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Abstract. An experimental investigation of the structure of identified quark and gluon jets is presented.
Observables related to both the global and internal structure of jets are measured; this allows for tests of
QCD over a wide range of transverse momentum scales. The observables include distributions of jet-shape
variables, the mean and standard deviation of the subjet multiplicity distribution and the fragmentation
function for charged particles. The data are compared with predictions of perturbative QCD as well as
QCD-based Monte Carlo models. In certain kinematic regions the measurements are sensitive mainly to
perturbatively calculable effects, allowing for a test of QCD. The comparisons are also extended into
regions where nonperturbative effects become large, and in this way the transition from hard to soft QCD
is investigated. It is found that by including leading and next-to-leading logarithmic contributions in the
QCD predictions, the agreement with the data can be extended to lower transverse momentum scales,

especially for gluon jets.

1 Introduction

In previous publications by the ALEPH collaboration [1,
2], three-jet events were used to investigate the internal
structure of identified quark and gluon jets. Since then,
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theoretical developments [3] and the availability of addi-
tional data have motivated an update and extension of
these analyses.

The measurements are based on approximately 3 x 10°
hadronic Z decays recorded between 1991 and 1994 by the
ALEPH detector [4] at the LEP storage ring, operating at
a centre-of-mass energy of F.,, = 91.2 GeV. From these,
approximately 70000 three-jet events are selected using
the Durham clustering algorithm [5] with a jet resolution
parameter of y.uy = y1 = 0.1. A gluon jet is identified
by requiring evidence for long-lived heavy-flavour hadrons
in the other two jets; this results in a sample of about
4000 gluon jets with a purity of 94.4%. By measuring the
properties of all jets in the three-jet sample (consisting
of 2/3 quark and 1/3 gluon jets) as well as in the gluon
enriched sample, the properties of quark and gluon jets
are inferred.

First, distributions of jet-shape variables are consid-
ered; these provide a description of the global jet shape.
Ranges of the distributions related to hard gluon emission
can be identified; here the influences of nonperturbative
effects (hadronization) are small, and the predictions of
perturbative QCD are expected to be reliable.

Next, the substructure of the jets is investigated. This
is done by clustering particles belonging to a jet with a
smaller resolution scale (yo < y1) than was used for the
initial jet selection, so that subjets are resolved. By mea-
suring the means, (Ny) and (N,), and the standard devi-
ations, o4 and o, of the subjet multiplicity distribution
for quark and gluon jets as a function of the subjet reso-
lution scale yg, one can study the transition from hard to
soft QCD. That is, one can determine a range of subjet
scales in which perturbative predictions can be tested, and
investigate at what scale nonperturbative effects become
large.

The mean subjet multiplicities reported here represent
updates of previously published values [1], now based on
a larger data sample and with further studies of system-
atic uncertainties. The standard deviations o, and o are
measured here for the first time. The means and stan-
dard deviations are now also measured as a function of jet
energy, opening a new degree of freedom for QCD tests.
The availability of new QCD calculations [3] was an im-
portant motivation for updating and extending the earlier
ALEPH subjet analysis [1]. Previous QCD predictions for
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the total number of subjets in two- and three-jet events
[6] have been studied experimentally in [7-9]. The calcu-
lations in [3], however, are for separate quark and gluon
jets based on the same jet identification algorithm as used
in the present measurement. By comparing the measured
subjet multiplicities with the predictions, values for QCD
parameters are inferred.

In the limit of small subjet scales (yo — 0), individual
particles are resolved. Here the charged particle fragmen-
tation functions for quark and gluon jets are measured.
These can be used as input for an investigation of scaling
violations of fragmentation functions, as well as providing
predictions for jets produced in other processes.

An important feature of the analysis is the choice of
a relatively large resolution parameter (y; = 0.1) to se-
lect the three-jet events. This leads to well-separated jets,
where the smallest interjet angle is always greater than 60
degrees. In addition, it is possible to study the internal jet
structure up to the scale of y; = 0.1; this extends well into
the range where perturbative predictions are expected to
be reliable.

More details on the measurements presented here can
be found in [10,11].

2 The ALEPH detector

A detailed description of the ALEPH detector can be
found in [4], and an account of its performance as well as
a description of the standard analysis algorithms in [12].
Briefly, the tracking system consists of a silicon vertex
detector, a cylindrical drift chamber and a large time pro-
jection chamber (TPC), which measures up to 21 three
dimensional space points per track. All these subdetec-
tors are situated in a 1.5 T magnetic field provided by
a superconducting solenoidal coil. Between the TPC and
the coil, a highly granular electromagnetic calorimeter is
used to identify electrons and photons and to measure
their energy. The iron return yoke is instrumented to pro-
vide a measurement of the hadronic energy and, together
with external chambers, muon identification. The mea-
surements presented here are based on charged particle
measurements from the tracking chambers as well as in-
formation on neutral particles from the electromagnetic
and hadronic calorimeters.

In addition to the ALEPH data, simulated events were
generated in order to correct for detector effects and to es-
timate the gluon jet purity of a jet sample. These were pro-
duced with the JETSET Monte Carlo model [13], version
7.3. Modifications for radiative effects using the program
DYMU3 [14] as well as improved bottom and charm de-
cay tables were included. The important parameters of the
generator were tuned to describe ALEPH measurements
of charged particle inclusive and event-shape distributions
[15]. The generated events were passed through the full
detector simulation and reconstruction program.

3 Definition of observables

Jets are defined by means of the Durham clustering algo-
rithm [5]. For each pair of particles ¢ and j the quantity
yi; is calculated as
2min(E7, E3) (1 — cos 0;;)
Yij = E2 ’

vis

(1)

where E; and E; are the particles’ energies, 0;; is the angle
between the momentum directions, and FE\;s is the total
visible energy in the event. The pair with the smallest
value of y;; is found, and if this is below a given resolu-
tion parameter y.us, then the pair is replaced by a pseu-
doparticle with four momentum p# = pf' 4 p/ (the “E”
recombination scheme). The procedure is then repeated
using the new set of particles and pseudoparticles. When
all the values of y;; are greater than ycu¢, the clustering
procedure stops. Each particle in the event is uniquely
associated with a cluster (jet). The algorithm is used to
select three-jet events with y.,t = y1 = 0.1. The same
clustering procedure is also applied further in the defini-
tions of several of the observables.

Distributions of event-shape variables are well estab-
lished as a useful measure of the global structure of
hadronic final states. In a corresponding way, distribu-
tions of jet-shape variables allow one to characterize the
overall structure of quark and gluon jets.

The jet broadening variable is defined as

N
ot = Zi:l ‘pJ_i
jet — N
Zi:1 |pi

Here p,, is the momentum of particle ¢ transverse to the
jet axis, and the sum extends over all of the N particles
in the jet. The variable here is analogous to the quantities
wide and narrow jet broadening, which are defined for
particles in separate hemispheres of an event [16].

Another jet-shape variable called y, (also referred to
as the differential one-subjet rate) is defined by clustering
the particles in a jet until two clusters (subjets) result. The
value of y is then given by the Durham scale (1) between
the two subjets. By construction this can vary from zero
up to the jet resolution parameter y;. The integral of the
distribution from a given value of ys up to y; corresponds
to the probability for a parton to split into two further
partons which are resolved at a scale ys. For sufficiently
large y2, hadronization effects are expected to be small
and the distribution should agree with the perturbative
prediction. For reasons of convenience, the distributions
are in fact presented using the equivalent variable Lo =
—Inys.

In order to investigate the internal jet structure, the
particles of the individual jets are clustered using again
the Durham algorithm, where the quantity y;; (1) is still
normalized using the visible energy of the entire event.
Now, however, a subjet resolution scale y less than y;
is used, so that subjets are resolved. The mean values,
(Ng — 1) and (Ngq — 1), and the standard deviations, og
and og, of the subjet multiplicity distributions for gluon




The ALEPH Collaboration: Measurements of the structure of quark and gluon jets in hadronic Z decays 5

and quark jets are then measured as a function of yg. In
addition, the ratios

<Ng(y0) -1
(Ng(yo) = 1)

are determined. The quantities (Ny; — 1) and (Nq — 1)
are directly related to the probability for additional par-
tons to be emitted from the original gluon or quark. This
definition results in a simple expression for the pertur-
bative QCD prediction at leading-log accuracy for Ry of
Ca/Crp = 9/4, valid for all values of yo. For sufficiently
large o, corresponding to a sufficiently large transverse
momentum separation between subjets, one expects that
perturbative predictions should be valid and that the sub-
jets should thus reflect the underlying partonic structure
of the event. By going to smaller values of yy one can in-
vestigate the extent to which the perturbative predictions
remain valid and determine scales where nonperturbative
effects become important.

In the limit of small subjet scales (yo — 0), individ-
ual particles are resolved. From these, the distributions
(fragmentation functions) of © = Ehadron/Ejet have been
measured for charged particles in quark and gluon jets.

Rn(yo) = R, (yo) =

4 Analysis procedure

The analysis procedure is essentially the same as in the
previous ALEPH publication on subjets [1]. Here only the
basic features are described.

Hadronic events are selected by requiring at least 5
well reconstructed tracks and a total energy for charged
particles (assuming the pion rest mass) of at least 10% of
the centre-of-mass energy. It is also required that the total
visible energy be at least 20 GeV. This results in a sample
of approximately 3 million hadronic events.

Three-jet events are selected with a jet resolution pa-
rameter of y.v = y1 = 0.1. To reject events of the type
qq7y, an event is not accepted if more than 85% of the
energy of a jet is carried by a single photon. In order to
ensure that most of the particles of a jet pass through the
vertex detector, it is required that each jet have an angle of
at least 35° with respect to the beam axis. This selection
results in a sample of about 70000 three-jet events, with
no significant background from other event types such as
777~ final states or two-photon collisions.

From the three-jet events, two samples of jets are ob-
tained, each with different relative fractions of quark and
gluon jets. One sample consists of all the jets in the se-
lected three-jet events. This mized sample (/= 210000 jets)
contains about 1/3 gluon and 2/3 quark jets. In fact, a
gluon jet fraction of 32.7% is estimated from the Monte
Carlo by matching hadron and parton level jets; this dif-
fers from 1/3 because of ambiguous events where both pri-
mary quarks are clustered into the same jet. A second sam-
ple highly enriched in gluon jets is obtained by requiring
evidence of long-lived heavy-flavour hadrons in two of the
three jets. The technique for identifying heavy-quark jets

is based on a three-dimensional impact parameter mea-
sured for each charged-particle track [17]. The two heavy-
quark jets are rejected and the third is taken as a gluon
jet candidate. This results in about 4000 jets (the tagged
sample) with a gluon jet purity of (94.4 £ 0.3(stat.))%

A two-step correction procedure is used to determine
the distributions for pure samples of quark and gluon jets.
First, the distributions for the mixed and tagged samples
are corrected for detector effects such as finite acceptance
and resolution, initial state photon radiation (ISR) and
biases introduced by the analysis method (e.g. tagging).
Then an unfolding procedure is applied to relate the cor-
rected distributions for the mixed and tagged samples to
those of pure quark and gluon jets. Details can be found
in [1]. For the quantities determined as a function of jet
energy, the gluon-jet purities used in the correction and
unfolding procedures must be determined as a function of
Eiet.

Because of the larger data sample compared to that
used in the previous ALEPH publication on subjets, pos-
sible sources of systematic uncertainties were investigated
in greater detail. The following sources of uncertainty were
found to be important. First, the correction factors de-
rived from the Monte Carlo, which are used to correct
the observables for detector effects, could have a depen-
dence on the event generator used. This was investigated
by computing correction factors with a simplified, fast de-
tector simulation and using the generators JETSET 7.4
[13], HERWIG 5.8 [18] and ARIADNE 4.06 [19]. The im-
portant parameters of the models were tuned to describe
ALEPH measurements of charged particle inclusive and
event-shape distributions [20]. The differences between the
JETSET 7.3 based model used for detector corrections
and JETSET 7.4 are mainly in the hadron composition of
the generated events. The perturbatively predicted prop-
erties such as jet structure as well as the total particle
multiplicity agree closely. The maximum variation in the
results obtained using the alternative correction factors
was included in the systematic error. In addition, the ac-
curacy of the detector simulation was investigated by suc-
cessively varying the analysis cuts and repeating the anal-
ysis. The largest changes in results relative to those based
on standard cuts come from the following variations: (a)
minimum energy required for neutral particles, (b) min-
imum angle required between jet axis and beam axis in
order to measure the complete jet in the detector, (c) the
selection cut for identifying gluon jet candidates.

The total systematic error is obtained by adding the
uncertainty from the detector correction factors and the
three sources from the detector simulation in quadrature.
The relative sizes of these contributions differ from ob-
servable to observable and also vary over the measured
range of a given observable. As a general rule, the total
systematic error is comparable to the statistical error.

5 Results

In the following sections the measurements are presented
and compared to predictions of perturbative QCD and
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Table 1. The measured Bje¢ distribution for quark and gluon jets. The
first error is statistical and the second is systematic

Interval of Bjet U—lq d‘gj‘; é dngjit
0.00 - 0.10 1.420 &+ 0.022 + 0.086 0.234 &= 0.039 &+ 0.046
0.10 - 0.14 4.926 £ 0.062 + 0.137 1.17 4+ 0.11 &= 0.16
0.14 - 0.18 4.540 £ 0.074 £ 0.184 227+ 014+ 024
0.18 - 0.22 3.397 &£ 0.079 &+ 0.133 296 + 0.15+ 0.19
0.22 - 0.26 2.303 £ 0.080 &= 0.090 324+ 0.16 £ 0.17
0.26 - 0.30 1.543 = 0.079 £ 0.098 324+ 016+ 0.24
0.30 - 0.34 1.242 += 0.069 = 0.109 255+ 013+ 0.25
0.34 - 0.38 0.698 &= 0.070 &= 0.070 2524+ 014+ 0.17
0.38 - 0.42 0.632 &= 0.063 = 0.071 1.96 £ 0.13 4+ 0.17
0.42 - 0.46 0.546 £ 0.055 = 0.074 1.49 + 0.11 £+ 0.14
0.46 — 0.50 0.440 &= 0.045 &+ 0.049 1.081 = 0.089 £ 0.106
0.50 - 0.55 0.404 £ 0.033 = 0.082 0.687 £ 0.065 = 0.159
0.55 — 0.60 0.299 &+ 0.027 &= 0.050 0.416 &= 0.053 = 0.103
0.60 — 0.70 0.072 £ 0.016 £ 0.024 0.258 + 0.032 = 0.065
0.70 - 0.85 0.0077 4+ 0.0015 + 0.0041  0.0049 + 0.0028 + 0.0083

Monte Carlo models. The error bars on the plots show the
quadratic sum of statistical and systematic uncertainties.

Most of the observables considered here are integrated
over jet energies and interjet angles. Only for the mean and
width of the subjet multiplicity distribution are the data
also investigated in bins of jet energy (in that case the ob-
servables are still integrated over interjet angles). Because
of the large jet-resolution parameter used (y; = 0.1), the
smallest interjet angle is always greater than 60 degrees,
with the most probable value being around 100 degrees.
Distributions of jet energies and the smallest interjet angle
can be found in [1].

5.1 Jet-shape variables

The measured Bje; distribution is shown in Fig.1 along
with the predictions of the Monte Carlo models JETSET,

HERWIG and ARTADNE. The measured values are given
in Table 1. In general, the models describe the data reason-
ably well. There is good agreement in the regions of large
Bijet, where hadronization corrections are small and the
distributions are sensitive to perturbative physics. This
was investigated with the JETSET model by comparing
the Bije distributions at parton and hadron level. As can
be seen in Fig. 2a, hadronization effects are negligible at
large Bijet.

In order to investigate whether the distribution is sen-
sitive to perturbative physics, the effective coupling in the
JETSET 7.4 model for the splitting g — gg was changed
from its QCD value Caas to Cras (where Cy = 3 and
Cr = 4/3), which is the corresponding value for ¢ — ¢g.
The remaining parameters were kept the same. The mod-
ified model describes reasonably well the main features
of the data such as event-shape distributions and hadron
multiplicities. For example, the mean charged multiplicity
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Fig. 2a,b. The Bj; distribution predicted by the JETSET 7.4 Monte Carlo a comparing hadron and parton level distributions,
and b comparing hadron level distributions with different couplings for the parton splitting g — gg (see text)

Table 2. The measured distribution of Ly = —Iny2 for quark and gluon
jets. The first error is statistical and the second is systematic

Interval of Lo %q% i%
2.50 - 3.00 0.0104 4 0.0016 £ 0.0052 0.0116 £ 0.0033 & 0.0118
3.00 - 3.50 0.0262 4+ 0.0025 + 0.0040 0.0330 £ 0.0049 + 0.0086
3.50 - 4.00 0.0484 4 0.0034 + 0.0038 0.0653 £ 0.0067 + 0.0047
4.00 - 4.50 0.0742 £ 0.0044 + 0.0101 0.1203 4 0.0086 =+ 0.0201
450 - 5.00 0.0866 + 0.0055 4+ 0.0117 0.195 £ 0.011 &+ 0.022
5.00 - 5.50 0.1136 £ 0.0062 + 0.0098 0.256 &= 0.012 &+ 0.018
5.50 — 6.00 0.1736 4+ 0.0068 + 0.0096 0.301 £ 0.013 + 0.010
6.00 - 6.50  0.2467 £ 0.0068 + 0.0158 0.300 = 0.013 &+ 0.032
6.50 — 7.00 0.2929 £ 0.0072 + 0.0138 0.292 + 0.014 = 0.024
7.00 - 7.50 0.3074 £ 0.0058 4+ 0.0137 0.181 £ 0.011 &+ 0.026
7.50 - 8.00 0.2559 £ 0.0052 £ 0.0090 0.1282 =+ 0.0098 + 0.0174
8.00 — 8.50 0.1802 4 0.0036 + 0.0068 0.0544 + 0.0065 + 0.0099
8.50 — 9.00 0.1015 4 0.0024 + 0.0086  0.0240 =+ 0.0040 % 0.0069
9.00 - 9.50 0.0512 4+ 0.0019 + 0.0050 0.0105 &£ 0.0033 + 0.0045
9.50 — 10.00 0.0195 % 0.0010 £ 0.0043 0.0025 4 0.0017 £ 0.0041
10.00 — 10.50 0.0054 £ 0.0014 + 0.0032 0.0058 4 0.0028 + 0.0073

in the modified JETSET is 20.42 rather than 20.86 with-
out the change. The resulting hadron-level distributions
are shown in Fig.2b. The quark-jet distribution remains
largely unchanged, whereas the distribution for gluon jets
is suppressed at large Bje. A large part of the difference
between quark and gluon jets is thus seen to stem from
the higher effective colour charge of the gluon predicted
by QCD, rather than being, for example, a simple conse-
quence of kinematics. Similar results are found for the ys
distribution.

Figure 3 shows the measured distribution of Ly =
—Inyy for quark and gluon jets along with the predic-
tions of Monte Carlo models and also from leading order
(LO) QCD [21] without any modifications for hadroniza-
tion. The measured values are given in Table 2. The LO
prediction is expected to be valid only in the region of

large yo (small Ly = —Inys) where hard emission dom-
inates and hence the effects of higher orders should be
small. For small y, emission of soft and collinear partons
becomes important. In fact, the prediction shows signifi-
cant discrepancies with the data already for Ly above 3.5
(y2 below 0.03). Monte Carlo studies with the yo distri-
bution lead to similar conclusions concerning sensitivity
to hadronization and perturbative effects in the region of
large y2 as was seen for large Bijet.

5.2 Subjet structure without consideration
of jet energy

First the properties of the subjet multiplicity distribution
are examined without consideration of the jet energy. Var-
ious properties are shown as a function of the resolution
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models. The dashed-dotted curve shows the leading-order QCD prediction

parameter yo in Fig.4 along with the predictions of the
JETSET, HERWIG and ARIADNE models. Figures 4a
and b show the mean subjet multiplicity minus one for
gluon and quark jets, and ¢ shows their ratio Ry. The
standard deviations o, and o4 and their ratio R, are
shown in Figs.4d—f. These results are also given in Ta-
bles 3 and 4, together with their statistical and systematic
uncertainties.

The agreement with the Monte Carlo models is seen
to be qualitatively good, especially when one considers
that the observables vary over several orders of magni-
tude within the range studied. For the mean subjet mul-
tiplicities, this confirms the observations in [1], now at a
sufficiently high level of precision to discriminate between
models. For the multiplicities (Ng — 1), (Nq — 1) and their
ratio Ry, HERWIG is seen to give the best description.

From the inset plots one can also see that the predicted
multiplicities from ARTADNE are high for both quark and
gluon jets. Although the discrepancy is small in absolute
terms, it is significant compared to the size of the errors,
which are 1 — 2% for yo < 1073. Results for neighbouring
values of yg, however, are highly correlated.

For the standard deviations and their ratio, the pic-
ture is somewhat different. There, all models provide a
good description of the gluon jets. For the quark jets, how-
ever, HERWIG predicts a too broad subjet multiplicity
distribution at small yo. This observation is of particu-
lar interest, since previous measurements had shown that
HERWIG's prediction for the width of the charged particle
multiplicity distribution for entire events was also signif-
icantly too large [20,22]. This discrepancy is now seen to
stem from the quark jets only.

In Fig.5, the same results are compared with per-
turbative QCD predictions without any modifications for
hadronization effects [3], as well as with the hadron- and
parton-level predictions of the JETSET model. From the
comparison of the hadron and parton levels of JETSET

for the observables (Ng —1), (Nq—1), 0g, and o4, one can
see that the effects of hadronization are small as long as
Yo is sufficiently large. This range of yo values (yo > 1073)
will be referred to as the perturbative region. For small ¥,
hadronization effects are seen to become large. The parton
level in the Monte Carlo model is not, however, calculated
to the same level of accuracy as the QCD predictions dis-
cussed below.

Perturbative QCD predictions for (Ny—1) and (Nq—1)
can be obtained to leading order (LO) in «y with the
O(a?) matrix element. (One order of oy is necessary to
produce a three-jet event.) The LO result can be im-
proved by combining it with the resummation of leading
and next-to-leading logarithmic terms in y; /yo to all or-
ders in a5 (LO+NLLA). The LO and LO+NLLA predic-
tions and the estimate of the theoretical uncertainty for
the resummed result (shown as a hatched area between
two lines in Figs. ba—c) are taken from [3].

From Figs.5a and b, one can see that the LO predic-
tion is compatible with the data only at very high values
of yo. A better description, extending to around g ~ 1073
for both quark and gluon jets, is given by the parton level
predictions of JETSET. Further improvement is obtained
with the LO+NLLA prediction. For 107° < yo < 1073,
the difference between data and prediction is less than
around 20% for gluon jets but is more than 50% for quark
jets. The larger discrepancy for quark jets has been shown
by Monte Carlo studies to result from quark mass and
hadronization effects. In fact these studies show that the
fall-off of Ry at small yg is due partly to the higher mul-
tiplicity b-quark jets, which start to exert their influence
for decreasing 1o at around yy ~ 10726,

Resumming the logarithms of ¥ /yo has roughly the
same influence on both (Ng —1) and (Ny —1), so that this
has little influence on Ry, i.e. the LO and LO + NLLA
predictions for Ry are very similar. If only the leading-log
contributions (LLA) are considered, the QCD prediction
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Table 3. The mean subjet multiplicity for gluon jets, quark jets, and the ratio Rn(yo) =
(Ng(yo) — 1) / (Ng(yo) — 1) for different values of the subjet resolution parameter yo. The first

error is statistical and the second is systematic.

This table corresponds to the Ejci-integrated

case

log0 (o) (Ng(yo) — 1) (Na(yo) — 1) R (yo)

-6.0 13.06 +£0.09 =+ 0.12 10.580 =+ 0.048 =+ 0.095 1.235 4+ 0.014 £+ 0.013
-5.8 11.90 +£0.08 =+ 0.17 9.578 =+ 0.044 =+ 0.079 1.242 4+ 0.014 £+ 0.013
-5.6 10.66 £ 0.07 =+ 0.19 8.615 + 0.039 =+ 0.068 1.238 £+ 0.014 £+ 0.013
-5.4 955 +£0.07 £ 0.17 7.739 4+ 0.036 =+ 0.059 1.234 £+ 0.014 £+ 0.013
-5.2 854 +0.06 =4+ 0.15 6.866 =+ 0.032 =+ 0.051 1.243 £+ 0.014 £+ 0.013
-5.0 754 £+ 0.05 =£0.11 6.030 =+ 0.029 =+ 0.044 1.250 £+ 0.015 £ 0.014
-4.8 6.596 =+ 0.049 =+ 0.081 5.230 + 0.026 =+ 0.037 1.261 £ 0.015 £ 0.014
-4.6 5.716 =+ 0.044 =+ 0.059 4.469 =+ 0.024 =+ 0.032 1.279 4+ 0.016 £ 0.015
-4.4 4.844 + 0.039 =+ 0.044 3.786 =+ 0.021 =+ 0.028 1.279 £ 0.017 £ 0.016
-4.2 4.101 + 0.035 =+ 0.034 3.132 + 0.019 =+ 0.024 1.309 £+ 0.018 £ 0.017
-4.0 3.399 + 0.031 =+ 0.027 2.556 + 0.016 =+ 0.020 1.330 £ 0.020 £ 0.019
-3.8 2.793 =+ 0.027 =+ 0.023 2.037 =+ 0.015 =+ 0.018 1.371 £ 0.023 £ 0.021
-3.6 2.248 + 0.024 + 0.019 1.595 4+ 0.013 =+ 0.015 1.409 £+ 0.026 £+ 0.024
-3.4 1.777 £+ 0.021 &+ 0.017 1.217 £+ 0.011 =+ 0.013 1.461 £+ 0.031 £ 0.027
-3.2 1.385 £ 0.019 =+ 0.015 0.888 + 0.010 =+ 0.011 1.560 £ 0.039 £ 0.032
-3.0 1.052 =+ 0.017 =+ 0.014 0.6287 + 0.0091 4 0.0096 1.673 £ 0.050 £ 0.038
-2.8 0.767 =+ 0.015 =+ 0.013 0.4313 + 0.0080 &+ 0.0081 1.778 + 0.067 &+ 0.047
-2.6 0.539 =+ 0.013 =+ 0.012 0.2887 + 0.0071 4+ 0.0068 1.867 + 0.091 + 0.059
-2.4 0.364 =+ 0.012 =+ 0.011 0.1957 = 0.0062 & 0.0056 1.86 =+ 0.12 =+ 0.08
-2.2 0.242 + 0.011 =+ 0.009 0.1316 £+ 0.0055 £+ 0.0046 1.84 =+ 0.16 =+ 0.10
-2.0 0.1399 + 0.0086 4+ 0.0076 0.0884 + 0.0044 4+ 0.0037 1.58 =+ 0.17 =+ 0.15
-1.8 0.0718 + 0.0065 &+ 0.0058 0.0533 + 0.0034 + 0.0029 1.35 +0.20 =+ 0.21
-1.6 0.0330 £+ 0.0045 + 0.0041 0.0262 + 0.0024 £+ 0.0022 1.26 =+ 0.28 =+ 0.32
-1.4 0.0171 £ 0.0043 £ 0.0028 0.0082 + 0.0022 £+ 0.0016 2.08 =+ 1.05 =+ 0.52
-1.2 0.0022 + 0.0013 £ 0.0020 0.0034 = 0.0007 & 0.0011 0.66 =+ 0.50 =+ 0.86

for the ratio Ry is given by the ratio of colour factors
Ry = Ca/Cr = 9/4, independent of yo. Including the
fixed order (LO) calculation not only lowers the predic-
tion, bringing it in closer agreement with the data, but
also provides qualitatively the correct yy dependence for
large yo (cf. Fig. 5c¢).

The plot of the ratio Ry in Fig.5c also shows the
hadron level prediction of a JETSET-based Monte Carlo
where the effective coupling for the branching g — gg
was changed from Cya; to Crag (cf. Sect. 5.1). In the re-
gion where hadronization effects are expected to be small
(1073 < yo < 1072), the ratio Ry from the modified JET-
SET is around 1.3 — 1.4, whereas for the standard JETSET
model it is predicted to rise to around 2. This indicates
that one is sensitive to perturbative effects. For smaller
1o, however, the standard and modified models give sim-
ilar predictions, indicating that here Ry is not sensitive
to the effective colour charge in the parton shower.

The comparison of QCD predictions and mean subjet
multiplicities will be considered further in Sect. 5.3, where
measurements of (Ny — 1) and (Nq — 1) will be used to
determine QCD parameters.

For the standard deviations, og(y0) and o4(yo), the an-
alytical prediction as a function of yq is only available in
leading-log accuracy [23,24]. The yo dependence for both
quantities is the same, and hence the prediction for the
ratio is a constant. This is given by the square root of the
ratio of colour factors R, = /Ca/Cr = 3/2 [24]. For
the ratio R,, a prediction in next-to-leading log approx-
imation is also available [25]. In both leading and next-
to-leading log accuracy, the predicted R, is independent
of yo and is greater than one, i.e. gluon jets should have
a broader multiplicity distribution than quark jets. Other
QCD calculations [26], however, have led to predictions of
R, less than one, which is in disagreement with the data
in the perturbative region.

The standard deviations o and o4 are in qualitatively
good agreement with the LLA prediction. The agreement
may in fact be better than expected, since these quantities
should be sensitive to next-to-next-to-leading logarithmic
terms in y1 /yo [27]. Although the yo dependence of o, and
o4 are well reproduced, one can see that the overall nor-
malization of the LLA curves is not correctly predicted.
The LLA predictions depend on an effective strong cou-
pling constant a4 by varying this one can obtain better
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Table 4. The standard deviation of the subjet multiplicity distribution for gluon jets, quark
jets, and the ratio Ro(yo) = og(yo) / 0q(yo) for different values of the subjet resolution
parameter yo. The first error is statistical and the second is systematic. This table corresponds
to the Ejet-integrated case

o4(Yo)

R (yo)

3.823 =+ 0.037 =+ 0.046
3.474 +£0.034 £ 0.044
3.145 +£0.031 =+ 0.043
2.850 =+ 0.027 =+ 0.041
2.559 =+ 0.025 =+ 0.038
2.297 +£0.023 =+ 0.035
2.065 =+ 0.020 =+ 0.030
1.839 £ 0.018 =+ 0.026
1.647 £ 0.016 =+ 0.022
1.482 £ 0.014 =+ 0.019
1.324 £ 0.012 £ 0.016
1.179 £ 0.011 =+ 0.014
1.037 £ 0.010 =4 0.012
0.9279 + 0.0087 £ 0.0099
0.8156 £ 0.0075 £ 0.0085
0.7071 £ 0.0068 £ 0.0074
0.6004 £ 0.0057 £ 0.0064
0.5002 + 0.0048 £ 0.0056
0.4155 £ 0.0045 £ 0.0050
0.3469 + 0.0046 £ 0.0046
0.2850 £ 0.0052 £ 0.0045
0.2232 £ 0.0059 £ 0.0046
0.1593 + 0.0063 £ 0.0053
0.0927 £ 0.0083 £ 0.0068

1.052 £ 0.028 £ 0.037
1.057 £ 0.029 £ 0.034
1.040 £ 0.028 £ 0.034
1.027 £ 0.027 £ 0.035
1.035 £ 0.028 £ 0.035
1.043 £ 0.029 £ 0.036
1.035 £ 0.028 £ 0.036
1.049 £ 0.029 £ 0.035
1.038 £ 0.028 £ 0.034
1.010 £ 0.027 £ 0.033
1.007 £ 0.026 £ 0.031
1.001 £ 0.027 £ 0.030
1.034 £ 0.027 £+ 0.029
1.019 £ 0.027 £ 0.028
1.039 £ 0.026 £ 0.027
1.084 £+ 0.028 £ 0.027
1.147 £ 0.028 £ 0.027
1.205 £ 0.028 £ 0.029
1.256 £ 0.033 £ 0.031
1.275 £ 0.041 £ 0.036
1.230 £ 0.056 £ 0.045
1.164 £ 0.079 £ 0.063
1.12 +£0.12 £0.10

1.40 £0.30 £ 0.20

log0(yo) o5(yo)

-6.0 4.021 + 0.071 4+ 0.099
-5.8 3.670 + 0.065 =+ 0.091
-5.6 3.272 £+ 0.058 =+ 0.084
-5.4 2.928 + 0.051 + 0.076
-5.2 2.649 + 0.048 + 0.069
-5.0 2.396 =+ 0.044 + 0.061
-4.8 2.138 =+ 0.038 =+ 0.054
-4.6 1.928 4+ 0.035 =+ 0.046
-4.4 1.709 £ 0.031 = 0.039
-4.2 1.497 4+ 0.027 =+ 0.033
-4.0 1.334 + 0.023 =+ 0.027
-3.8 1.180 4+ 0.021 = 0.023
-3.6 1.072 £ 0.018 4+ 0.019
-3.4 0.946 =+ 0.017 + 0.016
-3.2 0.848 + 0.014 + 0.014
-3.0 0.767 =+ 0.013 =+ 0.012
-2.8 0.689 =+ 0.011 =+ 0.011
-2.6 0.603 =+ 0.009 =+ 0.010
-2.4 0.5220 £ 0.0083 £ 0.0096
-2.2 0.4423 + 0.0086 £ 0.0092
-2.0 0.3505 + 0.0098 + 0.0090
-1.8 0.260 =+ 0.011 =+ 0.009
-1.6 0.179 =+ 0.012 =+ 0.010
-1.4 0.130 =+ 0.016 =+ 0.012
-1.2 0.047 + 0.013 =+ 0.018 0.059

£+ 0.007 £ 0.010 0.81 +£0.32 £+ 0.50

agreement with the data for gluon jets (ot =~ 0.09) or

for quark jets (aL™* = 0.15), but not simultaneously for
both. This suggests that higher order corrections should
primarily affect the relative normalization of the gluon
and quark jet curves.

In fact, the next-to-leading log prediction for R, shows
better agreement with the data than the LLA in the per-
turbative region near yo ~ 102 (see Fig. 5f). In principle,
calculations based on resummation of logarithms of y; /yo
should be most reliable for small yo (i.e. large logarithms).
In this limit, however, hadronization effects for o, and o4
are large, and indeed one sees that the agreement with
the data for R, is poor. The measured R, at small g is
approximately 1, so that here no significant difference be-
tween quark and gluon jets is visible. In the perturbative
region around yg ~ 1072, the hadronization effects are rel-
atively small and Iny; /yo =~ 2 to 3 is sufficiently large that
the resummed prediction is valid. These considerations on
the region of validity of the resummed prediction for R,
are correspondingly valid for the ratio Ry .

The decrease of Ry (yo) and R, (yo) for yo — y1 seen
in Figs.4 and 5 can at least partly be explained by the
difference in the mean gluon and quark jet energies. The

mean gluon jet energy is measured to be 14% lower than
the mean quark jet energy. Since it is possible to resolve an
additional subjet at the scale yg < y1 only for very high
energy jets, this is more likely to be the case for quark
jets, and therefore the ratio Ry is suppressed. This effect
can be explored further by measuring the properties of the
subjet multiplicity distribution for jets in a specific bin of
jet energy, as done in Sect. 5.4.

5.3 QCD parameters from subjet multiplicities

In this section, the QCD colour factor Cy4, which cor-
responds to the vertex g — gg, is treated as an effec-
tive free parameter and is determined using the measure-
ment of (Ng(yo) — 1) and (Ng(yo) — 1). The extent to
which one obtains the QCD value, C'4 = 3, then serves
to quantify the agreement between the measurement and
the LO+NLLA prediction and shows the sensitivity of
(Ng(yo) — 1) and (Ng(yo) — 1) to perturbatively calcu-
lable effects. Since there is a strong correlation between
the results for neighbouring values of the subjet resolu-
tion parameter yy, which is difficult to estimate in detail,
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C4 is determined independently for three different val-
ues of yp: 10722, 10726, and 10~2; these correspond to
transverse energies of k;y = Fem /Yo =~ 2.3GeV, 4.6 GeV,
and 9.1 GeV, respectively.

Because the theoretical prediction used is only com-
plete to leading order in ay, the renormalization scheme is
not fixed. Therefore as cannot be identified with values de-
termined in the M S scheme and must be understood as an
effective parameter, in the following called ocf. Tts value
therefore cannot be taken from other measurements but
rather it must be determined simultaneously with C'4. The
accuracy for C'y4 obtained here is less than that achieved
in several other analyses (see e.g. [28-32]). Nevertheless,
the measurement here is of interest because of the direct
connection between the colour factor and the observable
in question, since the subjet multiplicity is closely related
to the probability for a parton to branch into two partons.

To compare the QCD prediction with the measure-
ment, the perturbative calculation has to be modified for
effects of hadronization. This is done by means of multi-
plicative correction factors derived from the Monte Carlo
models JETSET, HERWIG and ARTADNE. The final cor-
rection factor used is taken as the average of the correc-
tions derived from the three models.

Systematic errors are determined taking into account
the correlation between the quark and gluon jet mea-
surements. Sources of systematic errors are explained in
Sect. 4, and contain in addition the uncertainties of the
hadronization corrections and of the perturbative predic-
tion. The latter is estimated by using two different scales
to calculate the resummed result [3]. The uncertainty of
the hadronization corrections is estimated from the differ-
ence in the fit results when using only the JETSET, HER-
WIG, or ARTADNE hadronization corrections. Additional
systematic uncertainty comes from a possible QCD pa-
rameter dependence of the hadronization corrections. This
is found to be of about the same size as the uncertainty
due to the variation of the Monte Carlo model to cal-
culate the hadronization corrections. It was also checked
that the cut-off parameter for the parton shower in the
different models has a negligible influence on the results.

Since only two observables are used as input, ((Ng —
1) and (Ngq — 1) at a fixed value of yg), there are zero
degrees of freedom and one solves for o and C4 rather
than fitting them. Nevertheless, confidence limits can be
obtained in the plane of a¢ff and C4. The other QCD
colour factors corresponding to the vertices ¢ — gg and
g — qq, are fixed to their nominal QCD values, Cr = 4/3
and Tr = 0.5. The effective number of flavours is set to
Ny = 5. The fitted value of C4 is not highly sensitive to
Ny. For example, setting Ny to 4 shifts the fitted value of
C 4 by less than its statistical error.

Figure 6 shows the 68.3% confidence level contours
for the three different choices of yg. The contours include
statistical and systematic errors; the systematics domi-
nate for the two lower values of yo. The results are con-
sistent with each other and are in good agreement with
the predicted value of C4 = 3. For yy = 10732, one ob-
tains C4 = 2.63 + 0.10(stat.) + 0.27(sys.) and oS =

< 5
5 C
L 68.3% CL Contours
45 — for y,=10%° (k, ~9.1GeV)
- — for y,=107° (k, ~4.6GeV)
4 L — for y,=10%* (k, ~2.3GeV)
C C.=4/3, To=05 N,=5
35 —
3 " <"modd
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15
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Fig. 6. The 68.3% confidence level contours of the simultane-
ous determination of C4 and af for three different values of
the subjet resolution parameter: yo = 10732, yo = 1072%, and
yo = 107%C, The error ellipses include statistical and system-
atic uncertainties

0.130 + 0.005(stat.) =+ 0.014(sys.) with a correlation co-
efficient of p = —0.89.

When all the QCD colour factors are fixed at their
standard model values and only the effective strong cou-
pling constant is fitted, one obtains, depending on the yq
used, values of a°f between 0.113 and 0.124. The relative
total errors from the sources discussed above are about
5%. This good agreement with the world average value
(MS scheme) of as(MZ) = 0.118 £ 0.003 [33] can be at-
tributed to the resummed logarithms in the LO+NLLA
prediction used, since pure LO predictions tend to require
significantly larger values of a; to describe the data.

The branching g — qq is suppressed relative to g — gg,
and hence the internal structure of the jets is less sensitive
to the colour factor Tr than to C4. The picture is further
complicated by theoretical uncertainties in the number of
active quark flavours for a certain choice of yo (e.g. pro-
duction of bb pairs is suppressed for small transverse mo-
mentum scales). A similar measurement of T resulted in
large uncertainties and is not shown.

5.4 Subjet structure as a function of jet energy

In this section, the properties of the subjet multiplicity
distribution are examined for samples of jets having ap-
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divided by the total error

proximately the same energy. In principle one could mea-
sure the subjet properties binned in Ej. and also ac-
cording to the interjet angles, i.e. according to the event
topology. Such a study has been carried out for parti-
cle multiplicities using a three-jet resolution parameter of
Yeut = 0.01 [34]. Because of the larger resolution parame-
ter used here (yeut = 0.1), the sample of three-jet events
is not sufficiently large to allow for binning in both energy
and angle, and only the energy dependence is investigated.
In fact, because of the large yc.u, fixing the jet energy
strongly restricts the allowed interjet angles and thus one
would not gain much additional information from the re-
maining angular dependence.

When the subjet properties are studied for a restricted
interval of jet energies, the dependence on gy and the level
of agreement with Monte Carlo models are qualitatively
similar to what was seen in the energy-integrated case. Ef-
fects caused by the mean energy difference between quark
and gluon jets, however, are now largely removed. This
results in a larger rise in the ratios Ry and R, for yg in
the perturbative region, and in a less pronounced fall off
for yo — y1. This can be seen from Figs. 7a and 7b, which
show the ratios for jets in the energy range 24 GeV <
Fiet < 28GeV (compare with the energy-integrated case
shown in Fig.4c and 4f). When Ej is restricted, pertur-
bative QCD predictions are only available for the mean
subjet multiplicities. A comparison (not shown) of this
with the data leads to similar conclusions as those drawn
in Sect.5.2.

The larger rise in the ratios Ry and R, compared to
the energy-integrated case can be understood by looking
at the mean subjet multiplicities and standard deviations
as a function of Eje; for a fixed value of yg = 10~22 (corre-
sponding to a transverse energy separation between sub-
jets of ky = Ecmy/yo ~ 7.2 GeV), as shown in Fig. 8. The
value of y9 was chosen to be in the region where one is

sensitive to perturbative effects and where hadronization
effects are relatively small. From Fig.8 one can see that
the multiplicities and standard deviations increase as a
function of Ejc. If the ratios Ry and R, from the energy
integrated jet samples are considered, one compares gluon
jets with a mean energy of 26.2 GeV with quark jets hav-
ing a mean energy of 30.4 GeV. Therefore, this results in
a lower ratio than in the case where jets of equal energies
are compared. Measurements at other yy values show a
similar dependence on Ejt.

While (Vg — 1) steadily increases with increasing jet
energy, (N, — 1) first shows a gentle rise and then, from
about Eje; = 40 GeV on, increases sharply (cf. Figs. 8a and
b). As a result, Ry shows a clear Eje; dependence, first
increasing, and then decreasing sharply to approximately
1.0 at Eje; =~ 40 GeV. The high mean subjet multiplicity at
Eiet > 40 GeV can be explained by the fact that jets with
very high energies often also have a high invariant mass;
this is a consequence of four-momentum conservation for
the three-jet event. Events with a quark or gluon jet of
very high energy thus represent a special class; they would
have been clustered to four-jet events if a slightly lower
jet resolution parameter y; (< 0.1) had been used. The
effect is well predicted by all of the Monte Carlo models
considered. The standard deviations o4, o, and their ratio
R, are also well described by the models. In particular,
R, is found to drop to around one for Ejo > 40 GeV.

5.5 Fragmentation function for charged particles

Figure 9 shows the measured inclusive distribution of x =
Ehadron/ Ejet (the fragmentation function) for charged par-
ticles in quark and gluon jets along with the predictions
of Monte Carlo models. Here the jet energies were esti-
mated from the angles between the three jets using the
kinematic relation for massless jets, which improves the
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Table 5. The measured fragmentation function for quark and gluon jets. The

first error is statistical and the second is systematic

Interval of zg

1 dog
oq dzpg

1 dog

os deg

0.00 - 0.05 97.885 £ 0.521 + 1.160
0.05 - 0.10 35.595 £ 0.283 + 0.578
0.10 - 0.15 15.345 £ 0.177 £ 0.268
0.15 - 0.25 6.528 £ 0.074 £ 0.115
0.25 - 0.35 2.394 £ 0.039 £ 0.053
0.35 - 0.55 0.712 £ 0.013 £ 0.019
0.55 - 0.80 0.109 +£ 0.004 +£ 0.007

131.016 + 1.022 £ 2.519
46.715 £ 0.551 £ 0.962
18.821 £ 0.343 £ 0.403

6.434 £ 0.142 £ 0.175
1.706 £ 0.074 £ 0.066
0.381 £+ 0.024 £ 0.035
0.043 £ 0.008 + 0.016

jet-energy resolution. While all models describe the spec-
trum for quark jets quite well, the fragmentation function
for gluon jets is predicted softer than measured. As has
been observed before [2,32,35], this discrepancy is great-
est for the HERWIG model. The measurements are also
given in Table 5, together with their statistical and sys-
tematic uncertainties.

The gluon fragmentation function is observed to be
softer than that of quarks. This is consistent with the QCD
expectation based on the higher effective coupling for g —
gg than for ¢ — ¢gg. In addition, however, hadronization
and kinematic effects are expected to play a role. Although
the exact forms of the fragmentation functions cannot be
calculated using perturbative QCD, their energy depen-
dence can be predicted by the DGLAP evolution equa-
tions [36]. The measured distributions presented here can
be used as input for an investigation of this energy de-
pendence (scaling violations) as was done, for example, in
[37].

The measurements presented here are of similar but
slightly different observables than the fragmentation func-
tions previously reported by LEP experiments [2,32,35].
These measurements were based on jets selected with a
different resolution parameter and included additional
cuts on jet energies and angles. Nonperturbative correc-
tions to the evolution equations for fully inclusive frag-
mentation functions (i.e. without jet finding) are expected
to decrease as 1/E.y, or faster (see e.g. [38]). If one as-
sumes that a similar dependence holds for fragmentation
functions of jets with a scale Q@ = |/YcusLem, then non-
perturbative effects are significantly reduced by using the
higher ycut of 0.1 rather than 0.01 — 0.02 as used in some
of the other measurements. In addition, the measurements
here have smaller uncertainties, owing mainly to the large
data sample and high gluon jet purity. The present mea-
surements thus provide a more accurate basis for predict-
ing properties of jets in the energy range of the Large
Hadron Collider (102 — 10% GeV).
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6 Summary and conclusions

Approximately 70000 almost symmetric three-jet events
(Yeut = 0.1 for the Durham algorithm) have been selected
from 3 x 10° hadronic Z decays recorded by the ALEPH
detector. From these events, 4000 gluon jet candidates
with a purity of 94.4% have been obtained by means of an
impact parameter tagging method, which identifies jets
containing heavy quarks. With these data properties of
quark and gluon jets have been studied over a broad range
of scales, covering hard and soft phenomena.

The jet broadening distribution and the differential
one-subjet rate have been exploited to characterize the
jet shape. These observables show a sensitivity to pertur-
bative QCD at hard scales and are found to be compatible
with the predictions of QCD-based Monte Carlo models.

Next, the internal structure of jets has been investi-
gated using the subjet multiplicity distribution. By mea-
suring the mean and the width of this distribution as
a function of the subjet resolution scale, the transition
from hard to soft QCD has been studied. In general, good
agreement with the predictions of Monte Carlo genera-
tors was observed. It was found, however, that the subjet
multiplicity distribution for quark jets predicted by HER-
WIG version 5.8 is significantly too broad at soft QCD
scales, while the same quantity for gluon jets is in good
agreement with the data. The mean subjet multiplicities
were also compared with perturbative predictions, which
show that leading and next-to-leading logarithmic terms
are necessary in order to extend agreement down to softer
QCD scales. For both quark and gluon jets, good agree-
ment is achieved down to 19 ~ 1073. For lower scales,
the discrepancy between data and prediction is more pro-
nounced for quark jets. The QCD colour factor C' 4 was de-
termined from the mean subjet multiplicities and showed
good agreement with the standard model value.

The properties of the subjet multiplicity distribution
were also investigated as a function of jet energy. By com-
paring samples of jets with similar energies, the differences
between quark and gluon jets were found to increase sig-
nificantly.

Finally, a precise measurement of the fragmentation
function for charged particles in quark and gluon jets has
been carried out.

Acknowledgements. We would like to thank M.H. Seymour for
many helpful discussions and for providing the motivation for
many of the studies presented. We wish to thank our colleagues
from the accelerator divisions for the successful operation of
LEP. It is also a pleasure to thank the technical personnel of
the collaborating institutions for their support in constructing
and maintaining the ALEPH experiment. Those of the collabo-
ration not from member states thank CERN for its hospitality.

References

1. ALEPH Collaboration, Study of the subjet structure of
quark and gluon jets, Phys. Lett. B 346 (1995) 389

2.

@

10.

11.

12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.

23.
24.
25.
26.

27.
28.

29.

30.

31.

ALEPH Collaboration, Quark and Gluon Jet Properties
in Symmetric Three-Jet Events, Phys. Lett. B 384 (1996)
353

M.H. Seymour, Phys. Lett. B 378 (1996) 279

ALEPH Collaboration, ALEPH: a detector for electron-
positron annihilations at LEP, Nucl. Instr. Meth. A 294
(1990) 121

W.J. Stirling, J. Phys. G Nucl. Part. Phys. 17 (1991) 1567
S. Catani, B.R. Webber, Yu.L. Dokshitzer and F. Fiorani,
Nucl. Phys. B383 (1992) 419; Nucl. Phys. B377 (1992)
445

O. Adriani et al., (L3 Collaboration) Phys. Rep. 236
(1993) 207

R. Akers et al., (OPAL) Zeit. fiir Physik C63 (1994) 363
ALEPH Collaboration, Studies of Quantum Chromody-
namics with the ALEPH Detector, Phys. Rep. 294 (1998)
1

Frank Stephan, Untersuchung der Substruktur von Quark-
jets und Gluonjets aus dem Z°-Zerfall, Ph.D. thesis, Uni-
versity of Siegen, SI-97-21 (1997)

Volker Biischer, Untersuchung der Struktur von Quark-
und Gluonjets in Z-Zerfillen, diploma thesis, University of
Siegen (1995)

ALEPH Collaboration, Performance of the ALEPH detec-
tor at LEP, Nucl. Instr. Meth. A 360 (1995) 481

T. Sjostrand, Comp. Phys. Comm. 82 (1994) 74

J.E. Campagne and R. Zitoun, Z. Phys. C 43 (1989) 469
ALEPH Collaboration, Properties of hadronic Z decays
and test of QCD generators, Z. Phys. C 55 (1992) 209

S. Catani, G. Turnock and B.R. Webber, Phys. Lett. B295
(1992) 269

ALEPH Collaboration, A precise measurement of I'z —
bb/I'z — hadrons, Phys. Lett. B 313 (1993) 535

G. Marchesini et al., Comp. Phys. Comm. 67 (1992) 465
L. Lonnblad, Comp. Phys. Comm. 71 (1992) 15

ALEPH Collaboration, Studies of quantum chromody-
namics with the ALEPH detector, Physics Reports 294
(1998) 1

S. Catani and M.H. Seymour, private communication
ALEPH Collaboration, Measurements of the charged par-
ticle multiplicity distribution in restricted rapidity inter-
vals, Z. Phys. C 69 (1995) 15

M.H. Seymour, private communication

A. Bassetto, M. Ciafaloni, G. Marchesini, Nucl. Phys. B
163 (1980) 477

E.D. Malaza and B.R. Webber, Phys. Lett. B 149 (1984)
501

I.M. Dremin, Physics-Uspekhi 37(8) (1994) 715

Yu.L. Dokshitzer, Phys. Lett. B 305 (1993) 295

ALEPH Collaboration, A measurement of the QCD colour
factors and a limit on the light gluino, Z. Phys. C 76 (1997)
1

OPAL Collaboration, A measurement of the QCD colour
factor ratios Ca /CF and Tr/CF from angular correlations
in four-jet events, Z. Phys. C 65 (1995) 367

DELPHI Collaboration, Measurement of the triple gluon
vertex from double quark tagged 4-Jet events, Phys. Lett.
B414 (1997) 401

DELPHI Collaboration, The Scale Dependence of the
Hadron Multiplicity in Quark and Gluon Jets and a Pre-
cise Determination of C'4/Cr, Phys. Lett. B 449 (1999)
383



18

32.

33.
34.

35.

The ALEPH Collaboration: Measurements of the structure of quark and gluon jets in hadronic Z decays

DELPHI Collaboration, Measurement of the Gluon Frag-
mentation Function and a Comparison of the Scaling Vio-
lation in Gluon and Quark Jets, CERN-EP/99-144 (1999),
to appear in Eur. Phys. J. C

R.M. Barnett et al., Physical Review D 54 (1996) 1
ALEPH Collaboration, The topology dependence of
charged particle multiplicities in three-jet events, Z. Phys.
C 76 (1997) 191

OPAL Collaboration, A model independent measurement
of quark and gluon jet properties and differences, Z. Phys.
C68 (1995) 179; DELPHI Collaboration, Energy depen-
dence of the differences between the quark and gluon jet
fragmentation, Z. Phys. C70 (1996) 179; OPAL Collab-
oration, Experimental properties of gluon and quark jets
from a point source, Eur. Phys. J. C 11 (1999) 217

36.

37.

38.

V.N. Gribov und L.N. Lipatov, Sov. J. Nucl. Phys. 15
(1972) 78; G. Altarelli und G. Parisi, Nucl. Phys. B 126
(1977) 298; Yu.L. Dokshitzer, Sov. Phys. JETP 46 (1977)
641

ALEPH Collaboration, Measurement of «s from scaling
violations in fragmentation functions in e*e™ annihilation,
Phys. Lett. B 357 (1995) 487

P. Nason and B.R. Webber, Nuclear Physics B 421 (1994)
473; M. Dasgupta and B.R. Webber, Nuclear Physics B
484 (1997) 247



