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FÜR PHYSIK C
c© Springer-Verlag 1996

Energy dependence of the differences
between the quark and gluon jet fragmentation

DELPHI Collaboration

P.Abreu21, W.Adam50, T.Adye37, E.Agasi31, I.Ajinenko42, R.Aleksan39, G.D.Alekseev16, R.Alemany49, P.P.Allport22,
S.Almehed24, S.J.Alvsvaag4, U.Amaldi9, S.Amato47, A.Andreazza28, M.L.Andrieux14, P.Antilogus9, W-D.Apel17,
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38 Dipartimento di Fisica, Università di Roma II and INFN, Tor Vergata, I-00173 Rome, Italy
39 Centre d’Etudes de Saclay, DSM/DAPNIA, F-91191 Gif-sur-Yvette Cedex, France
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Abstract. Three jet events arising from decays of the Z bo-
son, collected by the DELPHI detector, were used to mea-
sure differences in quark and gluon fragmentation. Gluon
jets were anti-tagged by identifyingb quark jets. Unbiased
quark jets came from events with two jets plus one photon.
Quark and gluon jet properties in different energy ranges
were compared for the first time within the same detector.
Quark and gluon jets of nearly the same energy in symmetric
three jet event topologies were also compared. Using three
independent methods, the average value of the ratio of the
mean charged multiplicities of gluon and quark jets is
< r >= 1.241± 0.015 (stat.)± 0.025 (syst.).
Gluon jets are broader and produce fragments with a softer
energy spectrum than quark jets of equivalent energy. The
string effect has been observed in fully symmetric three jet
events. The measured ratioRγ of the charged particle flow
in the qq inter-jet region of theqq̄g andqq̄γ samples agrees
with the perturbative QCD expectation. The dependence of
the mean charged multiplicity on the hadronic center-of-
mass energy was analysed in photon plusn-jet events. The
value forαs(MZ) determined from these data using a QCD
prediction with corrections at leading and next-to-leading
order is
αs(MZ) = 0.116± 0.003 (stat.)± 0.009 (syst.).

1 Introduction

In quantum chromodynamics (QCD) quarks and gluons are
predicted to carry distinct colour charges. Quarks have a
single colour index while gluons are tensor objects carrying
two colour indices. Due to this fact, quarks and gluons differ
in their relative coupling strength to emit additional gluons,
and, in consequence, jets originating from the fragmenta-
tion of energetic quarks and gluons are expected to show
differences in their final particle multiplicities, energies and
angular distributions. The investigation of these differences
is the subject of this article.

Earlier results of the study of differences between quark
and gluon jets [1] at center of mass energies below theZ
mass indicated differences in the momentum and transverse
momentum spectra of particles from quark and gluon jets.
Only recently with the massive statistics and improved quark
jet tagging techniques available at LEP have conclusive mea-
surements of the multiplicity difference of quark and gluon
jets become available [2, 3].

Less than 1% of the gluon jets are expected to con-
tain particles originating from the fragmentation of heavyb

quarks [4]. Gluon jets can therefore be collected from an ini-
tial sample of reconstructed three jet events,qqg, in which
two of the jets, the quark jets, are seen to satisfy the experi-
mental signatures of being initiated byb quarks, leaving the
remaining jet to be associated to the gluon jet without further
requirements. In the present analysis, the use of advanced
experimental techniques to identify the original flavour of
the quark jets with very high precision enables high gluon
jet purities (∼94%) to be attained, allowing thus a study of
an almost background free sample of gluon jets. The vari-
ety of methods investigated to select theb quark initiated
jets includes the identification of inclusive high momentum
leptons and the use of impact parameter distributions. The
combination and comparison of all these methods acts as
an important cross-check of the final results since they are
subject to different systematic biases.

A further important ingredient of the analysis is the use
of hadronic events containing two hadronic jets and an en-
ergetic, isolated photon. The selection of suchqq̄γ events
provides a sample of high purity quark jets of varying en-
ergy. Hence, for the first time, a direct comparison of quark
and gluon jets, as a function of energy, can be performed
within the same detector. The use ofqqγ events can also be
extended to the study of the string effect [5, 6], which pre-
dicts a greater particle flow in the inter-jet region between
the two quarks of theqqγ event types than in the corre-
sponding analogous region of theqqg events [7, 8, 9, 10].

The large sample of hadronic events also allows the in-
vestigation of special symmetric event topologies to com-
pare quark and gluon jets at nearly the same energy scale.
Two types of symmetric three jet event topologies are stud-
ied in detail, two fold symmetric events and fully symmet-
ric events. For the first time an analysis of fully symmetric
events is presented in which bothb jets are tagged simulta-
neously.

The mean charged multiplicity of events containing one
photon and any number of jets is also studied as a function
of the reduced center-of-mass energy of the hadronic sys-
tem. The comparison of the obtained distribution with re-
sults from othere+e− experiments at lower center-of-mass
energies provides an interesting cross-check of the possible
biases present in the quark jet sample.

2 Experimental apparatus and event selection

2.1 The DELPHI detector

The DELPHI detector, surrounding one of the interaction re-
gions at the Large Electron Positron facility LEP at CERN,
has been used to record the samples of events contained
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in this analysis. It provides both tracking and calorimetric
information over almost the full solid angle. A detailed de-
scription of the detector, the exact geometry as well as the
trigger conditions and the event processing chain appear in
[11, 12, 13].

The barrel region of the detector consists of a sys-
tem of cylindrical tracking detectors and an electromagnetic
calorimeter, embedded in a superconducting solenoidal coil
providing a uniform magnetic field of 1.23 T parallel to
the beam direction (z). The central tracking detectors pro-
vide measurements of the coordinates of charged particles in
both theRΦ plane, transverse to the beam, and in thez di-
rection. These are the vertex detector, the inner detector, the
time projection chamber and the outer detector. The vertex
detector configuration comprises three concentric and over-
lapping layers of silicon microstrip detectors which allow
the (R,Φ) coordinates of charged particles to be measured
with a precision of 8µm. The inner detector is a cylindrical
jet chamber, providing 24 (R,Φ) coordinates, surrounded by
an outer cylinder containing five layers of multiwire propor-
tional chambers which give coordinates both in (R,Φ) and
z coordinates. The Time Projection Chamber (TPC) is the
principal tracking device which in addition can provide a
measurement of the energy lossdE/dx for charged parti-
cles, with a resolution of±5.5% in muon pair events. The
tracking in the barrel section is completed by the outer de-
tector which is composed of five layers of drift cells. The
combined usage of these tracking detectors provides an av-
erage momentum resolution ofσ(p)/p = 3.6% GeV/c for
muons of 45 GeV/c [14].

Electromagnetic calorimetry is accomplished in the bar-
rel region by the High Density Projection Chamber (HPC),
which covers polar anglesθ from 40◦ to 140◦. The HPC is
a gas sampling calorimeter, operating on the time-projection
principle, which measures with high granularity the three-
dimensional charge distribution induced by electromagnetic
showers, enabling thus the identification of electrons and
photons in a hadronic environment.

In each of the forward regions of the detector, two sys-
tems of drift chambers (FCA,FCB), covering polar angles
between 11◦ and 33◦, improve the tracking of charged par-
ticles. The electromagnetic energy is measured by the For-
ward Electro Magnetic Calorimeter (FEMC), which consists
of an array of lead glass blocks subtending polar angles from
8◦ to 36◦ on either side.

The muon detection system is both within and beyond
the outer layers of the hadron calorimeter (HAC), which also
serves as the return yoke of the magnet. In the barrel sec-
tion, the system consists of several layers of drift chambers
with delay line readout. In each of the forward regions, the
system consists of two modules of drift chambers arranged
in quadrants. In both the barrel and the forward regions,
measurements of penetrating charged particles in three di-
mensions are provided.

2.2 Event selection

All data collected by DELPHI during the years 1991 to 1993
were considered in the present analysis. In a first step of the
selection procedure, quality cuts on all charged particles and

all neutral clusters in the calorimeters were imposed in order
to ensure a reliable determination of their momenta, ener-
gies and multiplicities. The quality cuts on charged particles
were as in [15]; neutral clusters reconstructed in the HPC,
FEMC and hadron calorimeter were selected by imposing
requirements on the minimum and maximum reconstructed
energy, with an additional condition on the distribution of
layers hit for HPC clusters. Identified electron positron pairs
arising from photon conversions were considered as single
neutral clusters if the sum of their momenta exceeded 600
MeV/c.

A sample of hadronic events was then selected as in
[15] by demanding a minimum charged multiplicity, enough
visible charged energy and events well contained within the
detector volume, with a veto on events containing badly mis-
measured charged particles. Small differences in these cuts
were used when studying particular topologies of events. The
surviving data sample passing the hadronic criteria contained
more than 1.6·106 events with a small contamination arising
from τ+τ− pairs (∼0.1%) and negligible contamination from
beam-gas scattering andγγ interactions.

Charged and neutral particles were grouped into jets by
means of a particular jet finding algorithm. The general pro-
cedure was as follows. For each pair of particlesij, the algo-
rithm characteristic jet resolution variableyij was calculated
from the corresponding four-momentum vectors of both par-
ticles. The pair with the smallestyij and whose value did not
exceed a given thresholdycut, which determined the point
at which particles were resolved into jets, was combined to
form a new pseudo-particle with four-momentum as defined
by a given recombination scheme. The procedure was reit-
erated until no further pairs of particles or pseudo-particles
satisfied the conditionyij < ycut. The remaining particles
or pseudo-particles were henceforth referred to as jets.

A number of such jet finding algorithms have now been
developed and their properties studied in detail [16]. The
principal results of this analysis are presented using the
Durham algorithm [17] and for comparison also theJade
algorithm [18]. They differ from one another in the defini-
tions of the recombination scheme and of the jet resolution
variable. Each has been applied to the hadronic data sample
for the selection of three jet events and the assignment of
particles to jets. As no jet finding algorithm can claim to
be unique in the correct particle assignment to jets [19], the
analysis of both selected three-jet data samples provides an
important cross-check of the relevant results. Table 1 sum-
marises the exact definition of the resolution variables and
recombination schemes used by these two algorithms.

2.3 Event samples

For a detailed comparison of quark and gluon jet properties
it was necessary to obtain samples of quark and gluon jets
with similar energies. Different event topologies were used
to fulfil this condition as it is illustrated in Fig. 1.

Three jet events, in which none of the jets consisted of
an isolated photon, were used to select gluon jets (Fig. 1a).
For each of these events, the two quark jets were recog-
nised using experimental techniques which identified heavy
quark initiated jets with high precision. The remaining jet
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Table 1. Definition of the jet resolution variableyij and of the recombination schemes
for theDurham andJade jet finding algorithms;Evis is the total visible energy of the
event,pi ≡ (Ei, pi) denotes a 4-vector andθij is the angle betweenpi andpj

Algorithm Reference Resolution Recombination

Durham (kT ) [17] yij =
2·min(E2

i,E
2
j )·(1−cosθij )

E2
vis

pk = pi + pj

Jade [18] yij =
(pi+pj )2

E2
vis

pk = Ek
|pi+pj | (pi + pj )

Ek = Ei + Ej

a)

θ2

θ3

θ1

Jet 1

Jet 3

Jet 2

qq
–
g events

b)

θ2

θ3

θ1

Jet 1

isolated γ

Jet 2

qq
–
γ events

c)

θ2

θ3

θ1

Jet 1

Jet 3

Jet 2

Y events; θ2,3 ∈  [150o±15o]

d)

θ2

θ3

θ1

Jet 1

Jet 3

Jet 2

Mercedes events; θ2,3 ∈  [120o±15o]

Fig. 1. Three jet event configurations of the gluon and quark jets analysed in the present study

was then assumed to originate from a gluon without any
extra condition, therefore and henceforth referred to as anti-
tagged. Events containing an isolated hard photon were used
to obtain unbiased quark jets of reduced energy (Fig. 1b).
The properties of quark and gluon jets obtained in this way
could thus be compared as a function of the jet energy. The
quark sample was largely independent of any influence from
hard gluon radiation, ensuring that systematic effects due to
mixed quark and gluon samples were negligible. Unfortu-
nately, the statistics obtained by this selection were rather
low.

Symmetric events were selected by requiringθ2 ≈ θ3
(θ being the jet-jet angle as in Fig. 1) defining one (Y type
events) or two quark jets (Mercedes type events) and one
gluon jet of similar energy and topology (Fig. 1c,d). This
nomenclature for twofold symmetric (Y) events (135◦ <
θ2,3 < 165◦) and threefold symmetric (Mercedes) events
(105◦ < θ2,3 < 135◦) is used throughout this paper. For
Mercedes events the gluon jets were obtained using the same
technique as described above in which the two heavy quark
jets were experimentally identified. For Y events, the most
energetic jet was assumed to originate from a quark, which
is true in 98% of the cases. The other two jets were then
resolved to be one the quark and the other the gluon jet
by searching for the heavy quark signature to be satisfied
in only one of them. For these symmetric configurations,
the gluon jets were directly compared to the mixed jet sam-
ple contained in all symmetric three jet events. The use of
subtraction techniques which rely on the knowledge of the
proportion of quark and gluon jets populating the three jet
event sample enabled this comparison to be made.

Note that none of the quark jets used to anti-tag gluon jets
entered in the quark-gluon comparison since their topologi-

Table 2. Planarity and acceptance cuts for reconstructed three jet events

Measurement Non-symmetric Symmetric topologies

topologies

Number of particles in each jet≥ 1 (charged) ≥ 2 (charged or neutral)

Minimum jet energy 3 GeV 5 GeV

Sum of angles between jets > 359.5◦ > 355◦

Polar angle of each jet axis 26◦ − 154◦ 30◦ − 150◦

cal properties were biased by the selection criteria. However,
gluon jet properties remained unaltered by this procedure
[20, 21].

2.3.1qq̄g Event sample

In order to enhance the contribution from events with three
well defined jets attributed toqq̄g production, a set of fur-
ther cuts was applied to the three jet event samples. These
cuts selected planar events with each of the reconstructed
jets well contained within a detector region of good accep-
tance. The symmetric and non-symmetric configurations had
separate cuts, summarised in Table 2, to accommodate the
different jet configurations and the statistics resulting from
the sample selections.

The values ofycut used for the different analyses when
selecting the three jet data samples were optimised using the
Jetset 7.3 Parton Shower Monte Carlo [22] by maximising
the available statistics and the purity of the three jet sample,
and, minimising the fraction of four jet events in the three jet
sample. The three jet purities were calculated by computing
the fraction of three jet events reconstructed at both parton
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and hadron level w.r.t. all three jet events reconstructed after
hadronisation. For events not restricted to have a symmetric
configuration, values ofycut = 0.01 for the Durham jet
finder andycut = 0.04 for theJade recombination scheme
were the most suitable values, whereas aycut = 0.015 was
chosen to preselect the symmetric three jet events. When
value of ycut = 0.010 was used, the sample of Mercedes
events was primarily populated by Y events just passing the
topological cuts, whereas many of the real Mercedes type
like events were resolved as four jet events.

To each of the jets a calculated energy was assigned
as derived from the jet directions and the angles between
them. Assuming massless kinematics, the jet energy could
be expressed as:

Ecalc
j =

sinθj
sinθ1 + sinθ2 + sinθ3

√
s, j = 1, 2, 3 (1)

whereθj is the inter-jet angle as defined in Fig. 1.
Studies using full simulation of the DELPHI detector

[23] showed that for the range of jet energies being con-
sidered here, from 5 GeV up to 45 GeV, the calculated jet
energyEcalc

j gave a better representation of the true un-
derlying jet energyEtrue

j (i.e. before detector simulation)
than did the reconstructed (or visible) jet energyErec

j . The
use of (1) had in fact two effects. Primarily it corrected
for the energy shift towards low values which affected the
measured reconstructed jet energy due to undetected par-
ticles, and, secondly, improved the energy resolution from
σ(Erec

j − Etrue
j ) ≈ 3.5− 7.0 GeV toσ(Ecalc

j − Etrue
j ) ≈

2.5− 1.5 GeV in this energy range.
Subsequent corrections toEcalc

j , due to the mass effects
in the case ofb quark initiated jets, were also added to the
above formula even though they only applied for small gluon
energies and in all circumstances were small, less than 3%.

Quark and gluon jets were then grouped in energy in-
tervals of 5 GeV, covering the range from 7.5 GeV up to
42.5 GeV, both in data and simulation data. The calculated
jet energy,Ecalc

j , was used to define the jet energy.
The symmetric topology event samples were not further

divided into energy bins.

2.3.2qqγ Event sample

To enable a comparison of the selected gluon jets with an
unbiased sample of quark jets of comparable energies, two
jet events containing a hard radiative photon were selected.

Starting from the sample of events containing three jets,
as determined by the particular jet-finding algorithm, the
subset in which one of the jets was formed by only one neu-
tral particle was subject to further analysis. This enhanced
the contribution from events with a hard final state photon.

This enhancement was achieved by selecting only those
photon candidates of energies greater than 5 GeV that were
deemed inconsistent with originating from a radiative elec-
tron. Photons recognised as converting into electron positron
pairs were also considered in the selection criteria. It was fur-
ther demanded that no charged particle was present within
a cone of 20◦ around the photon direction. The resulting
isolation angle and the reconstructed energy spectrum of

Table 3. The three jet event samples and their corresponding energy inter-
vals as used in the present analysis

Event type # events Energy range < E >

qq̄g
(DURHAM)
(JADE)

319, 095
328, 355

2.5 GeV - 42.5 GeV 8 bins of 5 GeV

qq̄γ
(DURHAM)
(JADE)

1, 006
1, 112

2.5 GeV - 42.5 GeV 8 bins of 5 GeV

Y events 74, 164 19.6 GeV - 28.8 GeV 24.2 GeV
Mercedes events 9, 264 27.4 GeV - 33.4 GeV 30.4 GeV

the selected photon candidates were observed to agree be-
tween the data and the simulation prediction [20]. Each of
the jets was likewise assigned a calculated energy using (1),
thereby minimising the sensitivity to possible discrepancies
in the calibration of the detectors. Cases, where the calcu-
latedEcalc

γ and the reconstructedErec
γ energies of the photon

disagreed by more than 50% were seen to originate mainly
from background processes and were therefore rejected.

For each event the information given by the remaining
two quark jets was used in the analysis. Only two types of
events contaminated theqqγ sample. These were hadronic
final states with misidentifiedπ◦ and radiativeτ+τ− events.
When the event selection used theDurham reconstruction
algorithm the calculated backgrounds were 5.6% and 2.6%
for misidentifiedπ◦ and for radiativeτ+τ− pairs, respec-
tively.

The samples listed in Table 3 were obtained after apply-
ing the quoted selection criteria.

3 Methods in anti-tagging gluon jets inqqg events

In this section the different methods employed to extract the
gluon induced jets in the selected samples ofqqg events
are introduced. The common approach of the various meth-
ods followed the general strategy of identifying the two
quark jets using well known experimental techniques that
efficiently detected the signature of heavy quark fragmenta-
tion. Gluon jets were thus selected by being the only jet not
passing the heavy quark selection criteria in three jet events.
The further advantage of this is that no special selection was
directly required for the gluon jet and therefore biases were
minimised.

3.1 Lepton identification

Muons were identified by their ability to penetrate large
amounts of material in the DELPHI detector. Muon candi-
dates were first selected by requiring that particles detected
by the tracking chambers penetrated the hadron calorime-
ter into the muon detector [24]. To discriminate against
background from pion and kaon decays and hadron punch-
through, a minimal momentum of 4 GeV/c was demanded.
Three jet events containing a muon candidate were then se-
lected, but only those events, in which one of the two lower
energy jets contained the lepton, were retained. The most en-
ergetic jet and the jet containing the lepton were thus tagged
as quark jets, while the remaining third jet was considered
to be the gluon jet. The total number of events thus selected
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Fig. 2. Normalised distributions of the gluon jet energy spectrum for the
various samples as selected using (a) inclusive muons, (b) inclusive elec-
trons, (c) single vertex and (d) double vertex techniques. Also shown are
theJetset 7.3 prediction as tuned using all DELPHI data and the expected
background

were 8358 or 8462 using theDurham or Jade algorithm,
respectively.

Electrons were identified by examining the response
of the HPC to charged particles and by the energy loss,
dE/dx, as measured in the TPC. A number of variables
that described the longitudinal shower profiles were also
constructed [24]. The combination of all this information
together with the particle momentum (≥ 3 GeV/c) were
then used to construct a single variable whose value re-
turned the probability for the particle under consideration
to be an electron. Electron candidates were thus selected by
imposing tight cuts to this probability such that a high pu-
rity was achieved. The method of tagging (anti-tagging) the
quark (gluon) jets described above was similarly applied to
the electron inclusive three jet sample, giving a total of 7650
(Durham) or 7802 (Jade) gluon jet candidates.

3.2 Lifetime tag

The lifetime signed impact parameter of charged particles
was used to construct an algorithm for taggingb jets fol-
lowing a method developed by the ALEPH Collaboration
[25] which has recently been adapted to the DELPHI data

[26]. In this method the probabilityPN to contain no decay
products from long lived hadrons was evaluated for a given
selection ofN particles. Each value ofPN corresponded to
a specific combination ofb purity and efficiency, which in
the case of DELPHI appears in [26]. In this analysis, the
whole sample of three jet events was considered and the
tracks corresponding to each of the reconstructed jets were
used to construct a probabilityPJ per jet. Events and jets
were finally classified according to the observed values of
eachPJ following two selection strategies:

I. The most energetic jet was taken as a quark jet, and cuts
on PJ were applied to each of the two lower energy
jets in order to establish which was the quark and which
was the gluon jet. The main criterion applied was to
demand that one of the two lower energy jets satisfied
the conditionPJ < 0.01. The remaining jet was then
taken as the gluon provided its probability value,PJ ,
did not fall below 0.1. This latter cut ensured that the
decay products of theb hadrons did not, in general, filter
through to the selected sample of gluon jets. A total
of 23138 (Durham) or 24643 (Jade) gluon jets were
selected using this single vertex tag method.

II. Both quark jets were identified by applying cuts to the
jet probability variable. By demanding that two of the
three jets satisfied the conditionPJ < 0.01, the remain-
ing jet was then considered as the gluon provided its
probability value,PJ , exceeded 0.1. Note that no energy
requirement for the tagging of quark jets was applied,
leading to the selection of a few events in which the
gluon induced jet carried the largest fraction of energy.
A total of 6382 (Durham) or 6791 (Jade) gluon jets
were selected using this double vertex tag method.

For the symmetric event topologies looser cuts could be
used as the quark and gluon jet properties were obtained
using a subtraction technique [21]. Only events with a sig-
nature ofb quark induced events were selected as input to
the gluon identification by demanding thatPN , for the whole
event, did not exceed a value of 0.032. For Y events the pro-
cedure followed method I, however demandingPJ > 0.1 for
the gluon jets andPJ < 0.1 for heavy quark jets. A num-
ber of 8238 gluon jets in Y type events were selected using
this cut. For Mercedes type events both of the quark jets
had to be identified as all of the three jets had comparable
energy (as in method II).PJ < 0.1 was required for both
of the quark jets andPJ > 0.1 for the gluon candidates,
respectively. In total, 568 gluon jets were identified within
Mercedes events [21].

The present quark and gluon jet selection collects sam-
ples of jets whose energies are not restricted to a fixed value.
The energy spectra of the gluon jets and expected back-
ground for each of the methods used are shown in Fig. 2.
The purest gluon sample was obtained with the double ver-
tex anti-tagging technique. It also contains gluon jets with
energies above 35 GeV.

4 Quark and gluon jet purities

The purities of the tagged gluon jet samples were evaluated
using theJetset 7.3 event generator [22], with full sim-
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Table 4. Correlation of angle and history assignment. The values in this
table have been calculated for arbitrary three jet events withθproj2,3 ∈
[110◦, 170◦], with θproj2,3 being the angle between jets 2 and 3 in the event
plane

Method Angle assignment
gluon in: Jet 1 Jet 2 Jet 3
Jet 1 5.3% 0.05% 0.09%

History Jet 2 0.01% 34% 0.5%
assignment Jet 3 0.02% 0.71% 60%

ulation of the DELPHI detector [23], by associating each
reconstructed jet in the detector to an underlying quark or
gluon jet. More specifically, the jet finding algorithm was ap-
plied to the final state partons at the end of the QCD shower
and a value ofycut was chosen such that three jets were
always reconstructed. The two jets containing the primary
quarks were labelled quark jets while the remaining jet was
considered as the gluon jet. Each jet at the detector level
was then associated to that quark or gluon jet at the par-
ton level which best matched its direction. This minimised
the probability of assigning hadrons with secondary vertices
to gluon jets [20]. The gluon purity of each ‘anti-tagged’
gluon sample was then given by that fraction associated to
the underlying gluon jet.

To avoid double counting of jets due to the different tag-
ging methods, jets simultaneously tagged by two or more of
these methods were assigned to the method which provided
the highest purity.

The gluon purities achieved for each of the above meth-
ods were studied as a function ofycut and the gluon energy,
for both Durham andJade recombination schemes [20].
The double vertex tagging method gave the highest purity
of up to 94% whereas the other methods gave 85% to 87%.
Another nice feature of the double vertex tagging method
was the stability of the gluon purity down toycut values
lower than those reached by the other methods considered
in the present analysis.

Purities of the quark jets in theqqγ event sample were
also estimated using simulated data. On average, the quark
purity for the events selected by theDurham algorithm
was 92% whereas 94% purity was achieved when theJade
scheme was applied. There were weak dependencies of the
purities on the energy andycut. The flavour composition of
the selected events was also studied and found to be consis-
tent with the hypothesis that the photons were radiated by
the final quarks according to their electromagnetic charge
squared [20].

Due to the lower purities chosen for the symmetric
events, gluon jet purities had to be evaluated very carefully
for these special configurations. In order to reduce possible
ambiguities in the assignment of partons to the jets, heavy
hadrons were associated to the jets using the full detector
simulation by two independent means [21]. On the one hand
it was assumed that the jet which had the largest angle to
the heavy hadrons would be the gluon induced jet (angle
assignment), on the other hand the jet containing the fewest
decay particles from the heavy hadrons was assigned to the
gluon (history assignment).

Table 4 shows that both methods are highly corre-
lated and that therefore the purities can be estimated with
small systematic uncertainties. By the identification de-
scribed above gluon jet purities of 80.0%±2.0% (Y events)
and 73.2%± 2.5% (Mercedes events) were achieved [21].

5 Results

The tagging methods provided samples of quark and gluon
jets for comparative studies of quark and gluon fragmenta-
tion as a function of the jet energy. In this section we discuss
the charged particle multiplicity and the semi-inclusive dis-
tributions sensitive to the dynamics of quark and gluon jet
fragmentation.

5.1 Charged particle multiplicities in quark and gluon jets

The charged particle multiplicity distributionF i,unf
n of the

selected jets included in the non-symmetricqqg/qqγ config-
urations was unfolded from the measured distributionF i,obs

m

by constructing an acceptance matrixAi
mn for each en-

ergy intervali using the full detector simulation (F i,obs
m =

AmnF
i,unf
n ). The elements of this acceptance matrixAi

mn

denoted the probability of a jet with original multiplicityn,
including charged particles from allK◦ andΛ decays, to be
observed as a jet withm charged particles, accounting for
the event and track selection efficiencies and for the addi-
tional spurious tracks arising from hadron interactions in the
detector material and from photon conversions. In order to
reduce the complexity of the correction procedure, the multi-
plicity distribution was approximated by a negative binomial
distribution [27] (NBD) whose free parameters, namely the
mean (n), the dispersion (k), and the normalisation (N ) were
adjusted by a fitting method [20]. The applicability of the
negative binomial distributions was extensively tested using
simulated events for all energy points. In all instances the
NBD was able to describe the mean of the true multiplicity
to within 0.2%, and by applying the full method, the origi-
nal mean value of the true multiplicity could be reproduced
within 1%.

The mean multiplicity attributed to the gluon jet was
extracted by simultaneously fitting all available data from
the four selected samples at each energy point. The unfolded
gluon multiplicity distribution was assumed to be composed
of a mixture of the true gluon multiplicity, constant in all
the four samples, and a background which depended on each
particular sample. Only the purities were taken from the
simulation whereas the parameters associated to the NBD
were fitted according to:

F i,unf
n (s) = pi(g, s) · F i,true

n (g) + (1− pi(g, s)) · F i,back
n (s),

whereF i,unf
n (s) was the multiplicity distribution found in

data, unfolded for detector effects, for each of the event sam-
ples: s = µ, e, 1vtx, 2vtx. F i,true

n (g) was the true charged
multiplicity for gluon jets which was common to all the var-
ious sets of events andF i,back

n (s) was the jet multiplicity of
the background events for each of these sets. Finallyp(g, s)
was the gluon purity as derived from simulation.



187

In a similar way, using theqqγ event sample, the mean
value of the multiplicity distribution for quark jets was
corrected applying the same technique although different
sources of background were to be considered. In this case,
the mean multiplicity per energy point was extracted accord-
ing to:

F i,unf
n = pi(q) · F i,true

n (q) + pi(2jets)

·F i,2jets
n (2jets) + pi(τ ) · F i,τ

n (τ ) ,

where the considered contamination sources arises from two
jet events with mis-identified pions (F i,2jets

n ) and radiative
τ+τ− events (F i,τ

n ). The values ofp(q), p(2jets) andp(τ )
were the fraction of events populating the photon sample
according to the simulation.

The measured mean charged particle multiplicity as a
function of the jet energy in both quark and gluon samples
is shown in Fig. 3a for theDurham algorithm. TheJetset
prediction is seen to be in reasonable good agreement with
the data. In Table 5 the parametersn and k for the fitted
NBDs are also shown.

In Fig. 3b, the ratio,r(E), of the mean charged parti-
cle multiplicities in the tagged gluon and quark jet samples
is shown as a function of the jet energy. The value of this
ratio varies from 1.06± 0.18 at 10 GeV to 1.38± 0.09 at
40 GeV suggesting already an energy dependence of the
charged multiplicity ratio. A linear fit to the energy depen-
dence using only data from the non-symmetric topologies
yields ∆r/∆E = (105± 34 (stat.) ± 18 (syst.)) · 10−4

GeV−1. The average value ofr over the full energy range
is < r >= 1.232± 0.026 (stat.)± 0.018 (syst.).

The estimation of the systematic error includes the un-
certainties due to the finite statistics in the simulation used
to calculate the sample purities and the limitations inherent
to the fitting/unfolding procedure described previously. The
size of the uncertainties arising from a possible non-perfect
modelling of all the various simulated background jets en-
tering in the gluonic sample were quantified as follows. For
each energy interval, the gluon jet purity was changed by
re-scaling the quark jet background to account for the exact
differences between the measured and the simulated gluon
jet energy distributions as shown in Fig. 2. The new mean
of the charged multiplicity distribution was then obtained
using these new gluon purity factors and the differences be-
tween the old and the new mean values were calculated for
each energy point. The differences found are rather small
as compared to the statistical error reaching values from
∼0.5% at 10 GeV gluon energy to∼3% at 40 GeV gluon
energy. The effects due to the poor statistics present in some
energy intervals of the quark jet sample were also investi-
gated. For this purpose, the mean charged multiplicity of
the quark jets was fitted using different bin sizes when de-
scribing the distribution. The change in the fitted results is
negligible for data points with energies above 25 GeV but
it has some influence in the mean values below this energy,
always, however, within statistical errors. This effect is in
fact the larger contribution entering the quoted systematic
error of the slope measurement. The mean quark multiplic-
ities values and their associated errors shown in Fig. 3a and
in Table 5 correspond to the results obtained when grouping
the multiplicity distributions in bins of two particles.

Table 5. Values of the observed mean multiplicities (n) and dispersions (k)
for the quark and gluon jet samples as a function of the jet energy. These
values are derived from the fit to Negative Binomial Distributions using
the Durham algorithm atycut = 0.01 for the jet reconstruction

Energy [GeV] ngluon kgluon nquark kquark
10 5.78± 0.06 24.1± 6.1 5.43± 0.90 7.3± 5.2
15 6.64± 0.09 15.0± 1.7 5.54± 0.43 6.0± 2.5
20 8.18± 0.17 9.6± 1.4 7.52± 0.36 13.3± 9.1
25 9.13± 0.14 8.9± 1.0 7.38± 0.33 11.8± 5.4
30 9.83± 0.30 6.0± 0.7 7.89± 0.35 21.3± 9.9
35 10.67± 0.33 12.4± 6.9 8.24± 0.17 17.6± 5.6
40 11.86± 0.68 3.8± 2.3 8.61± 0.20 14.9± 1.4
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Fig. 3. (a) The mean charged particle multiplicities for quark and gluon jets
and (b) their ratior as a function of the jet energy. TheJetset 7.3 curves
represent the model prediction as tuned using all DELPHI data. Also, notice
that the values shown here correspond to the corrected values, in the case
of symmetric events, for having the sameb and c quark content as that
obtained in the taggedqq̄g/qq̄γ sample, as it is explained in the text. The
data point of the correlation method in (b) is shifted by +1 GeV for better
display

The average corrections to the absolute measured mean
charged quark and gluon jet multiplicities have been found
to lie in the ranges (12± 4)% and (14± 6)%, respectively.
Forr the corresponding average correction factor is∼ 4% as
both quark and gluon correction factors usually compensate
each other. Only ther value of the last energy point at 40
GeV had to be corrected by a larger factor of∼ 10%, since
at this point, a larger gluon background is present in the
sample.

Using Y and Mercedes event configurations, similar in-
formation could be obtained from the analysis of tagged
gluon jets and the mixed sample. The charged multiplici-
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ties in the tagged and in the mixed sample (ntag andnmix,
respectively) followed from the equations:

ntag = p(g)tag · n(g) + (1− p(g)tag) · n(q)

nmix = p(g)mix · n(g) + (1− p(g)mix) · n(q) ,
(2)

where n(q) and n(g) denoted the true underlying mean
charged multiplicities in the quark and gluon jets, respec-
tively; p(g)tag and p(g)mix were the purities of gluons in
the tagged and the mixed sample. In the mixed sample only
events which had failed theb tag at event level were used.
This kept influences ofb decays small. The purities were
taken from event simulation and were the only model depen-
dent assumption entering in the analysis. Equation (2) could
be solved to yield the measured multiplicities for quark and
gluon jets.

For the ratio of the charged multiplicities in quark and
gluon jets, an acceptance correction was made directly to
the mean value of the multiplicity distribution. The ratio of
the multiplicities for quark and gluon jets is obtained to be:

r(EY ) = 1.279± 0.021 (stat.)± 0.020 (syst.)
r(EMercedes) = 1.323± 0.053 (stat.)± 0.020 (syst.) .

The systematic error is dominated by the uncertainty of the
gluon jet purity in the tagged sample.

A further measurement of the ratior was obtained by
applying a novel correlation method to the untagged Mer-
cedes events [28]. The analysed data sample included the
whole period 1991-1994, hence the intrinsic statistical error
was smaller than those obtained in the other methods. This
correlation functionC(n1, n2, n3) was defined as follows:

C(n1, n2, n3) =
P (n1, n2, n3)

Puncor(n1, n2, n3)
.

HereP (n1, n2, n3) was the probability to observe an event
with charged particle multiplicities in the three jets equal
to n1, n2, and n3, respectively (n1 ≥ n2 ≥ n3). The cor-
responding uncorrelated probabilityPuncor(n1, n2, n3) was
constructed by using a jet mixing method which consisted of
constructing fake events from three subsequent real events
whose original jets were randomly taken and associated to
form an artificial three jet event. The uncorrelated proba-
bility Puncor could then be expressed by the multiplicity
distributions of gluon and quark jets which were assumed
to have about the same energy,∼30.4 GeV, and to be de-
scribed by NBDs whose parameters were correlated by the
r(EMercedes)correlation = ngluon/nquark parameter with the
constraintngluon + 2·nquark = nevent. A fit to the measured
correlation functionC yields:

r(EMercedes)correlation = 1.253± 0.028 (stat.)

±0.044 (syst.) ,

if the Durham algorithm withycut = 0.015 is used to select
Mercedes type three jet events with angles of 120◦ ± 20◦
between the jets in the event plane.

The various methods used in the present analysis are
based on different sources of quark jet samples which con-
tain different quark flavour compositions. As a consequence
of this, the individual measured multiplicities need to be
corrected to enable a proper comparison and combination
of the results. The symmetric configuration analyses were

Table 6. Values of (ngluon/nquark). The values for symmetric events are
corrected to account for the sameb andc quark content as that obtained in
the taggedqq̄g/qq̄γ sample

Method/configuration Energy [GeV]r
Tagged Y events 24.2± 0.02 1.235± 0.021± 0.022
Taggedqq̄g/qq̄γ 26.6± 0.70 1.232± 0.022± 0.018
Tagged Mercedes events 30.4± 0.03 1.276± 0.055± 0.022
Mercedes events,
correlation method 30.4± 0.02 1.263± 0.029± 0.044

thus corrected to account for the sameb and c quark con-
tent as the one present in the taggedqq̄γ sample which
was about 11% and 33%, respectively, and was chosen as
the reference sample. The correction has been performed
on the basis of the charged multiplicity difference reported
in [29] and [30] whose average values have been esti-
mated as 2.96± 0.33 (stat. + syst.) for bb events and as
1.14± 0.62 (stat. + syst.) for cc events. As it is also dis-
cussed in these works no energy dependence is assumed for
these differences. In the case of tagged Y and Mercedes
events theb correction, 2.2%, decreases the value of the ob-
servedr because this analysis explicitly excludesb quark
jets. For the correlation method, on the contrary, the value
of r is increased because the normal fraction ofb quarks at
theZ peak of∼22% is considered. The correction account-
ing for thec multiplicity is common to both analyses which
assume the standard composition defined by the coupling to
theZ. It lowers down the values ofr by an additional 1.1%.
Table 6 and Fig. 3 summarise allr values measured by the
various analyses once these corrections are applied.

The data used in the different analyses partially overlap.
To remove any correlation only the input associated to the
smallest error per data point has been entered when calcu-
lating an average multiplicity ratio forr. The result is:

< r >= 1.241± 0.015 (stat.)± 0.025 (syst.) .

The enhanced charged multiplicity in gluon jets w.r.t.
quark jets is therefore proved and its average value is found
to be in reasonable agreement with previous observations
obtained by other experiments [2, 3] once the proper correc-
tions to account for the same composition ofb andc quark
jets in the quark sample are considered.

The value ofr can be further corrected to only account
for the multiplicity of the light quarks:u, d, s. In this case
it is:

< ruds >= 1.305± 0.016 (stat.)± 0.032 (syst.) ,

where the uncertainties of theb and c charged multiplicity
measurements are considered in quadrature and are included
in the systematic error.

The most novel experimental result of the present anal-
ysis is the increase of this ratio with the jet energy. A fit
presupposing a linearly increasing ratio yields for the slope
of r(E):

∆r/∆E = (86± 29 (stat.)± 14 (syst.)) · 10−4 GeV−1 ,

where the quoted systematic error mainly accounts for the
spread in the fit results when grouping the quark multiplicity
distributions of theqqγ sample in bins containing one or
two particles. The significance of the energy dependence of
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Table 7. Values of the observed mean multiplicities (n) and dispersions (k)
for the quark and gluon jet samples as a function of the jet energy. These
values are derived from the fit to Negative Binomial Distributions using
the Jade algorithm atycut = 0.04 for the jet reconstruction

Energy [GeV] ngluon kgluon nquark kquark
10 7.04± 0.10 9.8± 1.2 5.44± 0.85 15.3± 6.9
15 7.95± 0.14 9.3± 1.1 6.73± 0.81 15.1± 3.5
20 9.35± 0.19 6.2± 1.0 7.46± 0.53 23.0± 12.6
25 10.16± 0.43 6.5± 1.4 7.50± 0.33 12.8± 8.4
30 11.18± 0.47 3.7± 0.9 8.19± 0.19 10.2± 2.8
35 11.27± 0.74 6.6± 1.2 8.20± 0.23 9.1± 1.7
40 12.61± 1.32 12.2± 10.5 8.41± 0.16 16.3± 1.5

r is 2.7σ. The result for theχ2/n.d.f. of this fit is 0.8. A
χ2/n.d.f. of 2.2 is instead obtained for the hypothesis of no
energy dependence with the value ofr fixed at the average
value measured above.

This behaviour is also found to be consistent with the
Jetset prediction at both parton and fragmentation level
[31]. The slopes obtained for the QCD model curves are
∆r/∆E = (90 ± 3) · 10−4 GeV−1 at parton level and
∆r/∆E = (76± 2) · 10−4 GeV−1 after fragmentation. Dif-
ferences in the slopes and offset values are attributed to
fragmentation effects. Their relative importance however de-
creases with increasing energy. The choice of the mass scale
parameterQ0 at which the parton shower evolution stops
and the fragmentation takes over affects the parton level
prediction. By varying the value ofQ0 in the range from 1
GeV to 3 GeV, the prediction of ther offset at parton level
changes by 20% while the overall variation in the slope is
kept within 5%. The studied systematic uncertainties in the
slope are thus well below the statistical error and therefore
the slope measurement is, at present, largely dominated by
the statistical error of∼ 30%.

When the same analysis was performed for theJade
scheme, with the quark jet mixture as defined by their
coupling to photons, the average value< r >= 1.369±
0.019 (stat.)± 0.035 (syst.) was obtained from the tagged
qqg/qqγ-analysis and the correlation method. As can be ob-
served when comparing table 5 and table 7, the mean charged
multiplicities of the gluon sample are systematically greater
for Jade than the corresponding ones forDurham whereas
for the quark sample they are similar. The measured slope
is ∆r/∆E = (87± 49)· 10−4 GeV−1 as compared to a pre-
dicted value of∆r/∆E = (120± 5) · 10−4 GeV−1 at parton
level. The significance of this result is now 1.8σ mainly due
to the lower statistics entering this analysis, as only data
from the taggedqqg/qqγ and Mercedes events in the corre-
lation method, atycut=0.06, have been used. The obtained
value ofr in theJade scheme is higher than the one for the
Durham algorithm. This result could be expected from the
studies performed in [19], the reason being a consequence of
the property of theJade algorithm which associates to each
jet more soft particles at large angles thanDurham does.
Whether this increase is interpreted as being more sensitive
to the QCD behaviour or just a feature of the algorithm is
a delicate question to be answered. It can be deduced that
only the different angular coverage of each of these two al-
gorithms for a given fixed jet energy [19, 20] can account
for the different results forr. This interpretation is also sup-
ported by a recent publication from OPAL [2] in which it is

demonstrated thatr is hardly influenced by the value ofycut
used to reconstruct jets. Therefore, the observed difference
in the present study cannot be attributed to a non-optimal
selection ofycut. Independent of the absolute values ob-
tained forr the increasing behaviour with energy is proved
to be present at 2.7σ significance level forDurham and at
1.8σ significance level forJade. Agreement with the par-
ton shower prediction for the slope ofr is obtained in both
cases.

These results thus indicate thatr depends on the jet
energy and also on the reconstruction jet algorithm used,
mainly because of the intrinsic angular acceptance of the al-
gorithm. Fragmentation effects, as shown in Fig. 3, decrease
the value ofr w.r.t. what the QCD parton shower approxima-
tion predicts as implemented inJetset and tuned by DEL-
PHI. Still the measured value ofr is systematically smaller
than that predicted byJetset throughout the whole energy
range. The increasing trend ofr as a function of the jet en-
ergy is however seen to follow the QCD-like expectation, at
both parton level and after fragmentation.

5.2 Topological variables

Sizeable differences are expected between distributions of
hadrons in quark and gluon jets sensitive to the dynamics of
quark and gluon fragmentation. To explore these differences
and their possible energy dependence we study distributions
as a function of

– the scaled energy

xE =
Epart

Ecalc
jet

,

– the rapidity of the leading particle

η =
1
2

ln

(
E + pL
E − pL

)
,

– and the jet broadness

β = ln

(
3
2

∑
p2
T∑
p2

)
, (3)

hereEpart is the particle energy whilepL and pT are the
parallel and transverse particle momentum w.r.t. the jet di-
rection.

The distributions discussed in this sections are based on
theDurham jet definition and are fully corrected for limited
detector acceptance and resolution. Theπ mass is assumed
for all particles.

Figure 4 compares the scaled energy distribution for
quark and gluon jets as obtained from Y and Mercedes
events. As expected both selections lead to the same general
pattern. The observed decrease is however more pronounced
in gluon than in quark jets. Only at smallxE (xE ≤ 0.2)
where most of the particles are observed, the multiplicity in
gluon jets is larger than in quark jets. The relative differ-
ence of the energy distributions here is 25-50% consistent
with the the observed difference in total multiplicity. In the
high momentum region the multiplicity in gluon jets is sup-
pressed (by about one order of magnitude) w.r.t. quark jets.
This is interpreted as due to the presence of the initial quark
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as a a valence quark inside one of the produced hadrons,
whereas in case of an initial gluon emission all quarks have
to be created in the fragmentation process.

Both the quark distributions of Y and Mercedes events
are in excellent agreement with the overall scaled energy
distributions from experiments at lower energies. For com-
parison thexE distributions ofAmy [32] andTasso [33]
have been normalised to the number of jets, assuming it to
be equal to two in general. Therefore particles originating
from gluons are added to the two quark jets such that the
overallxE distribution is expected to be found between the
quark and the gluon distribution. Figure 4 shows that this is
indeed the case for both Y and Mercedes type events. The
distributions of quark jets and gluon jets cross atxE ∼ 0.2.

In order to search for a possible energy dependence
we compare integrals of the scaled energy distributions
from quark and gluon jets for Y (< E >= 24.2 GeV)
and Mercedes events (< E >= 30.4 GeV). In the range
0.25 ≤ xE ≤ 0.8 the average multiplicity is decreased by
the amount ofQ = −(14%± 3% (stat)) for quark jets. The
xE region was chosen to be abovexE ∼ 0.2 and include as
high xE values as possible with sufficient statistics. The ob-
served decrease is similar in magnitude to the one observed
for charged hadrons in the samexE range frome+e− anni-
hilation at lower energies (compare [34]). The same change
in gluon initiated jets is−(33%± 7% (stat)), thus a factor
2.4±0.5 (stat) larger than for quark jets. Accepting the scal-
ing violation process as the reason for the observed energy
dependence a stronger energy dependence is indeed expected
for gluon jets due to the higher colour charge of the gluon
and thus the increased probability to radiate further gluons.
Näıvely the ratio of the energy dependences for gluon and
quark jets is related to the quark and gluon colour factors
Q = (CA + κ · nfTf )/CF ' 2.5. Herenf is the effective
number of active quark flavours andκ (O (0.1)) is an ex-
tra suppression factor expected due to different dynamics of
gluon radiation andg → qq̄ splitting. Thus the observed en-
ergy dependence of the energy distributions may be taken
as a qualitative indication that at large momenta the quark
and gluon splitting processes take place as expected from
QCD. However further studies and especially more data are
needed to firmly establish this interpretation.

The longitudinal and transverse properties of jets can be
addressed by the rapidity and the jet-broadness distributions.
Figure 5 shows the comparison of the distribution of the
rapidity corresponding to the most energetic particle in quark
and gluon jets as determined again from Y and Mercedes
events. The rapidity in quark jets reaches larger values than
for gluon jets. Again this is understood because in case of
the quark jet a leading hadron may incorporate the quark as
a valence quark whereas in the gluon case quarks have to be
created first by gluon splitting. The average leading hadron
rapidity as function of energy is shown in Fig. 7a. For all
energies the average rapidity is about∆η ' 0.5 larger in
the quark than in the gluon jets. For both types of jets the
expected increase with energy is observed.

The β-variable defined in (3) is constructed to give a
quantitative measure of the broadness of jets. The exami-
nation of Y and Mercedes events (Fig. 6) shows that gluon
jets are wider than quark jets as expected from the different
quark and gluon colour structure. The mean value of this

variable for both quark and gluon jets is shown in Fig. 7b
as a function of jet energy. It is evident that although both
quark and gluon jets become narrower with increasing en-
ergy, the gluon jet remains broader than its quark counterpart
of equivalent energy.

5.3 The string effect

Coherence phenomena are basic to any gauge theory. In
QCD jet dynamics two classes of coherence occur: intra-jet
and inter-jet coherence. The so called string effect corre-
sponds to the latter class and deals with the angular structure
of soft particle flow when three or more energetic partons are
involved in the process. According to QCD in leading order,
the particle angular distributions are predicted to depend on
the geometry and colour topology of the whole jet ensemble
[5] and, hence, measurable differences in the particle flow
distributions are expected for:

– different inter-jet regions of the same initialqq̄g config-
uration,

– same inter-jet region and same initial three jet event con-
figuration but different colour nature, i.e., comparingqq̄g
w.r.t. qq̄γ.

The investigation of all these situations is discussed below.
So far the string effect has mainly been analysed us-

ing asymmetric events where angular regions of increased
gluon density could be selected using jet energy ordering.
In this analysis we investigate the string effect in symmetric
qq̄g events where the quark jets are tagged using the double
vertex method. Figure 8a presents the normalised differen-
tial particle flow as a function of the angleΨ of the particles
w.r.t. the direction of the most energetic quark jet (oriented to
the 2nd quark jet) as determined from 568 Mercedes events.
As expected the particle flow in the inter-jet region between
the two quarks, opposite to the gluon is suppressed w.r.t. the
inter-jet regions flanked by a quark and the gluon. This sug-
gests that the string effect is also present in fully symmetric
events and it is not an artifact of kinematic selections. Quan-
titatively comparing the minima located at±[50◦, 70◦], the
particle flow in theqq̄ and in theqg regions gives a ratio of
the population asymmetry ofRg = Nqg/Nqq = 2.23± 0.37
for the Durham Jet definition.

Starting from theqqg/qqγ event sample,qqg events satis-
fying the double vertex tag were selected with the additional
constraint of fulfilling a Y event configuration in which the
separation between the most energetic jet and the other two
jets was required to be∆Θ = 150◦ ± 10◦. The qqg sample
was thus composed by 558 events and its charged particle
density is shown in Fig. 8b analogously to Fig. 8a. The ratio
of the charged particle flow has also been calculated for this
case between the angular intervals±[−35◦,−115◦], lead-
ing to Rg = Nqg/Nqq = 1.60± 0.10 with Durham and
Rg = Nqg/Nqq = 1.61± 0.10 with Jade.

For further quantitative analysis the above set ofqq̄g Y
events has been compared to the corresponding set of 84qq̄γ
events with the same configuration. A cleaner verification of
the string effect is then evident when comparing the particle
flow in the qq region [+35◦,+115◦], with the corresponding
region inqqγ events (Fig. 8c). A value for the ratio of these
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particle densities without detector correction is measured to
be:

Rγ(2vtx) =
Nqq(qqg)
Nqq(qqγ)

= 0.56± 0.06 (stat.)

±0.02 (acc. + pur.)± 0.01 (jet alg.) ,

where the second error considers the effect of a possible cor-
rection due to the detector acceptance and to the gluon/quark
jet purities of both event samples. It should be noticed that
individual corrections of about 10% are to be applied for
both the numerator and the denominator. However, they ac-
count for similar detector effects and most of them compen-
sate in the ratioRγ(2vtx). Selecting mainlybbg events by
using the double vertex technique was not found to signifi-
cantly affect this ratio at large angles of 75◦±40◦. The third
quoted error corresponds to the dispersion on the result as
given by the two jet finding schemes used in the analysis.

The reconstructed energies of the quark jets were summed
up for each event and the average values of theqqγ andqqg
data samples, about 60 GeV for this configuration, were then
computed. The corresponding value of theqqγ distribution
was found to exceed that of theqqg distribution by∼3%.
This is commonly understood as a kinematic factor originat-
ing in the artificial mass acquired after fragmentation by the
gluon jet which decreases the energies of the quark jets. This
energy shift however cannot account for the large difference
in the particle flow observed in data which amounts to about
40%.

This result can then be compared to the asymptotic per-
turbative QCD expectation [5] which, for the specific topo-
logical configuration of this analysis, can be parametrised
according to:

Rγ(QCD) =
Nqq(qqg)
Nqq(qqγ)

≈ 0.65n2
c − 1

n2
c − 1

∼ 0.60 , (4)

with nc = 3 representing the number of colours.
This result shows for the first time that inter-jet coher-

ence can be measured to occur according to the perturbative
QCD prescription.

In case the ratioRγ is calculated usingqq̄g events with
the leptonic tag its value increases toRγ(µ, e) = 0.68±0.07
which is qualitatively in rather good agreement with [9, 10]
taking into account that for each analysis the inclusive lep-
ton selection is different. This result also confirms studies
from [8, 9] which find that the measured inter-jet coherence
effect slightly increases when the used quark and gluon jet
samples contain higher purities. The above ratios are ob-
tained directly from the measured data, but, ifRγ(2vtx) and
Rγ(µ, e) were corrected according to our understanding of
the sample purities and kinematic effects, corrections of +3%
for Rγ(2vtx) and –19% forRγ(µ, e) would be obtained. The
combination of the corrected values ofRγ using the results
from various anti-tagged gluon samples looks attractive but
has little effect in reducing the statistical error since this is
limited by the number of events in theqqγ sample which
is common for all sets, and, furthermore, the use of large
correction factors may lessen the credibility of the result. If
only the anti-tagged double vertex gluon sample is consid-
ered, the corrected value forRγ(2vtx) is:

Rγ(2vtx) = 0.58± 0.06 (stat. + syst.) . (5)

6 Charged multiplicity in γ + n− jet events

Scaling violations of the fragmentation functions of quarks
and gluons are predicted in QCD [5]. The distribution of the
scaled energyxE of the final state hadrons depends therefore
on the center-of-mass energy

√
s. When the center-of-mass

energy increases more phase space for gluon radiation be-
comes available leading to a softer spectrum of the scaled
energy of the produced hadrons. The probability for gluon
radiation is proportional to the strong coupling constant and
hence it is possible to use QCD calculations in order to
determineαs when measuring such distributions at different
center-of-mass energies [34]. As a consequence of these phe-
nomena, the multiplicity ofe+e− final state hadronic events
also depends on the center-of-mass energy even though with
opposite behaviour, as it increases when the averagexE de-
creases. The QCD prediction for this latter observable has
been computed as a function ofαs including the resumma-
tion of leading (LLA) and next-to-leading (NLLA) correc-
tions [35]:

nch(s) = aαs(s)bec/
√
αs(s)

[
1 +O(

√
αs(s))

]
, (6)

wheres is the squared center-of-mass energy anda is a pa-
rameter not calculable from perturbation theory whose value
has been fitted from data [35, 36]. The constantsb = 0.49
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and c = 2.27 are predicted by the theory andαs(s) is the
strong coupling constant. This expression is, however, sub-
ject to sizeable corrections due to the neglected higher order
terms,O(

√
αs(s)).

The emission of high energy radiative final state pho-
tons is well established and follows QED rules without in-
terfering with the strong QCD processes involved in the
hadronisation of quarks. It seems therefore reasonable to
extract the photon from eachqqγ event and study the corre-
sponding mean charged multiplicity,nch, of the qq system
as a function of its reduced squared center-of-mass energy:
s′ = s(1− 2Eγ/

√
s). It is then reasonable to compare the

distribution thus obtained with the theoretical perturbative
QCD calculation of (6). The result serves to cross-check the
absence of biases in the quark jet sample used for the pre-
vious analyses and, furthermore, the value ofαs which can
be fitted from (6) can indicate to which extend and under
which circumstances this approach is valid.

Corrections due to the different flavour composition be-
tween the two processes of interest,e+e− → qq at rather
low e+e− energies ande+e− → qqγ at

√
s ≈ MZ , should

be, in principle, considered. At
√
s << MZ the former in-

teraction is mainly governed by the charge of the produced
quarks that couple to the virtual intermediate photon. For
the latter reaction, at LEP energies, the situation is a bit
more complicated as the quark production is governed by
the weak coupling of the quark to theZ boson and, the fi-
nal state photons are radiated according to the quark electric
charge squared. The convolution of these two processes de-
termines the flavour composition in this latter case which
slightly differs from that obtained at lowere+e− energies,
namely +1.7% ford− type quarks and –2.6% foru− type
quarks. In the case ofb quarks, effective mass effects fur-
ther reduced this difference by about 1.1% [37, 38]. In the
least favourable case ofb quarks, which contain the largest
mean charged multiplicity values, the different flavour com-
position due to the various center-of-mass energies at which
thee+e− interaction takes place, produces shifts in the mean
charged multiplicity distribution of less than 0.04 particles,
according to the reported multiplicity difference of [29, 30].
Therefore, this effect can be safely neglected.

In order to include all possibilities in which hard gluon
radiation may occur before the emission of photons, other
possibilities than justγ + 2 − jets ought to be included.
For this purpose, topologies withγ + n − jets (n running
from 1 to ≤4) are also considered in this section. A total
of 129 extra events are found to fulfil this condition in the
Durham selected sample and are added to theqqγ sam-
ple whose selection is described in Sect. 2.3.2. These data
originate mainly from events withn greater than two and
populate thes′ region close toMZ .

The effect on the multiplicity distribution of requiring a
minimum isolation angle for the photon of 20◦ has also been
studied and quantified. A small correction of the order of 1-
2% has been considered depending ons′ for the available
kinematic energy ranges′ ≤ 85 GeV.

The mean charged multiplicity of these events has been
calculated using the unfolding method explained in Sect. 5.1.
As indicated in Fig. 9, a very good agreement is achieved
when comparing these data to the resulting fits to data
collected at lowere+e− squared center-of-mass energies,
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Fig. 9. Charged multiplicity as a function of the effective center-of-mass
energy

√
s′. The value corresponding to

√
s′ ≈ MZ is extracted from

[29], notice however that only the statistical error is shown. The dashed
and solid curves correspond to the fit from [36] and from our best fit using
(7) including all data points, respectively

s ≡ s′, of [35, 36]. T5he parameters used have been:
a = 0.059± 0.012 andαs(MZ) = 0.106, as derived in [36].
A further test can still be envisaged by comparing the mean
charged multiplicity at

√
s = MZ as obtained from an inde-

pendent DELPHI analysis [29] and the extrapolation of the
present results. This is also shown in Fig. 9, where the data
point corresponding to

√
s = MZ has been modified from

that of [29] to account for the different flavour composi-
tion. A reasonably smooth transition can be observed in the
curves. All these results confirm that the present analysis is
firmly supported and consistent with previous measurements
and thus that the quark sample extracted fromqq̄γ events is
unbiased.

A value forαs(MZ) can be extracted, using only DEL-
PHI data, by directly fitting (6) to the mean charged mul-
tiplicity. Due to the limited statistics the uncertainty on
αs(MZ) is large but can be reduced if a fixed value of the
a parameter is used. In order to consider the effect of the
higher order corrections to (6), an estimatord can be intro-
duced in the form:

nch(s) = aαs(s)bec/
√
αs(s)

[
1 +d ·

√
αs(s)

]
. (7)

A fit to data using (7) withαs(MZ), being expressed at
second order, andd as free parameters leads to the following
result:

αs(MZ) = 0.114± 0.005 (stat.)

±0.008 (syst. : a)± 0.005 (theo. : d) ,

where the first systematic error indicates the dependence
w.r.t. the value of the parametera and the second is due
to thed parameter whose fitted value is 0.58± 0.47.

In case all data are used in the fit, i.e. including the last
energy point at

√
s = MZ with systematic and statistical

errors being considered, the increase in statistics enables the
three parameters,a, d andαs(s), to be adjusted at the same
time. The result is:

αs(MZ) = 0.116± 0.003 (stat.)

±0.007 (syst. : pur.)± 0.005 (theo. : d) ,
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with a = 0.070±0.015 andd = 0.20±0.32. The first system-
atic error has been computed taking into account the effect
of the purity correction when adapting the last energy point
at
√
s = MZ from [29] to the present analysis. Note, how-

ever, the large existing correlation factor of∼ 0.3 between
the parametersa andαs(s), since the former acts as kind of
“offset” and the latter determines the “slope”. The reduction
of this dependence therefore requires more data to be used in
the fit, especially at the lowest energy points. The obtained
χ2/n.d.f. in this fit is 0.9.

7 Summary and conclusion

Properties of quark and gluon jets are deduced fromZ
hadronic decays into three jets which have been identified as
qq̄g andqq̄γ final states. Heavy quark tagging by the vertex
detector and lepton identification has been used to anti-tag
the gluon jets. These jets are compared to quark jets of sim-
ilar energies measured inqq̄γ events or quark and gluon
jet mixtures in symmetric three jet events. The extracted
properties of pure quark and gluon jets do not depend on
corrections using fragmentation models and are insensitive
to the b quark fragmentation because the quark reference
samples are depleted fromb events.

The average ratio of the mean charged multiplicity in
gluon and quark jets specified with theDurham algorithm
is found to be

< r >= 1.241± 0.015 (stat.)± 0.025 (syst.) .

This result is obtained using three different techniques which
yield consistent results.

The data exhibit an energy dependence of the ratior
which was fitted using a linear function to yield the slope

∆r/∆E = (86± 29 (stat.)± 14 (syst.)) · 10−4 GeV−1 .

The indication for the energy dependence (2.7σ) comes
mainly from the comparison ofqq̄g and qq̄γ events but is
supported by the studies of symmetric events.

Similar energy behaviour is found when theJade al-
gorithm is used, even though with a significant offset ofr
towards a higher value

< r >= 1.369± 0.019 (stat.)± 0.035 (syst.) ,

indicating that for a given fixed energy there is still a further
dependence on the value ofr due to the algorithm used to
reconstructed jets, mostly correlated with its intrinsic angu-
lar acceptance for soft particles [19]. As a consequence of
this and as could be expected from the gluon particle spec-
trum, gluon jet multiplicities have been measured to be more
sensitive to this effect than the corresponding multiplicities
from quark jets.

The inclusive particle spectrum from gluon jets is found
to be much softer compared to quark jets. At large momenta
the cross section for gluons is suppressed by almost one or-
der of magnitude. The increase in multiplicity takes place at
small momentum. A slight decrease of the inclusive spectra
at largexE with energy for quark and gluon jets is observed,
being stronger for gluon jets. For quark jets it is consistent
with the energy dependence measured by lower energy ex-
periments attributed to gluon radiation (scaling violations).

In the case of gluons a stronger energy dependence is mea-
sured as expected because of the higher radiation probability
for gluons due to their higher colour charge.

The softer spectrum of gluon jets is supported by the
study of the leading particle rapidity. The energy dependence
and quark gluon difference are consistent with expectations.
Gluon jets are observed to be broader than quark jets.

Studies of the string effect show that it is present in fully
symmetric events and, also, that it depends on the colour
nature of the initial three jet configuration. A quantitative
comparison of the particle rates in the region opposite to the
gluon and to the photon inqq̄g andqq̄γ events yields

Rγ(2vtx) = 0.58± 0.06 (stat. + syst.) ,

consistent with the asymptotic perturbative QCD expectation
for this topology,RQCD ' 0.6. This result confirms for the
first time that inter-jet coherence measurements agree with
the quantitative perturbative QCD prescription.

The validity of this result is underlined by the study of
the mean charged multiplicity inqq̄γ events. This is shown
to follow nicely the expectation from lower energye+e−
data supporting our premise that theqq̄γ events are a rele-
vant unbiased reference sample. A fit using the leading and
next-to-leading order calculation to these data gives a value
corresponding to the strong coupling constantαs(MZ) of

αs(MZ) = 0.116± 0.003 (stat.)± 0.009 (syst.) ,

which is in good agreement with other measurements ofαs,
especially with the fit to the data on charged multiplicity at
lower center-of-mass energies [35, 36].
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1993.

10. ALEPH Coll., D. Buskulic et al., Contribution to the 27th International
Conference on High Energy Physics, Glasgow, Scotland, July, 1994.
ICHEP94 ref. 0543.

11. DELPHI Coll., P. Aarnio et al., Nucl. Instr. Meth.A303 (1991) 233.
12. DELPHI Trigger Group (V. Bocci, et al.), Architecture and Perfor-

mance of the Delphi Trigger System, Nucl. Instr. Meth.A362 (1995)
361.

13. W. Adam et al., Design and Performance of the Delphi Data Acquisi-
tion System, IEEE Trans. Nucl. Sci.39 (1992) 166.

14. N. Bingefors et al., Nucl. Instr. Meth.A328 (1993) 447.
15. DELPHI Coll., P. Abreu et al., Phys. Lett. B307 (1993) 221.
16. S. Bethke, Z. Kunszt, D. Soper, W.J. Stirling, Nucl. Phys.B370(1992)

310.
17. S. Catani et al., Phys. Lett. B269 (1991) 432; N. Brown, W.J. Stirling,

Z. Phys. C53 (1992) 629.
18. JADE Coll., W. Bartel et al., Z. Phys. C33 (1986) 23; JADE Coll., S.

Bethke et al., Phys. Lett. B213 (1988) 235.
19. P.V. Chliapnikov, V.A Uvarov, F. Bianchi, Phys. Lett. B300 (1993)

183.

20. S. Mart́ı Ph. D. Thesis, “Estudi de la dependència enerǵetica de les
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