction of about —0.01 to +0.005 for the two
kaon selections.

— To account for a remaining uncertainty from the hard-
ness of the light quark fragmentation functions despite
the impact of the reweighting procedure, the param-
eter b of the Lund symmetric fragmentation function
in JETSET was varied in several steps in the range
of 0.26 to 0.92. This changed in particular the strange
quark fraction in the range of —0.06 to +0.04 for the
K¢ and in the range of —0.04 to +0.03 for the K*
selection. The u and d fractions varied owing to this
variation of b by +0.012 at most in all three selections.

— Since the statistical separation between u and d quarks
is based on the Kg and K* production, the relative
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amount of ss quark pairs created from the vacuum, ~s,
was changed in steps in the range of 0.21 to 0.41 [24].
This led to changes of the light quark fractions in the
K* ( K?) selection ranging from —0.05, —0.03, +0.06
(—0.02, —0.03, +0.04) to 4+0.06, +0.02, —0.05 (4+0.01,
+0.02, —0.04), respectively, for u, d, s quarks. For the
high z g selection only changes of the u and s quark
fractions were observed at a level of +0.01.

For baryons with strangeness an extra suppression fac-
tor (us/ud)/(s/d) exists in JETSET whose variation
resulted in only negligible changes of both the flavour
composition and the flavour dependent multiplicities.
The production of vector mesons was considered. Al-
though the down and strange quark fractions of the
high g selection changed by about +0.02, the relative
portion V;, g of vector mesons from u and d quarks was
of minor importance for the flavour dependent multi-
plicities.

The fraction of vector mesons from s quarks, V5, sub-
stantially affects the yields of leading Kg and K+
mesons. The variation of this parameter mostly
changed the fraction from up and down quarks in the
K* selection by about 40.01, and at the same level
also that from down and strange quarks of the highz g
selection. Since the statistical u-d quark separation
strongly relies on the u and d quark fractions in the
two kaon selections, a change of this parameter led to
a large error contribution as can be seen from Table 5.
Similarly, the decay products of tensor mesons have a
softer xg spectrum. However, the yields of these are
not well known. Thus, the impact was estimated by
analyzing about 3.5 million fully simulated events from
the JETSET generator tuned to describe the data, but
without the production of tensor mesons. This yielded
a substantial reduction of the strange quark fraction by
—0.025 in the K&, —0.035 in the K*, and —0.065 in the
high g selections. The up and down quark fractions
in the Kg and K* selections changed by —0.01 and
—0.005, whereas the d quark fraction in the highxg
selection increased by about +0.03. Thus the d and s
quark fractions in the high x5 selection are about equal
if tensor mesons do not contribute. The difference in
the results with simulated tensor mesons is assigned as
a systematic error.

The uncertainty of the inclusive branching ratios of
charm and bottom to K and K* was considered. From
the data in [17] the relative errors on the B(c — KX,
K*X) branching ratios have been determined to be
+11.5%, £13.9%, and on B(b — K{X,K*X) to be
+21.6 %, +10.0 %, respectively. Their impact on the
flavour dependent multiplicities was assessed by vary-
ing the charm and bottom contributions in the Kg and
K* tagged event samples according to these percent-
ages.

To account for the poor simulation of the zg spec-
tra of the tagged particles in the tuned Monte Carlo
the reweighting functions of Sect. 3.4, f(zg) =c- (1 —
r5)®, were employed. Applying these specific reweight-
ing functions to all three selections resulted in a small

reduction of the strange quark fraction by 1 to 2%
while the heavy quark contribution is increased accord-
ingly. Moreover, it leads to an anti-correlated change
of the order of 1 to 3% of the u and d quark frac-
tions but in opposite directions for the K§ and the
K* event samples. The final multiplicities of u and d
quarks change by up to 2 %.

— Finally, the small discrepancies between simulation
and data noticed in the correlations of the opposite
hemispheres shown in Fig. 2 were considered. Depend-
ing on the zg of the tagged particle the Monte Carlo
events were reweighted to match the data. This had
only a negligible effect on both the flavour fractions
and the flavour dependent multiplicities changing them
by less than 0.1 %.

In addition to the JETSET Monte Carlo event genera-
tor also the HERWIG program [26] was examined. While
HERWIG yields a good description of the shape of the xg
spectra of the tagged particles, it does not reproduce the
absolute rates. For instance, HERWIG predicts a much
larger contribution to the high xg sample from d quarks
and less from u quarks due to a larger number of pro-
tons produced in HERWIG. Since the HERWIG expecta-
tion of the total proton yield is not in agreement with the
measurements [27,17], one might suspect that the flavour
fractions obtained from this Monte Carlo generator are
not reliable. Thus, no systematic error contribution from
using HERWIG is quoted.

6 Cross-check with flavour fractions derived
from double tag counts

The flavour fractions, f2¢, can be derived from data only
using the number of single and double tag counts since
they are related to the sum and products of flavour frac-
tions [19]. The non-linearity of the equation system re-
quires for its solution more than the six relations which are
given by the numbers of single and double tags considered
in this analysis even when the heavy flavour contributions
are kept fixed.

Such an investigation has been done in [8] using the
single and double tag counts of charged pions, kaons, pro-
tons, K§ and A for zg > 0.4, 0.5, and 0.6. This analysis
yielded the flavour dependent production rates of these
hadrons where only the SU(2) isospin flavour symmetry
and the flavour independence of the strong interaction
were assumed for the production of charged pions, and
charged and neutral kaons.

To compare with the results from [8], the flavour frac-
tions, f(;ag, were calculated from the quoted production
rates neglecting correlations for this cross-check. The cal-
culation took into account that these rates had been cor-
rected for mis-identification of the tagging particle. The
high zp sample was approximated by adding the produc-
tion rates of the charged particles, i.e. pions, kaons, and
protons. The comparison of the flavour fractions at an
zp-cut of 0.4 for K$, 0.5 for K* and 0.6 in the case of
the high x g sample revealed some substantial differences



The OPAL Collaboration: Charged multiplicities in Z decays into u, d, and s Quarks

with respect to the JETSET prediction. The K3 fraction
from up quarks is 0.4 times and that from down quarks
1.7 times the value obtained from the Monte Carlo sim-
ulation used for this analysis. The up quark contribution
to the K* sample is 1.23 times higher, while that of down
quarks is about 0.75 times that obtained from the simu-
lation. The fraction of high z g particles originating from
up quarks is about 10 % less than expected from the sim-
ulation. The strange quark fractions agree within £0.02
for each tagged event sample. These changes in the up
and down quark flavour fractions are considerably larger
than what was found from the variation of the JETSET
parameters in Sect. 5.3.

Although the analysis in [8] explicitly assumed flavour
independence of the strong coupling and SU(2) isospin
symmetry, the flavour fractions obtained from [8] were
used for the unfolding procedure described in Sect. 4.2
as a cross-check of the results. This yielded changes of
the flavour dependent multiplicities of A(n,) = 40.60,
Anq) = —1.41, and A(ns) = +0.32. Since these changes
are essentially covered by the systematic errors discussed
in Sect. 5 they are not considered as an additional system-
atic uncertainty.

7 Results

Adding the individual contributions to the systematic un-
certainty from Monte Carlo statistics, the mean charged
multiplicity in ¢ and b quark events, the correction of de-
tector acceptance and resolution, the selection cuts, and
the parameters of the hadronization model in quadrature,
the total systematic error of the flavour dependent mean
charged multiplicities is about +7 % for up and down, and
+2 % for strange quark events. The final results are

(ny) = 17.77 £ 0.51 (stat.) i_(l)gg (syst.)

(na) = 21.44 + 0.63 (stat.) 711 (syst.)

(ns) = 20.02 % 0.13 (stat.) 7032 (syst.) .

All errors apart from selection cuts, detector effects, and
hadronization models were obtained by error propagation
and, therefore, obey the statistical correlation as quoted
in Sect. 4.2. The correlation coefficients for the remaining
two groups of systematic uncertainties were determined
separately for each individual systematic variation.

These flavour dependent mean charged multiplicities
agree within the total errors, even though deviations may
be expected due to decays of hadrons. For instance, the
decay of the ¢(1020) to charged kaons is enhanced over
the decay to neutral kaons. Thus, the results from the
JETSET generator displayed in Table 4 show a 1% spread
between the charged multiplicities from up and strange
quark events.

Some of the flavour dependent mean charged multi-
plicities are strongly correlated which must be considered
when comparing the results. Taking these statistical and
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systematic correlations into account the ratios of the mul-
tiplicities are

Ty

—~
g™

— 0.829 + 0.047 (stat.) 0008 (syst.),

nq

o~
~

Ns +0.062

= 0.934 £ 0.030 (stat.) 5 g9 (syst.) ,

nq

o~
~

U

— 1127+ 0.033 (stat.) "0 07 (syst.)

—~
g

Ty

which are all close to unity.

8 Summary and conclusions

A measurement of the charged multiplicity in events of u,
d, and s quarks from eTe™ annihilation at the Z pole is
presented. Exploiting the leading particle effect to iden-
tify the primary quark flavour, samples of events differ-
ently enriched in u, d, and s were selected by tagging
highly energetic K%, K* and charged particles. The mul-
tiplicities per light quark flavour were obtained from a
statistical unfolding of the multiplicities measured in the
hemispheres opposite to the tagged particles. Hemisphere
correlations were observed, but were found to be small and
well-described by the Monte Carlo simulation. The final
corrected multiplicities were determined to be

(ny) = 17.77 £ 0.51 (stat.) j‘f;gg (syst.)

(nq) = 21.44 % 0.63 (stat.) 7119 (syst.)

(ns) = 20.02 % 0.13 (stat.) 7032 (syst.),

where the (n,) and (nq) multiplicities are highly statis-
tically anti-correlated (about —90 %). The ratios of pairs
of these multiplicities which take the correlations into ac-
count are all close to unity. This agrees with the expec-
tation of QCD that the charged particle multiplicities are
flavour independent for the light up, down, and strange
quarks apart from small effects due to particle decays.
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