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Abstract

We report on a measurement of the ratio of the strong coupling constants a,(Mz0) for
various data samples with different quark flavour compositions obtained from ete™ anni-
hilation at LEP. We select events with muons, electrons, and D** mesons from charm and
bottom decays, events with highly energetic K mesons originating predominantly from
strange quarks, and events with highly energetic stable charged particles from a combi-
nation of up, down and strange quarks. From the jet production rates in these events we
obtain from these samples the relative value of a, for the individual quark flavours as

b c s uds
s 1.01740.036, —i-=0.918+ 0115, —oir = 11584 0.164, ~-=1.038+ 0.221,
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with quadratically combined statistical and systematic errors. We also compare the a,
values for quarks of different weak isospin, charge and generation. No evidence for a
dependence of a, on any of these quark properties is observed. Finally, combining all
samples and determining the of /a'* ratio for each flavour, we do not find any dependence
of the strong coupling constant on flavour.
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1 Introduction

Within the Standard Model, the electroweak interaction couples to the flavour of quarks, but it
is blind with respect to the colour charge of quarks. Conversely, the strong interaction is sensi-
tive to colour, but is blind with respect to the quark flavour. Measurements of the electroweak
couplings of the various quarks show agreement with the Standard Model expectations [1].
However, experimental tests of the universality of the strong couplings are scarce. The strong
coupling strength of different quark species may be obtained for example from quarkonium
states [2] or bottom production at pp colliders [3]. The results are found to be consistent with
the expectation of flavour independence.

Gluon bremsstrahlung in ete™ collisions offers another way of testing the flavour indepen-
dence of the strong interaction. The rate of gluon emission in events of known flavour, f, is
a measure of the gluon coupling, al, to a specific quark. First measurements of the coupling
strengths of charm and bottom quarks, of and a';, were performed at Eem ~ 35 GeV [4]. The
attained precision of 10-50% was limited by the low statistics of flavour tags and residual kine-
matical effects from the heavy bb system. These limitations may be overcome in the study of
hadronic decays of the Z°, providing a large event sample at higher E., and a much reduced
bias from heavy quark masses. First results at the 7° on bottom quarks were published in {5].

In this paper we select four data sets of different flavour compositions. Together with the
results from inclusive hadronic Z° decays this allows a comprehensive study of the «, value for
the different flavours.

This paper is organised as follows: in Section 2 we summarise the features of the OPAL
detector that are important for our analysis. In Section 3 we describe the selection of flavour-
enriched data'samples. In the following section we present our method to determine o, from
these samples and a general discussion of the systematic studies specific for this analysis: the
flavour composition and the tagging biases. In Section 5 we consider these uncertainties in de-
tail for the various data samples. The relative ratios of a, for different flavours or combination
of flavours are determined from these samples in Section 6. In Section 7 we present a comple-
mentary analysis, which is not based on dedicated event samples but on a maximum likelihood
fit applied to the complete event sample. The fit procedure to combine the results from the
different data samples, the estimate of the flavour composition of samples with enriched light
quark fraction, and the likelihood analysis are discussed in detail in the appendices.

2 The OPAL Detector

The data for this analysis were collected with the OPAL detector at the ete™ storage ring LEP
in 1990 and 1991 at centre of mass energies Fen between 88.98 and 94.28 GeV around the
79 pole. The integrated luminosity is about 21 pb™".

The OPAL detector is described in detail in [6]. The important components for this anal-
ysis are the central tracking chambers, the electromagnetic calorimeter system and the muon
detection system.

The system of central tracking chambers is embedded in a solenoidal magnetic field of
0.435 T. It consists of a vertex chamber, a large volume jet chamber and, for polar angles'
of Jcos@] < 0.72, chambers giving precise measurements of the z coordinate of tracks (‘z

1The OPAL coordinate system is defined with positive z being along the electron beam direction, # and ¢
being the polar and azimuthal angles respectively.



chambers’). In total they provide up to 183 space points per charged particle. The resolution
of the measurement of the transverse momentum p, with respect to the beam axis is ép,/p; =

\/0.0202 + (0.0015 - p;/[GeV/c])2. The jet chamber consists of 24 sectors equally spaced in
¢. Planes of anode wires in the centre of each of the sectors provide measurements of drift
time and ionisation due to charged tracks. The latter yield a specific energy loss precision
6(dE/dz)/(dE/dzx) of 3.8% that is used for particle identification {7].

The barrel part of the electromagnetic calorimeter is located behind the magnet coil and
covers polar angles of [cos | < 0.82. It consists of 9440 lead glass blocks of a typical depth of
24 radiation lengths each subtending 40 x 40 mrad®. The two endcap calorimeters each consist
of 1132 lead glass blocks and cover the angular ranges from 0.81 < |cos 8| < 0.98. In front of
the barrel part of the lead glass calorimeter, behind about two radiation lengths of material due
to the tracking chambers and the coil, is a presampler consisting of 16 double-planed chambers
of limited streamer tubes with both wire and cathode strip readout.

The barrel and endcap muon chambers of the muon identification system cover polar angles
of [cosf| < 0.98. Most of this solid angle is covered by at least three planar drift chambers
that measure the position and the direction of traversing particles. The spatial resolution for
the barrel is better than 1.5 mm in the azimuthal direction and better than 2 mm in the z
~direction. In the endcap region, 0.67 < |cosf| < 0.985, the resolution is about 1 mm in the
plane perpendicular to the beam. The material in front of these muon chambers corresponds
to a minimum of seven interaction lengths (> 1.3 m of iron). Less than 0.1% of all pions pass
through the iron without interacting.

3 Data Sample

The flavour-enriched data samples are obtained in two steps. Hadronic decays of the Z° are
first selected using the criteria described in [8]. We retain 503 195 events. These events include
contributions from 7+7~ of 0.11 £ 0.03% and hadronic events from +v scattering of less than
0.5%.

In a second step we apply tagging criteria to obtain data samples with a high fraction of a
specific quark flavour. For bottom quarks we use electrons and muons from semileptonic decays
of b hadrons. They have a high transverse momentum with respect to the b hadron because
of the high b quark mass. Charm quarks are selected by the reconstruction of D* mesons.
Requiring the D* mesons to be highly energetic selects charm quark events. Similarly, we use
highly energetic K¢ mesons to tag primary strange quark events. Highly energetic charged
particles are used to enrich events of primary light quark flavours, u, d and s. These selection
criteria are only imposed on events for which the detector components essential for the particular
tagging procedure are fully operational. As a result the inclusive hadronic event samples from
which we select flavour-enriched samples depend slightly on the tagging requirements. The
identification of each species of the tagging particles is detailed in the OPAL publications
[9-12]. For the flavour-enriched samples we require the tag particles to be in the region of
|cos 6] < 0.7.

In order to study the influence of detector effects, cuts and hadronisation we use a Monte
Carlo (MC) sample of 599 397 JETSET [13} events optimised to describe measured global event
shape distributions [14]. A detailed simulation of the OPAL detector [15] is applied to these
events. To overcome limitations from limited Monte Carlo statistics we use in addition special
‘Monte Carlo samples of one particular flavour that fulfill the appropriate tagging conditions.



In the following sections we will give the fraction of the dominant flavour for each of the
samples. The flavour composition is summarised in Table 1 and will be discussed in detail in
Section 4.3.

3.1 Selection of Events with Enriched Bottom Quark Fraction

To obtain samples with an enriched bottom quark fraction we select events with electrons and
muons having a large momentum and transverse momentum with respect to the associated
jet axis. These requirements are identical to those used in OPAL studies on the electroweak
properties of bottom quarks [9, 10]. To further suppress contributions from 7° decays into T
pairs, we require at least eight well-measured charged tracks in the event.

3.1.1 Selection of Events with Muon Candidates

The muon identification requirements follow the OPAL publication [9]. A good central detector
track is considered as a muon candidate if its extrapolation precisely matches a track segment
found in the muon chambers. In addition to the quality cuts for the tracks in the central
detector we require for the muon candidate :

e hits in the z chambers,
e a momentum of p > 4 GeV/c.

e a transverse momentum pr with respect to the associated jet axis of pr > 1 GeV/c. Jets
are reconstructed with the JADE algorithm [16] using well-measured tracks, including the
muon candidate, and unassociated clusters of energy deposition in the electromagnetic
calorimeter. The jet pair mass cut-off of the jet finding algorithm is taken to be 7 GeV/c?,
which is optimised to give a good approximation of the bottom hadron direction.

We retain 5254 events, in fair agreement with the Monte Carlo expectation of 5401 £+ 64. A
fraction of about 86% of these events is estimated to originate from bottom quarks as will be
described in Section 4.3.

8.1.2 Selection of Events with Electron Candidates

The electron identification requirements follow the OPAL publication [10]. To select electron
candidates we start by considering only tracks with

e z chamber hits,
e a momentum p > 2 GeV/e,

e a transverse momentum with respect to the associated jet axis of pr > 0.8 GeV/¢, where
the jet is defined in the same way as for the muons.

The electron identification is based on the d£/dz measurement in the jet chamber, the pulse
height of a cluster in the presampler associated with the track, the agreement of track momen-
tum and its associated energy deposition in the lead glass calorimeter, and the lateral spread
of the energy deposition.

We retain 5778 events with electron candidates. Mostly due to an imperfect simulation of
the electromagnetic calorimeter and presampler response, the Monte Carlo predicts a larger
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sample of 6864 + 71 events. This difference between data and simulation has no effect on the
analysis since only distributions normalised to the number of electron candidates are used. We
estimate that about 87% of the events containing tagged electrons are from bottom decays as
will be described in Section 4.3.

3.2 Selection of Events with Enriched Charm Quark Fraction

To obtain a sample of enriched primary charm quarks, we select highly energetic D**’s.2 The
D™* is identified using the decay chains D** — r#D° and D® — K~#} as described in [11].
In addition, D° — K~z #° decays are used without identifying the 7°. These latter decays
lead to a ‘S° satellite peak enhancement’ in the K=, invariant mass around 1.6 GeV/c*. The
energy of the D* is given by the sum of the energies of 7y, K, and .

Imposing tight requirements on the track quality as defined in [11], we search for a combi-
nation of three charged particles with properties expected for a D** — x+*K~7+(x°) decay :

e Two particles of opposite charge are combined and their invariant mass is calculated
assuming a K and 7, where in turn each of the particles is considered to be a kaon. The
mass of the combined system has to be consistent with the D° mass (1.79 GeV/c? <
M(Km;) < 1.94 GeV/c?) or the S° enhancement (1.52 GeV/c? < M(Knp) < 1.72 GeV /c?).

e We then search for a third particle of the same charge as the 7, such that the criterion

0.143 GeV/e? < AM < 0.148 GeV/c? is fulfilled, where AM = M(mKn,) — M(Kn,).
The background is largely reduced by requiring in addition:

o |cos 8| < 0.8 for zp. = 2Ep+/E, < 0.5 and [cos 87| < 0.9 for xp. > 0.5, where 0* is
the angle between the K momentum vector in the D° rest frame and the D° momentum
vector in the laboratory frame.

To increase the purity of charm quark events we demand zp- > 0.4. The final sample
consists of 816 events in good agreement with the 773 & 24 D* candidates predicted from
simulation studies including detector effects. The charm content of the sample is estimated to
be 59%. :

In Fig.1a we show the K#; invariant mass distribution after applying the cut on AM and
ZxKm, > 0.4, The hatched area is the expected contribution from primary charm and bottom
quark events,

3.3 Selection of Events with an Enriched Strange Quark Fraction

Strange quarks are enriched by selecting events with a highly energetic K¢ mesons of TKy =
2Ex0 [Ecm > 0.4. The Kg identification follows the analysis presented in [12]. Pairs of oppositely
charged tracks each with a polar angle of | cos 8| < 0.7 are combined to find secondary vertices.
In the plane orthogonal to the beam direction this vertex has to be at least 1 cm away from the
beam axis. To increase efficiency, we drop the dq requirement on the pion tracks made in [12]
for decay vertices inside the tracking chambers. Here d; is the distance of closest approach to
the nominal beam axis in the plane orthogonal to the beam axis. Assuming each track to be a

*Throughout this paper, when a specific particle or decay chain is considered, the charge conjugate particle
or decay is also implied.
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[ Flavour | p sample | esample | D* sample | K§ sample | High = sample |

u 2.241.0% | 1.3£1.0% | 4.5+4.0% | 8.7£3.5% 30.1+4.1%
d 2.241.0% | 1.3£1.0% | 4.5+£4.0% | 15.843.5% 28.7+3.9%
s 2.241.0% | 1.34£1.0% | 4.5+£4.0% | 53.61+3.5% 30.6+£5.2%
C 7.6+1.7% | 9.6%£1.5% | 59.1+5.6% | 16.0+2.9% 3.7+1.4%
b 85.8+1.3% | 86.5+4.3% | 27.4+4.1% | 5.9+2.1% 6.9+4.0%

Table 1: Flavour composition of the tagged samples. Details on the determination of the
composition may be found in Section 4.3.

pion, we accept two particle combinations with an invariant mass of 30 MeV/c? around the
nominal K2 mass.

We find 1208 events containing such a K2 candidate, in good agreement with the Monte
Carlo expectation of 1160 4 30 events. As listed in Table 1, about 54% of the K§’s are expected
to originate from primary strange quarks. The observed K§ signal is shown in Fig.1b together
with the Monte Carlo expectation.

3.4 Selection of a Sample with an Enriched Light Quark Fraction

Although charm and bottom hadrons have a hard fragmentation function, their decay products
have only small or moderate values of z = 2F/E,,,. Highly energetic charged pions, kaons,
and protons are expected to originate predominantly from primary u, d and s quarks. This
property has been used previously at lower centre of mass energies [17] to enrich light flavours.

For our analysis we use particles with z in the range 0.70 < = < 1.07. The upper limit
corresponds to a one standard deviation momentum resolution for a particle of z = 1. We
require at least eight well-measured charged tracks in the event to further suppress contributions
from Z° decays into 7 pairs. Additional tight cuts on the track quality are imposed to reject
tracks that are poorly measured. The effect of these cuts is studied with tracks with an
unphysical apparent = > 1.25. We find 1738 such tracks in a sample of 503195 hadronic
7° decays. These are largely suppressed by the following additional requirements:

e at least 135 hits in the jet chamber,
e a y?/d.o.f < 2.0 for the track fit in the plane transverse to the beam direction,
e hits in the z chambers, and

® |6 — Panode| > 1°, where ¢ s the azimuthal angle with respect to the beam axis and danode
is the angle of the closest anode wire plane in the jet chamber.

After these cuts in the data only 19 tracks with # > 1.25 are retained compared to 35.5 & 5.3
tracks in the Monte Carlo simulation. The ‘high = sample’ with 0.7 < z < 1.07 contains 2653
events, more than the 2430 + 44 events expected from the Monte Carlo prediction which may
be due to a smaller amount of resonance production at high = in the data (Appendix B). The
content of u, d and s quarks in the sample is estimated to be 89%.



4 QOutline of the Experimental Analysis

4.1 Method of o, Determination

The flavour-enriched samples obtained in Section 3 are analysed for the amount of gluon radi-
ation to determine the relative values of ¢, for different flavours.

In previous determinations of a, from inclusive hadronic ete™ annihilation events, a large
variety of variables have been used. Not all of them are well suited for our purposes. Since
our tagging procedure selects jets with a special internal structure, some variables may become
strongly biased. We choose to determine o, from the fraction of 2-jet events Ry(y) with y =
M?Z/EZ,, which is relatively insensitive to the internal jet structure. We adopt the JADE jet
finder [16] with the EO scheme, which is known to have small hadronisation corrections. Here
M;; = 2F.E;(1 — cosa) where E;, E; are the energies of the two jets 7 and j and o is the
angle between them. Jets are constructed from all well-measured tracks and clusters in the
electromagnetic calorimeter that are not associated with a track in the central chambers. F,;;
is the energy sum of these tracks and clusters. The association of a cluster to a track is based
on the match of the extrapolated track coordinates at the entrance of the calorimeter to the
cluster coordinates. This match is required to be better than 80 mrad in ¢ and 150 mrad in 8,
if the cluster is in the barrel, or 50 mrad in both ¢ and 8, if it is in the endcap.

Following the OPAL analysis of inclusive hadronic events [18] we use the differential 2-jet

distribution
Ra(y) — Raly — Ay)

Dy(y) = A . (1)

This is the distribution of the y at which 3-jet events turn into 2-jet events; therefore, each event
contributes only once to the D, distribution. The experimental results are fit using an O(a?)
QCD calculation [19] with a, as a free parameter. In order to minimise the residual effects of
higher order corrections in «; and of kinematical biases described in the following section, we
restrict the a, determination to the region of y > 0.04, and, depending on the sample size, to
y < 0.16-0.20.

The absolute value of a, as obtained from inclusive hadronic Z° decays depends significantly
on ambiguities from the renormalisation scale and on the treatment of the hadronisation cor-
rection. We find these effects to be similar for all flavours, however, and they therefore result
in small uncertainties in the relative values of o, of different flavours, as detailed in Section 6.

4.2 Correction Procedure

To test the flavour dependence of «,, the flavour compositions of the observed D; distributions
have to be taken into account and the D, distributions have to be corrected. In this section
we present the general procedure. For simplicity we start by discussing the correction for the
case of one sample and one particular flavour f. In the next section, we will apply this to the
selected samples and study their specific biases. The final analysis generalises this method by
combining all samples using the corresponding flavour composition. The procedure is detailed
in Appendix A and the results are given in Section 6.

In brief, the observed differential 2-jet rate D™ is corrected to the parton level® with the
JETSET QCD shower model [13] and a detailed simulation of the OPAL detector using

3The parton level is defined at the end of the parton shower before the hadronisation with a parton virtuality
of Qg = 1 GeV.
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o the shape of the D;?ﬁ'gl distribution of the flavours complementary to f to subtract their
contribution from the observed differential 2-jet rate. The total fraction and the flavour
composition of the complementary flavours are taken from Table 1;

e bin-by-bin corrections for the biases due to the tagging and background reduction cuts
and the effect of initial state radiation;

o a matrix Cf (v, y;) representing the migrations from the ‘true’ y; on the parton level to
the measured y; taking into account detector distortions and hadronisation effects.

The correction factors and the correction matrix are combined into a single correction matrix
Cf(yi,y;) that is applied to the observed differential 2-jet rate D3 (as described in detail in
Appendix A) : served differential 2-jet rate D1 (as described in detail in Appendix A) :

Djcorlys) = 22C7 (vi,95) DI (y,) — D3 (v)] (2)

The optimised parameters of the JETSET model used for the detailed simulation of hadronic
events are based on the Lund symmetric fragmentation function [20] for all quark flavours,
whereas recent analyses of the lepton spectrum from bottom decays and of the energy spectrum
of D* mesons indicate that the fragmentation function of Peterson et al. [21} better describes
the data. We account for this by rescaling the simulated lepton momentum spectrum (compare
equations (15), (16) in Appendix A). In addition, to estimate systematic uncertainties due to
the modelling of heavy quark decays we consider the decay model of Altarelli et al. (ACCMM)
[22]. This model is found to be in good agreement with the measured lepton spectra in charm
and bottom decays as measured by DELCO [23] and CLEO {24], respectively.

4.3 The Flavour Composition

To evaluate the flavour composition of the g and e samples, three classes of lepton assignments
have to be considered: (i) hadrons that are misidentified as leptons, (i1) leptons from secondary
decays such as K* — utv or photon conversions into electron pairs, and (iii) leptons from
either charm or bottom decays. For this analysis we adopt flavour compositions obtained from
previous OPAL studies {9, 10]. As discussed there, the first component, (1), is mainly estimated
from the data by using the redundancy of electron and muon identification properties in the
OPAL detector, and by using test samples such as identified 7 decays or charged pions from
K¢ decays. For (ii), the energy loss measurements (for y« and e) and the identification efficiency
of photon conversions in the MC simulation is used. The contributions from charm and bottom
quarks are determined from simulation studies assuming the measured production and decay
properties [23, 24] of charm and bottom hadrons. For the p and e samples we assume the
background from u, d, s quarks each to be the same and we account for this assumption in the
error.

The reconstruction of D*’s leads to an enrichment of events from charm and bottom quarks,
with some light quark contributions due to combinatorial background. Also in this case we
use the flavour composition determined in a previous OPAL study [11]. Tt is listed in Table 1.
The combinatorial background is determined in this study from both the upper sideband in the
invariant mass and from wrong-sign charge combinations. The fraction of D*’s from bottom
and charm quarks is determined from the knowledge of the respective fragmentation functions,
the measured decay branching ratio B— D* + X and the Standard Model partial widths of

9



Sample i sample | e sample | D* sample | K sample | High = sample
5

i sample 75 (74.7) | 146 (156.0) | 7 (6.3) | 6 (9.4) 5 (14.9)
e sample 84 (93.5) 5 (7.8) 2 (7.8) 2 (11.3)
D sample 2(0.7) | 4(1L.4) 3 (1.4)
K2 sample 1(2.2) 1(5.4)
High z sample 14 (3.8)

Table 2: Number of events where both hemispheres with respect to the thrust axis contain a
tag. The numbers in brackets give the expectation from Monte Carlo simulation.

7Z° — ¢, bb. For the D* sample we again assume the background from each light flavour to be
the same and we account for this assumption in the error.

To obtain the flavour composition of the K3 and high z samples, we use the predictions
from JETSET [13] and the HERWIG [25] model in its default version and with a modification
of the hadronisation part denoted by HERWIG(mod) [26]. In this cross check we use a double
tag sample that is obtained by dividing each event into two hemispheres with respect to the
thrust axis. As discussed in the next paragraph, events with a tag in both hemispheres allow
the estimation of the contribution from bottom quarks. As discussed in Appendix B, the
fraction of charm quarks can be estimated from the measured fragmentation function and
decay properties of charmed hadrons. The light quark composition relies on QCD shower
models. Using measurements of charge correlations at high 2z and of the yield of tagged events,
severe constraints on MC model parameters are obtained and the flavour composition can be
estimated with reasonable precision. We find that the HERWIG model prediction in its default
version does not agree with the data. However, HERWIG(mod) and JETSET are in good
agreement with the data (see Appendix B). For definiteness, JETSET is used to obtain the
estimated flavour composition of the K2 and high z samples.

We study double tagged events to cross check the assigned flavour composition with data.
The number of these events in the data and those expected from Monte Carlo simulation are
listed in Table 2. These double tags are checked, e.g. by visually inspecting the high = double
tags for 7 background. We scale the numbers of the electron sample down by the ratio of
total electron candidates in data and simulation. With the exception of the lepton yield in
the K2 and the high z sample, the agreement between data and expectation is better than 2.5
standard deviations. The sum of muons and electrons in the high r and K2 samples is lower in
the data than in the Monte Carlo: 7 and 8 events are observed, but 26.2 and 17.2 are expected.
This may indicate an overestimate of the bottom content in these samples. At 90% confidence
level, this implies less than 6.2% events from bottom quarks in the K2 sample, and 4.9% in the
high x sample, respectively. For Table 1 we assume the bottom fraction to be the average of
the fraction seen in the double tag events and the expectation from the JETSET simulation.
For their uncertainties we assign half of the difference.

The lower efficiency of the D* reconstruction renders the results for the charm contribution
less significant. Currently, the results provide only a consistency check with the model. With
more statistics they will allow a more precise knowledge of the flavour composition of the various
samples.

The resulting estimates of the flavour composition of the selected samples are listed in
Table 1.
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4.4 Biases from the Tagging Procedure

The procedure to flag events of a certain flavour may itself imply important biases on the
observed [, distribution. There exist essentially two kinds of biases specific to the flavour
tag: those due to the kinematical bias, and those due to the particle content of tagged jets.
Qualitatively their effects may be understood as follows:

To tag a flavour we require either a high « or a large p and pr particle. Both of these
conditions lead to a kinematical bias on the events classified as 3-jet events.

Selecting particles with high energy Ziag = 2Ftag/Fcm reduces the phase space for gluon
emission. Since, for massless particles, the mass of the recoiling hadronic system is given by

Zo = FE2.(1 — za), one finds yrecoit ~ 1 — T1ag. Hence, a large value of ,g leads to

a depletion of events with large values of y. On the other hand, requiring a high transverse
momentum of a particle with respect to the jet axis leads to a bias towards 3-jet events.

The effect of these biases is studied in the following section for the various samples with the
JETSET model without detector simulation. We quantify the kinematical bias for a certain
flavour f using the ratio

RL.(y) = DI*8(y)/Di(y). (3)

Here D} is the D, distribution of all events of flavour f and DJ"**8 the corresponding distribution
after imposing the kinematical tagging requirement. We assume in this study that all particles
{(including neutrinos) can be reconstructed.

The presence of a flavour tag sometimes biases the quark jets to contain particles that are
not fully taken into account in the jet reconstruction. Examples are neutrinos from semileptonic
charm and bottom decays, which are not measured at all, or K{’s in strange and heavy quark
events that contribute only part of their energy to the reconstructed jet energies. We find that
this leads to a systematic increase in the 3-jet rate. As a result, the D, distribution is flatter.

We study this bias on the generator level with the ratio

R\fnseen(y) = D{:tagvmi“ing E(y)/Dg,tag(y)‘ (4)

Here DJt*&™ising £ 3o the D, distribution for a certain flavour f after applying the tagging
procedure but not using v’s, K{’s and neutrons for the jet reconstruction.

For purposes of illustration we will discuss in Section 5 these two kinds of biases separately
without considering detailed detector effects. Note that the final corrections presented in Sec-
tion 5 which are used in the «, determination in Section 6, are obtained from a Monte Carlo
simulation including a detailed description of the response of the particles in the detector, i.e.
properly taking into account the energy depositions of K's and neutrons in the lead glass
calorimeter. In the following section we apply these corrections to the measured D; distribu-
tions and discuss the effects of the kinematical cuts and the ‘unseen’ particles for each event
sample.

5 The Differential 2-Jet Rates for Individual Flavours

As a first step towards a global determination of ¢, from the measured D; distributions for
different flavours, we will discuss in the following sections each flavour-enriched sample sepa-
rately. We correct each of the data samples to represent just one flavour (see equation (17) and
(18) in Appendix A). We determine the differential 2-jet rate for bottom quarks D3(y) from
the g and e samples, DS(y) for charm quarks from the D* sample, D5(y) for strange quarks
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from the K2 sample, and Dy(y) for a combination of light flavours from the high z sample.
Contributions from the other samples are subtracted according to the discussion in Appendix
A. In this section we will address the basic problems and biases relevant for the specific samples
and flavours. The discussion of each sample in the following sections will start by showing the
uncorrected distribution D5 in terms of

R¥E (y) = D5%(y)/D5y), (5)

where D3 is the distribution of all hadronic events corrected for detector effects, acceptance
and hadronisation [18]. We will then consider the two principal biases, the kinematical effect
due to the tagging requirement, and the effect of unobserved energy. Finally, using the Monte
Carlo simulation and the flavour composition from table 1, we correct the observed distribution
to obtain D{ycor as discussed in Section 4.2. We will express the result in terms of the weighted

mean
Rl (y > 0.04) = Dj .. (y)/ D5 (y), (6)

where D™ is the distribution of all hadronic events of the complementary flavours corrected
for detector effects. This ratio is a measure of the flavour dependence of the strong interaction.
Apart from the bottom quark, for which corrections due to the large b quark mass are expected
to reduce the ratio by about 5% (see Section 6), R/ should be equal to unity if a; is indeed
the same for all flavours. The mean R/ values are not used directly in the final analysis but
instead are used to indicate the precision of the measurement for each sample. The systematic
uncertainties of these ratios are obtained by varying the parameters of the fragmentation,
hadronisation, decay models, and the flavour composition of the samples and repeating the

entire correction procedure.

5.1 The Differential 2-Jet Rate for Bottom Enriched Samples
5.1.1 The Differential 2-Jet Rate of the Muon Sample

In Fig.2a, we display the ratio R _, showing the statistical errors of the data. Compared to
the inclusive hadronic sample, we observe the I}, distribution to drop faster with increasing y.
This leads to R* > | for small y, but to a smaller ratio for large values of y. A detailed

1INCoOr

study shows that this behaviour can be largely explained by the tagging bias:

(i} The bias due to the requirement that the muon has a high transverse momentum with re-
spect to the jet axis increases the jet multiplicity. This bias is somewhat overcompensated
by the selection of muons with a high momentum favouring events of lower multiplicity.
The net effect can be seen from RP,_ shown in Fig.2b. The distribution depends weakly
on y with B2~ 1.0 for y = 0.02 and 0.95 for y = 0.20.

(i1) The effect from unobserved particles is displayed in Fig.2b in terms of R}, ... It should
be noted that the neutrino accompanying the tagged muon carries on average 12% of the
beam energy. In addition decays of bottom quarks into strange quarks may lead to highly
energetic K?’s. As a result, the bias due to these unobserved particles is more important
than the kinematical one. These losses lead to RY, .o, ~ 1.07 for 0.02 < y < 0.20.

Using a full detector simulation and correcting for background, detector effects and the selection
procedure, we find the ratio shown in Fig.2c showing statistical errors. By calculating the
weighted mean the result can be expressed as

Rb=#(y > 0.04) = 0.935 £ 0.032.

Ccor
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| [ R [ SR |

COr

Stat. error of correction factors 0.027 | 0.023
Variation of p and pr cut 0.066 | 0.039
Peterson frag. function form 0.002 | 0.002
Variation of flav. comp. of samples || 0.003 | 0.003
Model of semileptonic decays 0.008 | 0.001

| Total sys. error ” 0.072 [ 0.045 |

Table 3: Summary of the systematic errors assigned to R from the muon and the electron

sample. For details see text.

To assign a systematic uncertainty we analyse various sources of potential error. We have
compared several distributions such as the sum of the momenta of all particles in a jet, the angle
between muon and jet axis, the mass of the muon-jet system, and the angular distribution of the
muon that may indicate potential kinematical biases and a misrepresentation of the detector
response in the simulation. As an example we show in Fig.2d,e the normalised momentum and
pr distributions of the tagged muons.

Observing no prominent discrepancies between data and simulation, we estimate systematic
uncertainties by varying the tagging requirements and the modelling of quark production and
decay properties. The corresponding uncertainties are listed in Table 3 and detailed below.

In addition to the statistical precision of the correction, which amounts to § Ry = 0.027
due to the limited Monte Carlo statistics, we consider:

e Varying the minimum muon momentum between 3 and 8 GeV /¢, we find SR+ = 0.040.
Varying the minimum transverse momentum of the muon between 0.8 and 1.2 GeV [c we
find § RP# = 0.052.

Cor

o Changing the form of the Peterson {ragmentation function by allowing ¢, to vary between
0.002 and 0.010 [9] leads to §R2;* = 0.002.

cor

e Allowing a variation in the flavour composition of the y sample by the errors given in
Table 1 leads to § R2>* = 0.003.

e The difference between the JETSET and the ACCMM model for the semileptonic decays
of bottom quarks leads to a difference 6 R;7* = 0.008.

Combining these effects, we assign a total systematic uncertainty of 6RE* = 0.072. The sys-
tematic error contributions are added quadratically, which is a conservative approach, since
some uncertainties contribute to several error sources. For example a variation of the fragmen-
tation function also leads to a change of the background fraction.

We obtain
RP—#(y > 0.04) = 0.935 £ 0.032 £ 0.072,

(slo) g

where the first error is statistical and the second is systematic.
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5.1.2 The Differential 2-Jet Rate of the Electron Sample

The analysis of the electron sample is similar to the analysis with muons. Small differences
are due to the different kinematical cuts and the background composition. For completeness
we show in Fig.3a-c the ratios Rbr¢ . RPe, Rb—¢ and RP2°. These distributions and their
interpretation are similar to the muon case except that the bias is smaller due to the looser
momentum cuts.

For the electron sample we find

RP=*(y > 0.04) = 0.957 4 0.030.

cor

Similar cross checks between data and simulation are performed as in the case for the muon
sample. In Figs.3d,e we show as examples the spectra of the electron momentum and its trans-
verse momentum with respect to the jet axis. Good agreement between data and simulation
is found in both cases. The systematic uncertainties due to the modelling of the properties of
bottom hadrons are almost identical to those in the g sample (see Table 3). Here we vary the
electron momentum cut from 1.5 to 4 GeV/c and the pr cut between 0.6 and 1 GeV/c. We
find
Ry > 0.04) = 0.957 £ 0.030 £ 0.045

cor

where the first error is statistical and the second is systematic.

5.1.3 The Combined yx and e Samples

The results from the electron and the muon samples are in good agreement with each other and
are combined to determine the Dy distribution for bottom quarks. Assuming the uncertainties
from the modelling of the bottom properties to be correlated and assuming the statistical errors
of the data, the correction factors, and the errors due to variations of the momentum and pr
cut to be uncorrelated, we find for the weighted mean and its total error

R® (y>0.04) = 0.947 % 0.048.

Note that, to translate this value into a test of the flavour dependence of «;, mass effects
of the bottom quark have to be taken into account. These will be discussed in Section 6.

5.2 The Differential 2-Jet Rate of the D* Sample

The ratio RD"  of the uncorrected D, distribution of the D* sample is displayed in Fig.4a.

The ratio decreases strongly with increasing y, reflecting that there are more 2-jet events in
the tagged sample than in the inclusive hadronic sample. As will be seen from the following
discussion, this difference is mainly due to the kinematical requirement of zp- > 0.4

(i) The kinematical bias is visible in the ratio R{*"" shown in Fig.4b. This ratio is rather
similar to the observed RD' suggesting that a large part of the observed deviation from
unity is due to the reduced phase space region for gluon emission, which results from the

selection of highly energetic D*’s.

(ii) In Fig.4b we also show RS7E | which is essentially flat with value unity. The bias stem-
ming from unseen particles is much smaller than for the muon and electron tagged sam-
ples. This is related to smaller neutrino energies in charm events compared to bottom
events. In particular, since the D* decays hadronically, no neutrinos from charm decays

are present in the tagged jet.
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Taking into account all detector effects, the flavour composition and the tagging bias we find
(Fig.4c) the corrected ratio
R;

Cor

(y > 0.04) = 0.888 +0.128.

Several cross checks on the quality of the simulation of the D* kinematics and event recon-
struction are performed. Two are displayed in Figs.4d and e. Fig.4d shows the zp. distribution.
We observe good agreement between data and simulation. To study how well the kinematical
bias is simulated, we check in addition the reconstruction of the mass of the event excluding the
D*. Neglecting the D* mass, this recoil mass is given by Myecoit = Eemy/T — Tiag- We compare
it with the directly reconstructed invariant mass M, = \/(Zz- E;)? — (3, p:)? where the sum
is over all tracks not associated to the reconstructed D* and all unassociated clusters in the
electromagnetic calorimeter. The quantity

AMres = an - Mrecoi] (7)

is shown in Fig.4e for both data and simulation. We observe agreement between data and
simulation. However, the AM,, distribution is systematically lower in the data by about 2
GeV/c?, corresponding t0 6 Miecoil/ Mrecoil ~ 3%.

The systematic uncertainty for the D* sample is larger than in the ¢ and e samples because
of the larger kinematical bias. In addition to the MC statistical error of 0.054 of the correc-
tion factors we estimate the remaining uncertainties by varying the selection cuts, background
contributions and production properties of D*’s. The contributions to the systematic errors
are:

¢ Changing the zp« cut between 0.3 and 0.5 changes K¢, by £0.074.

e Varying the form of the Peterson fragmentation function by varying ¢. between 0.010 and
0.066, which corresponds to a two standard deviation variation of the measured value [1 1],
we observe § RS, = 0.001.

cor

e Varying the flavour composition of the D* sample within the errors given in Table 1, we

find 6 R, = 0.008.

cor

o To estimate the systematic uncertainty due to a possible bias in the simulation of AM .,
we shift the energies of all hadrons with the exception of the reconstructed D*'s by 3%,
which corresponds to about 2 GeV/c?. We find 6 R, = 0.006.

In Table 4 we summarise all systematic error contributions. Combining these effects in quadra-
ture, we find
RS (y > 0.04) = 0.888 £0.128 4 0.092.

COoTr

5.3 The Differential 2-Jet Rate of the K¢ Sample

In Fig.5a we show the ratio RE,%CM of the uncorrected D, distributjon of the Kg sample. The ratio
is about 1.3 at small y and then drops rapidly to values of about 0.6 at large y. The similarity of
the uncorrected K% and D* distributions together with the similarity of the kinematical selection
suggests that the decrease is mainly due to the kinematical requirement. This is confirmed by
more detailed investigations described below.
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| | SR | 6, | SRS |
Stat. error corr. factor | 0.054 | 0.189 | 0.151
Cut variation 0.074 | 0.080 | 0.084

Iragmentation function | 0.001 | 0.001 | 0.001
Flavour composition 0.0068 | 0.013 | 0.036
Detector representation | 0.006 | 0.031 | 0.065

l Total sys. error ] 0.092 I 0.208 | 0.188 |

Table 4: Contributions to the systematic uncertainties of B/ from the D*, K and high «
samples.

KO
(i) The pure effect of the kinematical requirement is shown in Fig.5b in terms of R;HKS. As

expected, the ratio decreases rapidly with y similarly to the observed ratio Riicor.

(ii) The effect of unseen particles, for example K¢ from the primary strange quark in the
opposite hemisphere, is shown in Fig.5b. It is found to be negligible.

The fully corrected distribution R, is shown in Fig.5c. The ratio is

RS

COF

(y>0.04) = 1.238 + 0.187.

Several cross checks between data and simulation have been performed. No evidence for
an inappropriate simulation of the data is observed. In Fig.5d we display as an example the
distribution of Txl, and in Fig.5e the distribution of AM,., defined as in the D* case. In both
cases good agreement is found.

The systematic uncertainty i1s dominated by the MC statistical error of the correction (6§ RS, =
0.189). The other contributions to the systematic uncertainty are listed below (see also Table 4):

e We repeat the analysis with a minimum scaled K¢ energy Txg varying between 0.3 and
0.5 and find 6 R, = 0.080. '

Cor

e We also vary the form of the fragmentation function by changing the ‘a’ parameter of
the Lund symmetric fragmentation function [20] between 0.08 and 0.52 corresponding to
a variation of two standard deviations about the optimised value 0.3 [14]. This yields

o R, . = 0.001.

COor

® The variation of the flavour composition shown in Table 1 and described in Appendix B
adds another 6 R°__ = 0.013.

cor

¢ In addition, we shift the energies of all particles apart from the K¢ decay products by
£2 GeV and find a change in R . of 0.031.

As a result, we find

RS, (y > 0.04) = 1.238 4 0.187 + 0.208.



5.4 The Differential 2-Jet Rate of the High z Sample

Even stronger kinematical biases are introduced in the case of the high z sample. This is seen
from RMek © shown in Fig.6a. The ratio is 1.5 at low y and drops to 0.2 at high y. It should be
noted that this implies that the number of events for which the 3-jet turns into a 2-jet topology
for y > 0.04 is only a small fraction of all events. Thus, even though the high z sample is fairly
large, only 275 events are effectively used to determine .

The kinematical requirement is the dominant source of this effect, as is shown in the following

more detailed description.

(i) The bias on the D, distribution introduced by the kinematical requirement of x > 0.7
is shown in Fig.6b in terms of Rﬂf,f"’hlgh ¥, As expected, the bias is strong. Ryds—high =
reproduces the observed distribution R%Eh = well, suggesting that the apparent deviation

from unity is mainly due to the kinematical bias.

(ii) Biases due to partially reconstructed particles such as neutrons (e.g. from primary
d quarks) or K9’s (from primary strange quarks) are small. This can be seen from
Ruds—high = ¢hown in Fig.6b.

unseen

The corrected D, distribution, normalised to that of average events of complementary flavours

is displayed in Fig.6c. R*% is flat and close to unity for the entire range of y. For y > 0.04, we

find :
Rs(y > 0.04) = 1.059 + 0.207.

COor

In this case it is important to investigate potential systematic misrepresentations of the
data in the simulation because of the strong dependence of the correction on the tagging
requirement. In Figs.6d,e we display two relevant distributions. The z distribution of stable
particles of both data and simulation is shown in Fig.6d. A good agreement is found, suggesting
that the kinematical bias is well reproduced. In Fig.6e we show the AM, distribution for the
high = tag. Note that the narrowness of the distribution reflects the much higher .. in this
sample compared to the tags for D* and K2. The agreement between data and simulation is
reasonable, but we observe a shift of 3 GeV corresponding to 6 Mrecoil/ Mrecoil ~ 4%.

Apart from the statistical uncertainty of the correction (6 R2=0.151), we find as additional
contributions to the systematic error (see also Table 4):

e A change in the = cut between 0.65 and 0.75 leads to SR"5 = (.084.

e Changing the ‘a’ parameter of the Lund symmetric fragmentation function as in the

K2 analysis gives an uncertainty of § R = 0.001.

e Varying the flavour composition shown in Table 1 and described in Appendix B results
in § R = 0.036.

cor

¢ Scaling the energy of all hadrons apart from the tagged particle by 8 Mecon/Mrecoin ~ 4%
we find § R = 0.065.

cor

The final result is therefore

Ri(y > 0.04) = 1.059 4 0.207 + 0.188.

car
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6 The Flavour Dependence of o,

Based on the four flavour-enriched samples and on the inclusive hadronic sample, each having
a significantly different flavour composition, we have five equations for the five unknown values
of af. Note that the different contributions of up and down quarks in the K2 sample, the
high x sample, and in the inclusive hadronic events allow us even to separate o and ad. The
corrected differential 2-jet rate D3*® of each of the tagged samples and of the inclusive sample
is described by an equation of the form

D8(y) = ri2D3(y) + rieD5(y) + ri*¥D3(y) + rPED5(y) + rofDi(y), (8)

where D{ is the distribution for flavour f reflecting the unknown value of of, and rPE (St =
1} its fraction in the tagged sample (Table 1). These equations are solved to determine af,
details of which are given in Appendix A. This analysis is done in three different steps:

e In a first step the o, value of the most prominent flavour in each sample is determined
yielding the ratios

b udsc C udsb s udch uds cb
o (a3, ag/ay™, o) /a5, oy al,

where the denominator represents o™l the strong coupling strength from the sample
-of the complementary flavours.

e In a second step the samples are combined to obtain the value of a, for various combi-
nations of quark flavours like heavy and light quarks, weak isospin, or quarks of a single
generation yielding the ratios

abfaf, atfal, aP/al®, al/alb, ob/a¥, ob/al, ai/a.

e In the last step the a, value for each of the five flavours is determined from a combination
of all samples yielding ratios

b/ _incl c/ incl s incl d incl u ; _incl
as/as » Q"s/as ’ as/as 3 as/as ’ as/as ?

where o™ is the strong coupling constant obtained from all hadronic Z° decays.

In all cases, we estimate the systematic error as discussed in the previous section (see also
Table 5). In addition, we consider theoretical uncertainties due to variations of the renormalisa-
tion scale 4 = z, - Eem and due to the variation of the parton shower cut-off @ in the JETSET
model. For definiteness we consider the scale parameter x, at the values z, = 1 and z, = 0.069.
The latter is the scale that gives the best fit to the inclusive sample [18]. Note that we assume
the scale to be independent of the quark flavour. We will quote the ratios R = af /at™® {or
g = Mzo. The fit result for the scale z,, = 0.069 is therefore transformed to scale z, = 1 by use
of the second order a;, formula [31]. We find that the ratio Rf_differs in the range of 0.004 to
0.030 for these two values of x,. The larger value is due to the higher sensitivity of the fit for
the scale z, = 0.069 to statistical fluctuations (KE sample, see Table 5). These variations are
assigned as systematic errors. Uncertainties of about 0.001 are found by varying ¢}y between 1
GeV, the value favoured from event shape distributions [14], and 6 GeV, where the number of
partons in JETSET is comparable to the number of partons in the matrix element calculation
(for a detailed discussion see [18]).

The large mass of the bottom quark affects the Dy distribution. In the absence of a complete
calculation in O(a?) we use two approximate calculations to estimate the magnitude of this

18



effect. The first one is the O(e,) calculation including quark mass effects, see [27], the second
one a calculation of Ballestrero et al. [28] using helicity amplitudes and including qqgg and
qqqq. We find that in both calculations, assuming the same value of a, for heavy and massless
quarks, heavy quark events contain fewer 3-jet events at large values of y. To correct the
value of the bottom quark for mass effects, we write the relation between [J; and a; as

Day) = AW + B (52) ©

where A and B are obtained from the O(a?) matrix element calculation [19]. Using the massive
Ofe,) calculation, we determine the correction function ca(y) = AP(y)/A%y) by integrating
over the parton topologies given by the matrix element calculation implemented in JETSET.
Gince it is uncertain how the correction function extends to the second order, we assume two

different procedures:
(i) D(y) = caly)Daly);

(it) Di(y) = ea(w)A(y)5: + Blu)(5:)"
For the bottom quark we find that for y > 0.04, the average correction is ¢ ~ 1.04 using a b
quark mass of 5 GeV/¢c?.

The calculation of mass effects by Ballestrero et al. [28] partly includes second order effects.
We therefore use the ratio cs (3) = (76s(y)+ Tutgs(¥) + Ovia(v))/ (g (V) + Oaea (9)F Oaes(¥)),
where 0oge(¥); Tqagg(y), and Oggaq(y) are the calculated cross sections of Z° — qqg(g) and
7Z° — qgqq, to obtain:

(iii) D3(y) = es(y)Da(y)-
For y > 0.04 the correction, using a b quark mass of 3 GeV/c?, is about 1.06, somewhat larger
than for (i) and (ii). Varying the mass of the bottom quark in the range of 4.0 to 5.5 GeV/c?
changes the correction from 1.04 to 1.07.
For the charm quark the correction is, for y > 0.04, less than 1.007 for (i), (ii), and (iii). It
is much smaller than the statistical and systematic error and will be neglected in the following
results.

6.1 «a, From Individual Flavour Tags

We start by determining a, for the most prominent flavours in each tag sample. We fit one
of and adjust a, = acmPl for the other flavours so that o™ of the inclusive sample is kept
fixed at the values 0.1276 for z, = 1 and 0.1120 for z,, = 0.0690 measured in [18]. The flavour
dependence is determined using the ratio,

o

Rl = —ir (10)

of the af value of the dominant flavour f of the various tagged samples over the average acomp!
value of the complementary flavours in the hadronic sample.

The sources of systematic uncertainties considered for R?__ contribute accordingly to R .
Additional error contributions to Rés are due to the renormalisation scale and hadronisation
correction (Qo). The results are :
uds

b c 3
% _ 10174 0.036, —otp = 0.918 £ 0.115, —2z = 1158 +0.164, S — 1.038 +0.221,
O, ar;‘ 5 alsl c Ct‘g
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| Sample | ¢t and e samples | D" sample | K sample | High = sample |

| Flavour I Bottom | Charm l Strange ] u,d,s ]
Corr. factors 0.013 0.039 0.104 0.163
Fragmentation 0.002 0.001 0.001 0.001
Flav. comp. 0.002 0.006 0.006 0.024
Cut variation 0.028 0.052 0.053 0.055
Det. simulation 0.004 0.005 0.018 0.044
Decay model 0.005
Renorm. scale 0.004 0.008 0.030 0.008
Hadronisation ((Jo) 0.002 0.001 0.001 (.001
[ Total sys. error | 0.032 | 0066 | 0122 | 0.179 |
| Stat. error data | 0.016 | 0094 | 0109 | 0.130 |

Table 5: Uncertainties of B{ = af/a®™" for single flavours.

using Ballestrero mass correction type (iii) for bottom quarks. The systematic uncertainties
are listed in Table 5. Table 6 summarises the results for R, including the effect of the mass
corrections for RY . The ratios of af/ o™l for the various flavours are also displayed in Fig.7a
showing the statistical (solid) and the quadratically combined statistical and systematic errors

(dotted).
Table 6 also shows the ratios S = af/ai*!. These values can be calculated using the
relation o™ = yraf + (1 —4;)a™ P!, where 7 is the branching ratio of Z° to flavour f.

All results are consistent with unity, i.e. with a, being flavour independent. The mass
corrections for the bottom quark lead to an increase of a; for the bottom quark to a value
closer to unity. '

6.2 ¢, From Combined Flavour Tagged Data Samples

In this section, we simultaneously determine «, values of at least two flavours using various
flavour tag samples. The value of o, of those flavours that are not considered in the particular
fit is assumed to be identical to the '™ from inclusive hadronic Z° decays. For the af of the
flavours considered in the fit, we constrain the sum of the 7y - D«{(y) of all five flavours to the
D3%(y) distribution of the inclusive sample. This introduces a strong correlation between the
considered flavours. Again, we use both QCD scale parameters z, = 1 and 2z, = 0.069 and
neglect the common theoretical uncertainties due to the cut-off for gluon radiation Jo. For
the bottom quark, we apply correction (iii) with Ballestrero correction factor ¢g(y) for mass
effects.

The information from all enriched samples where the considered flavours contribute signif-
icantly is used to examine systematically the potential dependence of the strong interactions
on various aspects of the family structure of quarks (compare Table 7). We consider the de-
pendence on quark mass, weak isospin and generation. To do this, we assume that quarks of
the same property have identical values of a;. For example, when testing the o, dependence
on weak isospin, we group the quark types into two sets A and B corresponding to the electric
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l Sample | ¢ and e samples l D" sample | K¢ sample | High = sample |
| Flavour Bottom | Charm | Strange | u,d,s |
R = o [aomd! 0,063 L 0.036 | 0.918 £0.115 | 1.158 £ 0.164 | 1.038 £ 0.221
| R/, mass corr. (i) 0.996 £ 0.036

IR mass corr. (ii) 0.981 + 0.036

RI Ballestrero et al. (i) | 1.017 £0.036

5! = ol [o/nd 0.970 £ 0.029 | 0.931 £0.098 | 1.119 £ 0.120 | 1.0]4 £ 0.083
1 8 mass corr. (i) 0.997 £+ 0.028 '

57 mass corr. (ii) 0.985 £ 0.028

S Ballestrero et al. (ili) | 1.013+ 0.028

Table 6: The ratios of a, values for different quark flavours. TFor each of the four samples we fit

one ¢ and adjust of

ratios of o, of the tagged flavour compare

ompl for the other flavours to keep o/ unchanged. The rows refer to the
d to the a, value of all complementary flavours. For

the bottom quark the methods of mass corrections described in the text are considered. The
errors are the statistical and systematic uncertainties combined in quadrature.

| Property | Set A | Set B |  Samples used | Ratio a,(set A)/a;(set B) |
Heavy Quarks b c D", u, e 1.053 £0.032 £ 0.045
+ Light Quarks s u,d K2, high = 1.239 £+ 0.100 + 0.213

[ Quark Mass | ¢b [u,d,s [ D*, y, e, KE high = | 1.022 £0.028 £ 0.040 |

[ Weak Tsospin_| u,c | ds,b (D", p, e, Kg, high z | 0.938 +0.058 & 0.064 B

Generation b u,d u, e, K2, high z 1.036 4 0.021 + 0.040
b1 sc D,z e, K higha | 1.033 £0.021 £0.035
s [ ud | D-KS highe 7,030 £ 0.130 £ 0.001

Table 7: Ratios of the a, values for different combinations of flavours. The last column gives
the ratio of all flavours in set A to those in set B with the statistical error shown first and the

systematic shown second.
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[_Sample ot/ [ a/ar [ a/ay® [ ay/as [o%/ey | abfax [ox/ay ]

Corr. factors 0.023 | 0.142 0.021 0.043 0.016 | 0.016 0.065
Fragmentation 0.003 | 0.001 0.002 0.003 0.002 | 0.002 0.001
Flav. comp. 0.004 | 0.060 0.003 0.005 0.003 | 0.003 | 0.023
Cut variation 0.037 | 0.129 0.028 0.042 0.026 0.027 0.049
Det. simulation 0.005 | 0.028 0.018 0.018 0.025 | 0.014 0.028
Decay model 0.004 | 0.000 0.004 0.004 0.004 | 0.004 0.000
Renorm. scale 0.004 | 0.063 0.001 0.007 0.001 | 0.002 0.017

1 Hadronisation {(Jo) | 0.002 { 0.001 0.002 0.002 0.002 | 0.002 | 0.001

| Total sys. error [ 0.045 | 0.213 | 0.040 | 0.064 I 0.040 I 0.035 l 0.091 ]

| Stat. errordata [ 0.032 | 0.100 | 0.028 | 0.058 [ 0.021 | 0.021 | 0.130 |

Table 8: Uncertainties of the ratios of the a, values for different combinations of flavours.

ﬁ‘lavour ] a-sf / af:‘d‘ ]
u 0.951 £ 0.103 £ 0.182
d 0.933 4+ 0.087 £ 0.175
s 1.141 4+ 0.043 £ 0.142
C
b

0.912 £ 0.067 £ 0.061
1.021 £ 0.013 £ 0.023

Table 9: Ratios of the a, values for each flavour from a simultaneous fit to all samples. Statis-
tical and systematic errors are given.

| Flavour | ot/ aisndT ad/aind | ot /o™ | aS/aine ] a® /o |
Corr. factors 0.093 0.084 0.096 0.033 0.010
Fragmentation 0.001 0.001 0.001 0.001 0.001
Flav. comp. 0.045 0.031 0.053 0.013 0.002
Cut variation 0.147 0.147 0.089 0.048 0.020
Det. simulation 0.028 0.028 0.013 0.004 0.003
Decay model 0.000 0.000 0.000 0.000 0.004
Renorm. scale 0.012 0.007 0.003 0.009 0.002
Hadronisation (@) | 0.001 0.001 0.001 0.001 0.001

[ Total sys. error ] 0.182 | 0.175 [ 0.142 I 0.061 ] 0.023 J

[ Stat. error data I 0.103 I 0.087 | 0.043 | 0.067 ] 0.013J

Table 10: Uncertainties of the ratios of the a, values for each flavour from a simultaneous fit
to all samples.
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[ Flavour [ af/ay [ of/ay® | of/oy® | of/ap | ay/ap |
/"] 1.000 | —0.603 | —0.396 | —0.193 | —0.007
af/aind 1.000 | —0.276 | —0.404 | +0.001
as [aln 1.000 | +0.060 | —0.048
af o 1.000 | —0.207
o [t 1.000

Table 11: Correlation matrix of the ratios of the o, values for each flavour from a simultaneous
fit to all samples. Given are the averages of the fits for both renormalisation scales.

charge and assume the o, value of the quark flavours in each set to be the same:

b

5"

3 - d
a;'?/ = a = af; o = o

—— S_
s 5? E] _as =

The results of the various fits are listed in Table 7. In Table 8 we show the systematic un-
certainties. We observe no evidence for a dependence of the strong interaction on any of the
properties.

6.3 «, for All Five Flavours

As a final step we use the five measurements of the four tagged samples and the inclusive
hadronic Z° decays to obtain the a, values of all five flavours simultaneously. The results are
displayed in Fig.7b showing the statistical (solid) and the quadratically combined statistical and
systematic errors (dotted) and are also listed in Table 9. In Table 10 we show the systematic
uncertainties and in Table 11 the correlation matrix of the fit. Note that o and ad can be
separated because of the different contributions of up and down quarks to the high z, the
K2 samples, and the inclusive hadronic events. Again, no dependence of o, on the flavour is
observed.

7 A Complementary Analysis using a Likelihood Method

In the previous sections, we discussed dedicated data samples selected to have different flavour
compositions. As an independent cross check, we also analyse the total inclusive hadronic
event sample isolating bottom and charm quarks not by flavour enriching cuts, but by using
a maximum likelihood analysis. The method is based on semileptonic decays of heavy quarks,
but both the events with and without a muon are included in the analysis. We use the muon
momentum p and its component transverse to the jet axis, pr, as discrimination variables. A
likelihood is calculated for each event, depending on whether it is a muon or a non-muon event.
Details of the likelihood analysis are given in Appendix C. The flavour composition is obtained
from JETSET, as a function of p and pr, using the Peterson fragmentation function for heavy
quarks and the ACCMM model for the semileptonic decays. Since the source dependence of
the electron identification is not well simulated over all momenta, as noted in Section 3.1.2, this
cannot be done reliably for electrons. For this reason, only muons are used in the following.
The jets are defined as in Section 3.1.1.

In order to have events well contained in the detector, we require | cos finrust| < 0.9, where
fihrust 15 the angle between the ete™ beam axis and the thrust direction calculated with all
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observed particles, both charged and neutral. Muon events are required to contain at least one
muon candidate with p > 4 GeV /e and pr > 0.3 GeV/c. These cuts result in a sample of 22 828
muon events and 415351 non-muon events.

Similarly to the previous analysis, the analysis is done in steps. In the first step, we dis-
entangle the contributions due to bottom, charm and light quarks by a likelihood fit. In the
second step, the D; distributions are corrected to the parton level and of is determined from
the corrected D, ratios RI_.

We disentangle the contributions due to bottom, charm and light quarks by a two-dimen-
sional likelihood fit to the (p,pr) distribution of the muon to determine Rf{y), the ratio of
the D,(y) distributions for charm, bottom and light quarks relative to that for all flavours
separately. This is done separately for each of eight y-bins of the R/(y) distribution. For
details see Appendix C. The likelihood is maximised with B(y) and R°(y) as the only free
parameters from which the fractions of the bottom and charm quarks are obtained.

The consistency and sensitivity of the likelihood method is tested in two ways. The fit is
applied to a sample of JETSET events of all flavours including the full detector simulation, and
the fit results for R®(y) and R°(y) are compared with the known input distributions. Within
the full range of y, the input and output distributions agree with each other. In order to test
the sensitivity of the method to a coupling constant for b quarks deviating from that for the
other quarks, the input o is changed, in a complete JETSET event sample. In this test, ab is
varied but o™ is left unchanged. The o value obtained in the fit agrees well with the input
values. The quality of the agreement can be inferred from the fit results for the ratio of/ai™!
equal to 1.057  0.018, 0.997 £ 0.018, and 0.939 + 0.018, corresponding to input values of 1.05,
1.00, and 0.95. The same test has also been made for o¢ and %, with similar results.

The likelihood fit is then applied to the data. Before discussing the resulting R(y) distribu-
tions, we compare in Fig.8a,b the fit output with the experimental p and pr distributions. The
agreement is good. Also shown are the individual contributions for the different flavours. The
b-separation is essentially obtained in the region of large muon p and pr. The contributions
from ¢ and light quarks uds, which largely overlap at small p and py values, are isolated by
including in the fit both the muon and the non-muon events, which have different contributions
from ¢ and uds quarks.

The fit results for R/ (y) are next corrected to the parton level and of is determined from
the corrected D, ratios RS . Corrections are applied for experimental effects, i.e. effects of the
imperfections of the detector and the specific event selection, as well as for the effects of decay
and fragmentation. This is done with JETSET®, using a bin-by-bin correction method. The
distributions are corrected to the parton level. Figs.9 a,b, and ¢ show the corrected distributions
for R2(y), RS .(y) and R® (y), respectively. In all cases, the result is compatible with unity.

cor cor
This can also be seen from the weighted mean values for 0.04 < y < 0.20:

=0.951 +0.081, R =1.021 4 0.040.

b
Rcor cor

= 1.000 + 0.028, R

COT

In this result, the correction due to the mass of the b quarks has not yet been applied.
The results for ¢ and b quarks are correlated, with a correlation coefficient of approximately
0.6. Note that the weighted mean values given above are not used in the determination of of.
The ratio af /at°™P! is then determined for the flavours b, ¢, and uds by fitting the theoretical
expression (equation (9)) of Section 6 to the distributions B/ (y) shown in Fig.9. The systematic
error is estimated in a manner similar to that of the main analysis (Section 5). The guality

*For the fragmentation function of heavy quarks the Peterson parametrisation is used.
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of the muon selection and sources of systematic errors have been studied as a function of p
and pr with dedicated event samples. The background from decays-in-flight, punchthrough,
and misassociated tracks are varied in accordance with these studies [9). Note that, due to
the lower pr cut relative to the main analysis, the backgrounds are more significant here.
The branching ratios for the inclusive decays are varied in the range [9, 24] (10.5 £ 0.6)%,
(9.64+1.1)%, and (9.0+£1.2)%, forb — g, c > pand b — ¢ — p, respectively. The uncertainty
in the fragmentation function for heavy quarks is taken into account by varying the parameters
in the Peterson parametrisation in the ranges 0.002 < ¢ < 0.010 and 0.03 < e < 0.07.
Uncertainties due to the decay of heavy quarks, the cut-off Qo in the gluon cascade, as well as
the renormalisation scale, are estimated as in the main analysis. The uncertainties from the
cuts made in p and pr are studied by varying the cuts in the range 0.0 < pr < 0.5 GeV/c and
2.0 < p < 8.0 GeV/c and repeating the entire analysis. A summary of all systematic errors
is given in Table 12. The effects of finite quark masses are taken into account as discussed in
the beginning of Section 6. Using the Ballestrero mass correction (iii) we obtain the following
results:

b c uds
O 106540024 £0.047, —ar = 0.93620.06120.114, 5o = 1.02430.032:£0.079.
apdse oy o

The result for b quarks using mass correction (i) is 1.056 = 0.024 and using (ii) is 1.034 - 0.024.
The result for the uds quarks from the likelihood method follows from the constraint that the
D} of bottom, charm and light quarks must add up to the D3 distribution of the inclusive
sample.

The result for the bottom quark obtained from this analysis is larger by 0.048 than the result
from the one discussed in the previous sections. This difference is mainly due to the different
cuts applied, to the additional electron sample used in the previous analysis, and to the different
sensitivity to the complementary flavours. Adding in quadrature the error contributions that
are uncorrelated between the two analyses, we estimate their relative uncertainty to be 0.058.
We therefore conclude that these analyses are consistent with each other. Since the two analyses
are independent and use complementary methods, this is an important cross check of the main
analysis.

For the charm quarks, the result is statistically uncorrelated to the one obtained using the
D* sample in the previous analysis. Combining the two results reduces the statistical and
systematic errors. The statistical and the systematic error due to the MC statistics and cut
variation are treated as uncorrelated. It is taken into account that 69 events of the D*-sample
contain a muon candidate. All other systematic errors are considered as correlated. We obtain

<

% _ 0.926 + 0.051 + 0.073.

dsb =

u
as



[ Source | Bottom | Charm | ud,s |

pt identification 0.004 0.022 | 0.013
Model param., 4 spectrum 0.011 0.018 | 0.013
MC Statistics 0.018 0.050 | 0.027

0.0 GeV/e < pr < 0.5 GeV/e

2.0 GeV/c < p< 8.0 GeV/e 0.040 0.098 | 0.071

Correct. to parton level 0.012 0.011 | 0.008
[ Total sys. error I 0.047 [ 0.114 | 0.079 I
| Stat. error data | 0.024 [ 0.061 |0.032]

Table 12: Systematic errors on af /ac®™®! for the likelihood analysis.

8 Conclusion

The high statistics of hadronic events on the Z° and the clean event structure of its decays in
ete™ collisions allows one to select samples of different and known flavour composition. We
have used electrons and muons, D*’s, K2’s, and highly energetic charged particles to obtain
samples of enriched bottom, charm, strange and light quarks. By studying the amount of gluon
radiation by means of the D, distribution, we have determined the relative values of o, of these

flavours. The analysis has been performed in three steps.

Firstly, we determine relative values of of/ d‘;"mpl for these samples compared to the com-
plementary flavours in the inclusive sample, obtaining:

O’b at o auds
_ =1.017 &+ 0.036, i =0.918+0.115, ~—3= =1.158 £0.164, —-— = 1.038 £+ 0.221,
O',udsc als.ldsb a;ldcb agb

where statistical and systematic errors are combined quadratically. We improve the precision
of a®/as™P! of bottom and charm quarks over previous measurements at centre of mass
energies around 30 GeV [4] and at LEP [5]. Several QCD calculations are studied to account
for quark mass effects in the measured jet production rates. For the first time ever, direct
measurements at high energies of the a?¥ /el and af /o™ of light flavours are presented.
The relation between the a, of light and heavy quarks is in agreement with the results obtained
from comparing the o, measurements at Eom = 30 GeV and at the Z° [30]. We find values of
of [a<°™P! consistent with flavour independence (Table 6). This is cross checked by a completely
independent analysis using a likelihood method to disentangle the contributions of the bottom,
charm and light flavours.

Secondly, combining the data samples to compare the ratios of af of heavy versus light
quarks, charge +2/3 versus charge —1/3 quarks and between the three generations, we observe
no dependence of the strong interactions on the combinations considered (Table 7). From this,
we conclude the independence of o, from mass, weak isospin and generation.

Finally, all flavour tagged samples are combined to obtain all five of /ai™ ratios separately

26



for each flavour from an overall fit. We find that these ratios are consistent with flavour
independence of a, (Table 9).

All these results support within the small uncertainties of this experiment the flavour blind-
ness of the strong interaction.
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A Correction and Fitting Procedure

To obtain the unbiased, corrected D2 distribution for a certain flavour f and the corresponding
distribution for the complementary flavours D™, that are used to calculate the ratio

RL.(y) = Di(y)/ D™(y), (11)

we consider the following effects:
(i) flavour composition of the sample.

(ii) biases due to the kinematics of the tag, due to the unseen particles (Section 4.4), and due
to the event selection (‘bias’),

(iii) distortions due to the limited acceptance and resolution of the detector,
(iv) hadronisation effects, and
(v) initial state radiation (‘ISR’).

The necessary corrections are obtained using the JETSET [13] model together with a detailed
simulation of the detector. In the following, the basic concepts of these corrections, that are
common for the determination of af from one and from several flavour tagged samples, are
described.

As a first step, the contribution of the complementary flavours is subtracted using the MC
prediction and considering the flavour composition given in Table 1. The unnormalised number
of events of flavour f, NJ°™'" for which a 3-jet becomes a 2-jet event at y;, is obtained from
the observed number of events, N;°***% fulfilling the tagging requirement and the number of
‘background’ events from the complementary flavours predicted by the MC, N; 3 compl.tag .

NTP8(y0) = NGP8(yi) — ™ (y,) - Noqg *5(v:). (12)

The factors 1 1
ceom 1 a§TmP o
P (y) 2 theory /Dg Lheory (13)

account for a deviation of a%°™?! from o™, where D3 theory 18 the theoretical calculated differ-
ential 2-jet rate {19] for a given o;.

The remaining corrections are applied to NJ°"'*8 They are either given as bin dependent
correction factors ¢(y;) or by a flow matrix C7(y;, y;). The binwise correction is used when the
considered eflect either does not cause a significant migration or if the MC statistics are not
sufficient to determine a migration matrix. It is defined by

Nae eﬂ'(yi)

Ny (14)

My:) =
Here N*f obtained from the Monte Carlo simulation, denotes the number of events retained
at value y; by considering one of the effects ‘eff” due to the kinematics (‘bias’) and initial state
radiation (‘ISR’), N™ *f(y,) is the corresponding number without this effect. The detector
effects and the hadronisation correction are combined into a flow matrix C/ (vi,y;) giving the
probablhty that an event of flavour f and a value y; is due to a true value y; at the parton level

(e 2:Clyiy;) = 1).
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Since the Peterson fragmentation function better describes the data than the Lund sym-
metric fragmentation function, we rescaled the correction matrix C7 that is determined using
the Lund symmetric fragmentation function. To rescale the matrix we split it into two matri-
ces correcting the distortion due to the limited acceptance and resolution of the detector Cl.,
and for the hadronisation effects Chad The rescaling factors r(y) are obtained using JETSET
without a detector simulation and are defined as:

(y) 2Peterson /DZ Lund(y) . (15)

where the Dg(y) distributions are obtained using the Peterson and the Lund symmetric frag-
mentation function respectively. From this the rescaled correction matrix

Clyiyi) = 3 Choalwinve) - r(w) - Clalyrs v5) (16)
k

is calculated. It is normalised according to Y2, C¥ (i, y;) = 1.

We also test our result using an iterative procedure as described in [32] to determine the
correction matrix. It accounts for the effect of differences between the N, distributions in MC
and data due to a deviation of f of a flavour from ™. Fits using a flow matrix obtained from
this iteration are in agreement with the results without iteration within the other systematic
uncertainties. However, the stability of this procedure is strongly affected by the small statistics
of the flavour tagged samples (D*, Kg).

The total correction matrix C is given by

CT¥8(yeyy;) = &(y) - O (yeys) - ia(ys). (a7

For simplicity we start the discussion by using the DJ and D™ distributions for only one
flavour from a tagged sample. The corrected unnormalised number of events, N3, is obtained
from the observed number of events of flavour f, NJ*°®*'*8 by application of the total correction

matrx C:
NSy = X OF () - N ). (18)

For the determination of the unnormalised N{"™'(y), we use
¢,compl Jinc obs,incl 1as ,obs, ]
N2 i (yt Z Cf l yu y}) [N ( ) c‘t.aa.g (y.?) Nf tag(y.?)] 1 (19)
i.e. we subtract from the inclusive distribution of all hadronic events the distribution of the

dominant flavour in the tagged sample after correcting it for the biases of the tag.
The resulting normalised D, distributions are then obtained from

1
Ni(yi), 20
Ay -3 N5(y;) (1) (20)

. t ,compl .
where N is Ng7* and N5<°™P' respectively.

Dz(ya’) =

This procedure can be easily generalised if more than one flavour is obtained from a data
sample. Each flavour is treated separately because of the flavour dependence of the corrections
(‘bias’ and flow matrix).
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As opposed to the case of considering only one flavour, we are now interested in ratios of
of values of pairs of flavours (e.g. a®/af) or in the af /ai™ values of individual flavours. For
simplicity we use for both types of fits a common definition of the ratio

REE(y) = DE(y) /Dy (v), (21)

where D3 is the corrected distribution of all tags considered in a combined analysis of several
flavours and Dir<(y) is the differential 2-jet rate of the inclusive hadronic sample for which the
o™ value is given by the measured value of the inclusive hadronic event sample [18].

The corrected distribution D58 is obtained by normalising the corrected yield N5**8 for the
considered flavours f,, that is given by

N3 8(y) = 30 N3 (), (22)
In

as in equation (20). For each data sample, considered in a combined analysis of the flavours
fn, this procedure is applied to obtain a corrected D5,
The differential 2-jet rate of the inclusive hadronic sample Di*9(y} is calculated by

N2c,incl ) _ Z Cmcl y“ y}) NObs’md(yj). (23)

We obtain af for one flavour directly from fitting the ratio of

of af af\’
threns) = AW + B (5] 1)
and cht::zlry to equation {11). The coefficients A and B are obtained from the matrix element

calculation [19] and were parametrised by [29]. It has been verified that fitting A;:d—s and
calculating o from it gives the same results as fitting o directly.

mci

For the fits of combined data samples, af* is obtained from the ratio D2 theory /D3 heory that

is fitted to equation (21). Equivalently to explicitly combining the corrected D Jnta8 16 give
D3* we calculate a combined 2.
The constraint of af and o™ to give !, when they are combined, is given by

prD2 Lheory( ) + (1 - 7f)D(2:0tI}I:£;ry(y) = DZ,theory(y)- (25)

This is implemented in the x? fit by means of the Langrange multiplier method.

B Flavour Composition in the K2 and High 2 Samples

Whereas the estimated flavour composition of the g, e and D* samples can be based on mea-
surements, those of the K¢ and high x samples rely on models. The contributions from primary
bottom and charm quarks can be estimated from the knowledge of their fragmentation func-
tions and their decay properties. For example, the charm contribution in the K sample can
be estimated by varying the branching fraction of ¢ — D*,D% D, — K2 + X according to the
measured decay fractions of charmed particles [31] into K2 yielding Br(c — K2) = 0.26 +0.03.
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In the case of the bottom contribution also the double tags discussed in Section 4 provide
important constraints.

However, there exist rather few data on the relative contributions of light flavours in these
samples and one has to invoke models to estimate them.

The basic assumptions for these tags are (i) that the quantum numbers of the primary quarks
tend to determine those of the highest energetic hadron, and (ii) that the flavour composition
of the quarks picked up in the hadronisation process are well reproduced by the models. There
exists a large amount of evidence at various lower ete™ centre of mass energies for both these
assumptions [33]. From the uncertainties of these two assumptions we estimate the possible
range of variation in the flavour composition.

Several experimental tests are performed to study the global agreement of data and the
JETSET {13) and HERWIG [25] models. These two models predict significantly different flavour
compositions, particularly for the high r sample and, to a lesser extent, for the K2 sample.

Recently a modification in HERWIG of the hadronisation of the primary quark has been
made available to us [26]. In this version the decay of the corresponding cluster is highly
asymmetric such that the hadron containing the primary quark becomes more energetic. In
this case the flavour composition agrees with that from JETSET within 2%. We will refer to
this version of as HERWIG(mod).

We observe the following:

o The observed yield of 2653 high x particles out of the 503 195 hadronic events is only some-
what higher than the 2430 £ 44 events predicted by JETSET and than HERWIG(mod)
yielding 2432 £ 66. It is inconsistent with the HERWIG prediction of 1564 + 49 events.

o The probability that a high x particle contains the primary parton is estimated by using
the correlation of the charge ¢y, of the tagged particle with the jet charge of the opposite
hemisphere defined by Q; = 3=; g:z]* [34], where ¢; is the charge of particle 7, z; = 2p/Eem
is the scaled particle momentum along the thrust axis and the sum runs over all particles
in the hemisphere opposite to the tagged particle. With P = g,, - @; we find in the data
P = —0.1531+0.007, for JETSET P = —0.140 £ 0.007, for HERWIG P = —0.081 4 0.007,
and for HERWIG(mod) P = —0.158 £ 0.009.

From these studies we conclude that HERWIG does not reproduce the properties of the high
x particles. It is therefore not used to estimate the flavour composition of the K2 and high =
samples. HERWIG(mod) and JETSET are in reasonable agreement with the data. The re-
maining deficiencies may be due to details in the hadronisation such as the amount of resonance
production at large z, see e.g. recent results on K* and ¢ production in Z° decays [35]. Our
determination of the flavour composition of the K§ and high z samples will be based on the
JETSET model. As described in section Bl and B2, we will assign errors to take into account
differences between JETSET and HERWIG and variations of the hadronic parameters.

B.1 Light Flavour Composition of the K} Sample

A K2 at high z can be produced from light flavours either (i) directly from primary strange and
down quarks, (ii) in decays from primary down, strange, and up quarks (e.g. K** — K2+). or
(ii1) from subsequent hadronisation, which has almost no dependence on the primary flavour.
The relative amount of process (i), K2 from primary strange and down quarks, is determined
by the relative amount of strange and down type quarks in the hadronisation process. This
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is parametrised as the s/d ratio. Here we assume the Standard Model branching ratios of the
Z° into quarks and assume the shape of the fragmentation function of K¢ from primary strange
and down quarks to be the same. Several measurements suggest s/d= 0.29 +0.05 [12, 33]. We
varied the ratio in this range to determine the contribution to the flavour composition. The
fraction of K¢ coming from up quarks in process (ii) is given by the fraction of vector meson
production and by the branching ratio K** — K2r*. This alone implies that the up quark
contribution is only about 1/3 of the contribution from down quarks. In addition, the K¢ from
K* decays are suppressed in this sample since, being decay products, they have significantly less
energy than their parents. Recent measurements of K* production in Z° decays indicate that
the JETSET model overestimates the K* production at high x by approximately a factor two
[35]. Changing the K* yield at high = by £50% we observe negligible effects in the contribution
of down and strange quarks but a change in the amount of up quarks by 2.5%. Regarding
process (iii), model studies of the sources of K¢ suggest that 11% of the tagged K2 are due to
the subsequent hadronisation. To translate this into an uncertainty in the flavour composition
of the K§ sample we assign an error of 2% to all light flavour fractions. In total we assign the
uncertainties listed in Table 1 to the model expectations.

B.2 Flavour Composition of the High z Sample

As for the K¢ sample, the hadrons with z > 0.7 can be produced (i) directly from primary up,
down or strange quarks. It should be noted that the contribution of charged kaons and protons
leads to a relative enrichment of up compared to down quarks (Table 1}. Stable charged particles
can be further due to (ii) decays of resonances, or (iit) due to the subsequent hadronisation.

The uncerfainties of (i) are given by the s/d ratio and by the probability to produce a
baryon. Provided that the fragmentation functions for kaons and pions from primary light
quarks are the same, the s/d ratio only affects the number of particles from strange quarks
in the sample. We again vary s/d within the range given above and find a maximum change
of 1% for each flavour. Concerning the baryon fragmentation function, the observed rate at
high « is much smaller than expected. This observation is in agreement with the measured
A fragmentation function [36]. This indicates that only half of the predicted baryon yield is
actually produced at high r. We therefore allow in the model the baryon fraction of the high
z sample to vary by £100%. Since the overall number of baryons is small, such a change has
only a small effect on the flavour composition. It changes the up quark contribution by £2.5%.

Due to the cut at very high z, the contributions from both (ii) and (iii) are suppressed.
According to model calculations they make up 24 and 12% [33], respectively, of the data sample.
Allowing a variation of +100% these contributions lead to changes in the flavour composition of
less than 1% for each flavour. The expected flavour composition with the assigned uncertainties
are listed in Table 1.

C The Likelihood Ansatz

The flavour separation is done separately for each of eight y-bins of the D,(y) distribution. All
events, with and without muons are included in the likelihood fit. When fitting the :** y-bin,
we take into account the contributions from the events in bin 7 as well as the contributions
from those events falling into the other bins. This guarantees that the total number of events
of a certain flavour will be equal to that expected from the standard model. Furthermore, one
becomes insensitive to systematic effects contributing equally to all y-bins. An overall likelihood
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L' for all events is thus calculated

£-T I & (26)

j=1 events

Here E} is the likelihood for an event in bin j, when fitting bin 1.
The likelihood is given by

Jimuon

N -~
)3 7?:{7' NI P;f (p,pr) muon events
ﬁi, — f=b,c,uds 3 (27)
J 5 Nf,muon
Y 0Ll = ———) non-muon events.
Ff=b,cuds g N §

If an event lies in bin 7 = 7, the quantity nz{j:é is given by N/ /N;, the unknown ratio of the
events with lavour f in bin 7 over the total number of events in bin <. N (NS is the relative
fraction of muon events in bin ¢, and 5/ (p, pr) is the normalised density in the p, pr plane, for a
given flavour f. N/ mmen /N contains the inclusive branching ratio for flavour f, the detection
efficiency due to the muon selection, as well as background such as from punchthrough and
decays.

If an event lies in bin j # 1, the quantity ni#i 1s given by 3 ;. N,{/Ek# Ni, the unknown
fraction of the events with flavour f for all bins other than bin 1.

In the likelihood analysis, the semileptonic branching ratios are taken from CLEO measure-
ments [24] and the normalised densities 4! in the p, pr plane are taken from JETSET® [13] and
are corrected according to the ACCMM model {22] of the semileptonic decays. The unknown
" fractions Nl-f/Nt- and 3.4 N,{/ S ki Vi can be expressed using the ratio

N/ /N,
pf= /2
t T Nf/ N (28)
) fONL N BN 1RGN
M=t = W T R; 5 an Nij#i = S es Ni = % N (29)

Since N;/N is given by the electroweak couplings, and N;/N is known from the data, the
likelihood can be maximised with R and R¢ as the only free parameters. Note that R can
then be calculated from NP 4 Nf 4+ NP4 = N;. In terms of the differential 2-jet rate, RP is just
the ratio of the normalised differential 2-jet rate for b events, and the normalised differential
2-jet rate for all events,

D3 (y:)
Ry = R*(y) = 45 30)
D3 (y:) (
For the case of flavour independence of as, one would expect RP(y) = R(y) = R*3(y) to
equal unity. The finite masses of quarks can cause deviations from unity, even for flavour

independence.

5¥or the fragmentation function of heavy quarks the Peterson parametrisation is used with ¢. = 0.046 and
e, = 0.0057.
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Figure Caption

Fig.1 (a) Invariant K7, mass for z, k., > 0.4 and 0.143 GeV/c? < AM < 0.148 GeV/c?
with AM = M(mKnr;) — M(Kn;). Shown are the measurements (points with error bars),
the expectation from Monte Carlo simulation (histogram), and the expected contribution from
charm and bottom events (hatched area). The arrows indicate the selected mass ranges.

(b) Invariant 7%~ mass spectrum after cuts for a secondary vertex (see text). Shown are
the measurements (points with error bars) and the expectation from Monte Carlo simulation
(histogram).

Fig.2 (a) Ratio R, of the observed D, distribution for the muon tag over the corrected
distribution for all flavours (statistical errors).
(b) R, Rz representing the bias from the kinematics of the p tag and the effect from
neutrinos and other not measured particles (see text).
(c) R2;* of the corrected D distribution of bottom quarks over the corrected distribution for
all flavours (statistical errors).
(d) Momentum spectrum of the tagged muons. Shown are the measurements (points with error
bars) and the expectation from Monte Carlo simulation (histogram).
(e) Spectrum of the transverse momentum of the tagged muons with respect to the jet axis.
Shown are the measurements (points with error bars) and the expectation from Monte Carlo

simulation (histogram).
Fig.3 (a) Ratio RS, of the observed D, distribution for the electron tag over the corrected

distribution for all flavours (statistical errors).

(b) Rpre, Rbe, representing the bias from the kinematics of the electron tag and the effect

from neutrinos and other not measured particles (see text).

(c) RE;® of the corrected D; distribution of bottom quarks over the corrected distribution for

all flavours (statistical errors).

(d) Momentum spectrum of the tagged electrons. Shown are the measurements (points with

error bars) and the expectation from Monte Carlo simulation (histogram).

(e) Spectrum of the transverse momentum of the tagged electrons with respect to the jet axis.

Shown are the measurements (points with error bars) and the expectation from Monte Carlo

simulation (histogram).

Fig.4 (a) Ratio RD._ of the observed D, distribution for the D* tag over the corrected
distribution for all flavours (statistical errors).

(b) Rins Bopgeen Tepresenting the bias from the kinematics of the D* tag and the effect from
neutrinos and other not measured particles (see text).

(c) RS, of the corrected D, distribution of charm quarks over the corrected distribution for all
flavours (statistical errors).

(d) Fractional energy spectrum of the tagged D*’s. Shown are the measurements (points with
error bars) and the expectation from Monte Carlo simulation (histogram).

(e) Quality of the reconstruction of the mass of the hadronic event against the tagged D*’s.
The quantity AMiec = Miny — Miecon (see text) is shown for the data (points with error bars)

and for the expectation from Monte Carlo simulation (histogram).
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Fig.5 (a) Ratio Rff_{%cor of the observed D distribution for the K2 tag over the corrected

distribution for all flavours (statistical errors).
(b) Rs.., RS, .con Tepresenting the bias from the kinematics of the K2 tag and the effect from
neutrinos and other unmeasured particles (see text).

(c) Re,, of the corrected D distribution of strange quarks over the corrected distribution for
all flavours (statistical errors).

(d) Fractional energy spectrum of the tagged 9’s. Shown are the measurements (points with
error bars) and the expectation from Monte Carlo simulation (histogram).

(e) Quality of the reconstruction of the mass of the hadronic event against the tagged KZ. The
quantity AMres = Mine — Mrecoil (see text) is shown for the data (points with error bars) and

for the expectation from Monte Carlo simulation (histogram).

Fig.6 (a) Ratio MM # of the observed D, distribution for the high z tag over the corrected
distribution for all flavours (statistical errors).

(b) Ruds, Ruds  representing the bias from the kinematics of the high = tag and the effect from
neutrinos and other not measured particles (see text).

(c) RS of the corrected D, distribution of light quarks over the corrected distribution for all
flavours (statistical errors).

(d) Fractional energy spectrum of the tagged stable particles. Shown are the measurements
(points with error bars) and the expectation from Monte Carlo simulation (histogram).

(e) Quality of the reconstruction of the mass of the hadronic event against the tagged high z
particle. The quantity AMres = Miny — M.econt (see text) is shown for the data (points with

error bars) and for the expectation from Monte Carlo simulation (histogram).

Fig.7 (a) Ratios of af /a2 for specific flavours obtained from fits of individual flavour
tagged samples for one flavour and (b) ratios of of [ad™! from the fit of the combined flavour
tagged data samples for all five flavours. The correlation matrix of the result from fit (b) is
given in Table 11. Statistical (solid) and quadratically combined statistical and systematic
(dashed) errors are shown.

Fig.8 (a) Distribution of muon momentum and (b) muon transverse momentum fory > 0.04
as well as the result from the maximum likelihood fit for the contributions from b, ¢, and uds
quarks.

Fig.9 (a) R:%(y) distribution, (b) RZ,(y), and (¢) Rb _(y) corrected for effects due to

detector, selection, decay and fragmentation (statistical errors).
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