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Abstract

Quark and gluon jets in e¥e™ 3-jet events at LEP are identified using lep-
ton tagging of quark jets, through observation of semi-leptonic charm and
bottom quark decays. Events with a symmetry under transposition of the
energies and directions of a quark and gluon jet are selected: these quark and
gluon jets have essentially the same energy and event environment and as a
consequence their properties can be compared directly. The energy of the
jets which are studied is about 24.5 GeV. In the cores of the jets, gluon jets
are found to yield a softer particle energy spectrum than quark jets. Gluon
jets are observed to be broader than quark jets, as seen from the shape of
their particle momentum spectra both in and out of the 3-jet event plane.
The greater width of gluon jets relative to quark jets is also visible from the
shapes of their multiplicity distributions. Little difference is observed, how-
ever, between the mean value of particle multiplicity for the two jet types.
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1 Introduction

In Quantum Chromodynamics (QCD), gluons carry a larger color charge than
quarks and are more likely to radiate through bremsstrahlung. This leads
to the expectation that gluon jets have a softer particle energy spectrum, a
larger angular width and a larger particle multiplicity than quark jets with
the same energy [1, 2]. For asymptotic energies (s — 0o0) and at leading order,
QCD predicts a factor 9/4 larger multiplicity for gluon jets than for quark
jets [1], for example; the available higher order corrections change this result
by only about 10% [3]. For these differences to be visible, it is necessary to
relate the QCD predictions directly to the hadron level distributions observed
by experiment: it is possible that the confinement of quarks and gluons inside
hadrons (fragmentation) or other effects could alter the results from the naive
QCD expectation,

A number of experimental searches for differences between quark and
gluon jets has been presented [4]. Previous studies in ete~ annihilations
employed quark and gluon jets with different energies or for which the quark
and gluon jets were embedded in different event environments: gluon jets
from 3-jet quark-antiquark-gluon ¢gg events at one c.m. energy were com-
pared to quark jets from 2-jet ¢g events at a lower c.m. energy. The quark
jet properties for the latter sample were often obtained through interpolation
between different data sets instead of from direct measurement. In addition,
since the properties of a quark or gluon jet in one event environment are
not necessarily the same as those of a quark or gluon jet of equal energy
in another environment [3], the interpretation of quark-gluon differences in
these studies is not completely straightforward. Use of quark and gluon jets
with different energies or environments meant that QCD Monte Carlo cal-
culations were essential to interpret the results. In some cases conflicting
results were reported by different experiments. In proton collisions, stud-
ies of quark-gluon jet differences have relied on comparison to ete~ data,
on QCD models or on knowledge of the proton structure functions: again
these suffer from indirectness and use of gquark and gluon jets with differ-
ent energies or environments. The evidence obtained for differences between
quark and gluon jet properties has therefore been, to date, largely indirect
or inconclusive.




In this letter we present a study of quark-gluon jet differences by the
OPAL Collaboration at the CERN ete™ collider LEP, based on a comparison
of quark and gluon jets with essentially the same energy and event environ-
ment. The selection of quark and gluon jets with these symmetric properties
is possible because quark tagging is employed in 3-jet events, using leptons
from the weak decays of charm and bottom quarks. The symmetry between
the quark and gluon jets in our study allows a direct comparison of their
properties using simple distributions, without reliance on QCD Monte Carlo
programs. We demonstrate that our results are not significantly affected by
the lepton tag requirement for the quark jet, using a technique which em-
ploys data alone. We in addition explicitly separate phenomena related to
the regions between jets, such as the so called string effect [6], from this study
of the jet peaks themselves, thereby eliminating a source of systematic bias
which is present for some previous quark-gluon jet difference studies.

2 Data Sample

The OPAL detector [7} and event trigger [8] are discussed in detail elsewhere.
The main detector devices are a large volume central tracking chamber, an
electromagnetic calorimeter, a hadron calorimeter and muon detection cham-
bers. The particle and 3-jet event selection criteria are the same as those
presented in [6] and so will not be repeated here: we mention only that our
analysis employs charged tracks and deposits of energy in the electromag-
netic calorimeter {“clusters”) which are not associated with a charged track
and that events with 3-jet structure are identified using a modified version
of the JADE jet-finding algorithm [9]. In this letter, a “particle” therefore
refers to a charged track or unassociated cluster: by using only the unas-
sociated clusters we avoid double counting the energy deposited by charged
particles in the electromagnetic calorimeter. Starting from a data sample
of about 6.5 pb™!, corresponding to 140,189 multi-hadronic Z° decays, we
obtain 22,721 3-jet events.

To identify quark and gluon jets in the 3-jet sample, we employ lepton
tagging. High energy leptons in ete™ annihilations are expected to arise
primarily from the weak decays of charm ¢ and bottom & quarks. In ete”
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collisions, ¢ and b quarks are produced almost exclusively at the electro-weak
vertex or in the case of ¢ also through b decay. Therefore the presence of a
high energy lepton in a jet identifies it as being a quark jet with high proba-
bility: the radiated gluon jet rarely contains a high energy lepton [10]. Muon
(¢) and electron (e) candidates in the multi-hadronic events are identified
by associating charged tracks reconstructed in the central tracking chamber
with independently reconstructed track segments in the hadron calorimeter
and muon chambers (for ) or with electromagnetic clusters (for €): more
details are given in [11] and [6]. In this analysis, x and e candidates are
required to have momentum values larger than 3 and 2 GeV/c, respectively.

We retain events from the 3-jet sample for which a lepton candidate
or ¢} is present in one of the two jets with lower energy. The assignment of
a particle to a jet is determined by the jet-finding algorithm. This jet with
a lepton is assumed to be a quark jet . The highest energy jet in the 3-jet
event is also assumed to be a quark jet since the radiated gluon jet ¢ does
not usually have the highest energy in e*e~ — ¢gg events. The remaining
jet is assumed to be the gluon jet. We often refer to an antiquark jet 7 as a
“quark jet” because there is no distinction between a quark and an antiquark
in our analysis. For about 20% of the sample the highest energy jet contains
a lepton in addition to one of the two lower energy jets (double tag). For
the approximately 80% of the events which are not double tag, the two jets
without leptons are required to differ in energy by more than 8 GeV since
if their energies were almost the same there would be little information on
which was the quark and which was the gluon jet. In this letter, the jet
energy £ refers to the energy calculated using the angles between the jets!
unless otherwise stated.

To permit a direct comparison of quark-gluon jet properties, the gluon jet
in the 3-jet event is required to have the same energy and event environment
as the lower energy quark jet: it is these two jets whose properties will be
compared. We thus select events from the lepton tagged 3-jet sample for
which the angle in the event plane t,7 between the quark and antiquark jets
is approximately the same as the angle %,, between the high energy quark jet

If the 3 angles between jets in a 3-jet event are labeled a, ¥p and ¥¢, then the energy
Eq of the jet opposite ¢, assuming massless kinematics, is Ey = E, 1, - sinv, /(sing4 +
sintpg + sinyc), where « = A, B or C.
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and the gluon jet. The event plane is defined by the two eigenvectors of the
momentum tensor {12] associated with its two largest eigenvalues. We choose
Yyz and 1y, to be 1504 10° because this yields a sample with relatively large
statistics and high purity values for the quark and gluon jet identification
compared to other choices. The gluon and lepton tagged quark jets have
energies of about 24.5 GeV for this configuration: we require their energies
to be in the range from 20 to 30 GeV in order to further restrict their energies
to be the same. In total 155 events are found in this symmetric configuration.
The mean jet energy values are 42.6, 24.7 and 24.2 GeV for the higher energy
quark jet, the lower energy quark jet and the gluon jet, respectively, with
RMS widths of 1.1, 2.4 and 2.2 GeV. The 2% difference between the mean
calculated energy values of the gluon and lower energy quark jets is not
expected to have a significant impact on the properties of jets studied here.
The estimated identification purities are 98 £ 1%, 79 + 3% and 77 + 3%.
These jet purity values are obtained using QCD model calculations and full
simulation of the detector, as described in [6]. They are given here purely
for information and are not used in the data analysis. The main background
is from hadrons which are misidentified as leptons or leptons from the decay
of light quark hadromns.

Lepton tagging of jets yields a quark jet sample which is atypical, because
of the preference for semi-leptonic decays of ¢ and b quarks. To obtain a
quark jet sample without these biases, we perform a second selection of data
starting with the full 3-jet sample of 22,721 events, using the same selection
criteria as are applied to the lepton tagged data but without requiring that a
lepton be present. The energy difference between the highest energy jet and
a randomly chosen lower energy jet is required to exceed 8 GeV, in analogy
with the jet energy difference cut applied to the lepton tagged data.? In total
2,189 events are found for which the angle in the event plane between the
highest energy jet and each of the two lower energy jets is 150 £ 10° and for
which the two lower energy jets have energies in the range from 20 to 30 GeV.
The highest energy jet in this second sample is again assumed to be a quark
jet, with an estimated purity of 96.4 +0.4%, but it is not known which of the
two lower energy jets is a quark and which is a gluon jet. Assuming the flavor

*This cut is not important since the energy difference between the highest energy and
the other two jets is 18 GeV for the events in our study. -
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independence of the strong coupling constant, it may be presumed that these
events represent a normal mixture of quark flavors and hadron decays at the
Z° peak. In the following, this sample is referred to as the “normal mixture”
sample. Tt is used in conjunction with the lepton tagged sample to obtain
quark jet properties which are unaffected by the lepton tagging criteria, as
explained in the next section.

3 Observation of Quark-Gluon Jet Differ-
ences

3.1 Particle Energy Spectra

We begin the comparison of quark and gluon jets by examining their particle
energy spectra. Figure 1 shows the average energy value dE/dn of particles
versus the azimuthal angle ¢ in the 3-jet event plane, for the lepton tagged
and normal mixture data. This distribution is constructed by weighting each
particle with its energy value before entering it at its position 1, which is
the angle in the event plane between the particle and the highest energy jet
direction. The direction of the highest energy jet is obtained from the jet-
finding algorithm. FEach bin is normalized by its number of entries dn after
all events have been included. The energy values of charged particles are
obtained assuming that each has the mass of a charged pion; unassociated
electromagnetic clusters are assumed to be photons.

The open points and the histogram in figure 1 (a) show dE/dn versus 1
for the lepton tagged data. The open points show the distribution starting
at the higher energy quark jet axis ¢ = 0°, then proceeding through the
lower energy quark jet at 1% & 150° to stop halfway around the event plane at
¥ = 180°. The histogram shows the distribution, again starting at the higher
energy quark jet, for the other side of the events: the gluon jet therefore also
appears at ¥ &~ 150°. The region from 112.5° to 180° in ¢ is taken to
define the jet peaks: this region is delineated by the vertical dashed line in
figure 1 (a) and is henceforth called the “jet peak” interval. This interval is
chosen so that it is exclusive of that used to study the region bdetween jets,
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presented in [6]. We also define a “jet core” interval, from 135° to 165° in
¥, which is shown by the dotted lines in figure 1 (a). Summing the particle
energies in the jet peak interval for the quark and gluon jets separately, to
define a visible jet energy which is independent of the jet-finder, we find
the ratio of the mean visible energy of the quark to the gluon jets to be
1.04, in agreement with the result presented for the calculated jet, energies in
section 2.

Figure 1 (b) shows dF/dn versus 1 for the normal mixture data sample:
the solid points show the distribution for randomly chosen halves of the
events; the other event halves are shown by the histogram. Each of these
curves therefore represents a mixture of 50% gluon and 50% quark jets.

To extract a spectrum for quark jets which is unaffected by the lepton
tagging, we employ the following technique which uses OPAL data only.
The two distributions of figure 1 (b) - that shown by the histogram and that
shown by the solid points - are added together. This gives [dE/dn[i+on,
where ¢, and g, refer to quark and gluon jets from the normal mixture
data. We subtract from this sum the distribution [dE/dn]* from the gluon
jet side of the lepton tagged events, denoted g;, shown by the histogram
in figure 1 (a). This subtraction is performed bin-by-bin. Assuming the
gluon jet properties to be the same in the lepton tagged and normal mixture
samples, i.e. g; = g,, which is a reasonable supposition® since the particle
and jet selection criteria are the same for the gluon jets in the two samples,
this subtraction yields

[dE/dn]o*5" — [dE/dn]* = [dE/dn]{" + { [dE/dn]?" — [dE/dn]? }
= [dB/dn]?" (1)

where ¢ labels the bin. Thus equation (1) represents a method to obtain
quark jet properties “g,” for a normal mixture of flavors and hadron decays:
the extracted distribution [dE/dn]® is shown by the solid points in fig-
ure 1 (a). Since the lepton tagged quark jet data, shown by the open points
in figure 1 (a), are not used in this procedure, the extracted quark jet distri-
bution is not expected to be biased by the lepton tagging criteria. This same
comment holds for the other quark jet measurements presented in this letter,

3The correctness of this supposition is supported by Monte Carlo study.
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which make use of the extraction technique of equation (1): we refer to these
extracted measurements as the “normal mixture quark jet” measurements.
The 20% misidentification probability for the gluon jet ¢; leads to an equal
misidentification probability for these normal mixture quark jets.

From figure 1 () it is seen that the mean particle energy for gluon jets
(histogram) is smaller than it is for quark jets, in the jet core, regardless of
whether the lepton tagged or normal mixture quark jet data (open or solid
points) are considered. To further examine this difference, we show in fig-
ure 2 (a) the inclusive scaled energy spectrum (1/nyar) dn/deg for particles
from the jet cores, indicated by open points for the lepton tagged quark jets,
by solid points for the normal mixture quark jets and by the histogram for
the gluon jets: g = E/E;., is the energy of a particle divided by the en-
ergy of the jet to which it is assigned by the jet-finder. The normalization
is such that the integral of each distribution is unity. The normal mix-
ture quark jet spectrum is obtained using the bin-by-bin technique described
above, with dE/dn in equation (1) replaced by (1/nsta) dn/dzg. An overall
multiplicative correction of less than 0.1% is applied to the normal mixture
quark jet data to bring their integrated area to unity. The softness of the
gluon jet spectrum relative to the quark jet one, in the jet core, is apparent
from figure 2 (a). This is further illustrated in figure 2 (b) which shows the
ratio of (1/nes0r) dn/dzg from the gluon to the normal mixture quark jet.
We therefore observe that gluon jets yield a softer particle energy spectrum
than quark jets, in the core regions. In contrast, in the jet tails, defined by
112.5° < ¢ < 135° and 165° < t» < 180° in figure 1 (), it is seen that the
mean particle energy for quark and gluon jets is about the same.

3.2 Particle Multiplicity

Particle multiplicity is independent of the energy spectra examined in sec-
tion 3.1 because these latter distributions were normalized by the num-
ber of particle entries. The inclusive multiplicity distribution versus %, or
(1/Nevent) dn/di, is shown in figure 3 (a) for the 3-jet events of our study.
These data are plotted like those of figure 1 (a). The histogram for % ~ 150°
shows the gluon jets; the open points for ¢ ~ 150° show the lepton tagged




quark jets. The solid points show the distribution which is obtained using
the bin-by-bin subtraction technique of equation (1). Therefore the solid
points for ¢ & 150° show the normal mixture quark jet data. Comparing the
normal mixture quark jet distribution to the gluon ome, it is seen that they
differ in shape: gluon jets have a smaller relative multiplicity in the jet cores
and a larger one in the tails. This is better illustrated in figure 3 (b) which
shows the ratio of (1/Ngyen;) dn/dey from the gluon to the normal mixture
quark data, in the jet peak region: we therefore observe that gluon jets are
broader than quark jets. This broadness of the gluon jets relative to the
quark jets is also apparent in comparison to the lepton tagged quark jet data
in figure 3 (a): thus the same qualitative difference between quark and gluon
Jet structure is observed regardless of which of the two quark jet samples
is considered. This is analogous to what was found for the energy spectra
presented in section 3.1.

The mean particle multiplicity value < n > of the jets is obtained by
integrating the distributions in figure 3 (a) over the jet peak regions. For the
normal mixture quark jets, we find < n >guqrk= 12.54+0.3 and < n.p, > guark=
7.2 £0.2 for the total and charged mean multiplicities. The lepton tagged
quark jets yield 10.9 4 0.3 and 6.8 & 0.2, which are 13% and 6% smaller.
These values are not corrected for the effects of detector acceptance and
resolution, selection cuts and quark-gluon jet misidentification. The errors
are statistical only. The difference between the mean multiplicity values
of the normal mixture and lepton tagged quark jets is explained by their
different composition of quark flavors and hadron decays, as has been checked
through Monte Carlo calculation. For the gluon jets we find < n > gluon=
12.9+£ 0.3 and < ne >giuen= 7.4 £ 0.2. The ratio of mean multiplicity from
the gluon to the normal mixture quark jets is therefore

<n >gluon

= 1. .03 +0.18 2
Sy = L03:£0.03555 (2)

< N
= Teh Zglven. _ 102 40,04 +098

< Tich >quark )
where the first error is statistical and the second is systematic. The sys-
tematic error is defined by the difference between the result obtained from
the normal mixture and lepton tagged quark jet data: this conservatively

treats the entire difference as an error. We therefore observe little difference
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between the mean multiplicity values of quark and gluon jets. The similarity
in these multiplicity values is consistent with the essentially equal energies
of the quark and gluon jets because their mean particle energy values, in-
tegrated over the entire jet peak, are also quite similar: the softness of the
gluon jet particle energy spectrum relative to the quark jet one is present
only in the jet core, as discussed in section 3.1.* Effects related to detec-
tor acceptance, resolution and selection cuts largely cancel in the ratios (2):
their overall effect is estimated to be smaller than the statistical errors, as
discussed in section 4, and so no correction is applied for them.

[t is interesting that the difference between the open and solid points in
figure 3 (a) is small in the region between jets, i.e. for 37.5° < ¢ < 112.5°.
This is more clearly visible in figure 3 (c} which shows the same data on a
logarithmic scale. Thus the principal difference between quark jets in the
lepton tagged and normal mixture samples appears in the peaks, as would
be naively expected. This is in agreement with the conclusions of [6], in
which an explicit study of the multiplicity distribution in the region between
jets is presented. Here a different method for estimating the effect of lepton
tagging which relies entirely on OPAL data is employed, further establishing
the results of [6] and in particular its model independent nature.

3.3 Particle p;, and p,,; Distributions

We next examine the inclusive distributions of particle momentum p;, and
Pout, N and out of the 3-jet event plane, versus the azimuthal angle 1. These
distributions combine energy and multiplicity information and so, taken to-
gether, are not independent of the distributions discussed in the previous sec-
tions. Resolved into its orthogonal components, particle momentum yields
additional, detailed information about quark and gluon jet structure, how-
ever.

Figures 4 (a) and (b) show (1/Neyens) dpin/dep and (1/N,yens) dPous/ dib.

*Integrated over the core region, the mean particle energy values of quark and gluon
Jets differ by about 12%; this difference is reduced to 7% if the entire jet peak region is
included, corresponding to the 3% higher mean multiplicity and 4% smaller mean visible
Jjet energy of the gluon relative to the quark jets.




The meaning of the histogram and points with errors is the same as in fig-
ure 1 (a). Comparison of the gluon jets (histogram) to either the lepton
tagged or normal mixture quark jets (open or solid points), in the jet peak
regions, shows that the gluon jet distribution is wider than the quark jet
one for both dimensions. This complements the result found from the shape
of the multiplicity distribution in section 3.2. Comparing these p;, and p,u
spectra to the data in figures 1 (a) and 3 (a), it may be deduced that the dif-
ferent shape of quark and gluon jets for the p,.; component is mostly related
to the shape of multiplicity: the mean p,y,; values for quark and gluon jets,
as a function of 1, are about the same. For the p;, component, the relative
broadness of the gluon jets is related to their softer energy spectrum in the jet
core, in addition to their different shape in multiplicity. Figure 4 (c) shows
the ratio of (1/Neyen:) dpin/dip from the gluon to the normal mixture quark
Jet, in the jet peak interval. The analogous ratio for (1/Neyent) dpoys/dyp is
similar to what is shown to figure 3 (b). A smaller fraction of the gluon
Jet energy is in the core and a larger fraction is in the tail, emphasizing its
broadness relative to the quark jet.

To obtain a quantitative measure of the widths of the quark and gluon
jets, we fit the jet peak regions in figures 4 (a) and (b) with Gaussian dis-
tributions, which provide good descriptions of these regions. These fits yield
standard deviation values of ¢i® = 8.9 +0.4° and od* = 11.6 £ 0.8° for the
normal mixture quark jets and o = 12.7 + 0.5° and oo =17.0 £ 1.1° for
the gluon jets, for the p;, and p,,; components. The ratios of the gluon to
the quark jet widths are therefore

n

c

;g—n = 1.42 + 0.08 *5:0¢ (3)
q

o,cmt 0.06

oi”t =1.46 £0.14 1905
q

where the first error is statistical and the second, systematic error is defined
as for the multiplicity ratios (2). As before, these values are not corrected for
the effects of detector acceptance and resolution, event selection and quark-
gluon jet misidentification. As for multiplicily, we find that the ratios (3) are
insensitive to all but this last factor.
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4 Comparison with Models

In this section we compare the predictions of QCD Monte Carlo models to
data, to see how well they reproduce the observed quark-gluon jet differ-
ences. We also use the Monte Carlos to check our method (1) of extracting
normal mixture quark jet properties from the data. We choose two mod-
els: Jetset [14] version 7.2 and Cojets [15] version 6.12. Both these models
have been tuned to provide a good description of the global characteristics
of multihadronic events in Z° decays: Jetset by OPAL as presented in [16]
and Cojets by its author [15], using the data in [16].

The underlying quark-gluon state for Jetset and Cojets is obtained with
a parton shower, in which virtual quarks and antiquarks created in the simu-
lated Z° decays evolve toward their mass shells through parton emission, as
do partons created through the emissions. The mass cutoff which terminates
shower evolution is larger in Cojets than it is in Jetset (3 GeV/c? versus
1 GeV/c?): this means that differences between quark and gluon jets at the
parton level, related to the different color charges of quarks and gluons, are
less important in the former case. For example, there are on average 3.2
partons which are present at the end of the parton shower in Cojets, com-
pared to 9.1 in Jetset, for a normal mixture of hadronic Z° events. Thus it
is unlikely that a gluon jet in a 3-jet ggg Cojets event will evolve to such
a degree, through additional gluon bremsstrahlung, that its energy and an-
gular structure will differ much from those of a quark jet: larger parton
level differences are expected for Jetset. The two Monte Carlo programs also
differ in their mechanism for hadronization. Jetset incorporates the Lund
model for fragmentation [17], in which a one-dimensional color flux tube
or “string” connects a quark with an antiquark, with gluons as kinks on
the string. Since quarks and antiquarks terminate strings while gluons do
not, an inherent asymmetry exists between quark and gluon hadronization
properties. Cojets incorporates an independent fragmentation model [18], in
which partons hadronize in quasi-isolation from each other. With the present
parameter values of Cojets, the properties of quark and gluon hadronization
are the same. Thus Cojets is not expected to exhibit significant differences
between quark and gluon jet structure, in contrast to Jetset.
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Figures 5 (a) and (b) show the prediction of Jetset for the mean particle
energy distribution dE/dn versus 3. Full simulation of the OPAL detec-
tor [19] is included. The events in figure 5 (a) are selected using the same
criteria as are applied to the data, including lepton tagging, The events in
figure 5 (b} are selected in the same manner except without lepton tagging:
these events contain a normal mixture of quark flavors and hadron decays at
the Z° peak. The quark and gluon jets in this latter sample are identified
perfectly using Monte Carlo information as described in [6]; the jets are then
mixed to correspond to the misidentification level present for figure 5 (a) and
the data. The histograms and points with errors in figure 5 are defined as in
figure 1 (a).

It is seen for the lepton tagged Jetset events in figure 5 (2) that the mean
particle energy value from quark jets (points with errors) is larger than that
from gluon jets (histogram) in the core region ¥ = 150°, while the quark
and gluon jet distributions are about the same in the jet tails. These same
features are also present in figure 5 (b) for the normal mixture Jetset events.
This agrees with data, cf. figsure 1 (a). The dashed and solid histograms
in figures 2 (b), 3 (b) and 4 (c) show the predictions of these same lepton
tagged and normal mixture Jetset samples, for the ratio of (1/na1) dn/dzg,
(1/Nevent) dn/dip and (1/Neuent) dpin/dyp from the gluon to the quark jets.
Again, the Monte Carlo curves are all in good agreement with the data.
Thus Jetset describes the measured quark-gluon jet differences quite well.
The qualitative features which differentiate quark and gluon jet structure
are present for both the lepton tagged and normal mixture samples. This
also agrees with the observations of section 3: here these observations are
obtained independently, using the Monte Carlo technique.

For the sample of Jetset events shown in figure 5 (b), with a normal mix-
ture of quark flavors and hadron decays, we obtain < n >gon / < 1 >guark=
1.12 £ 0.01 and < nen >giwon /< Noh >quark= 1.11 £0.01, for the ratio of
mean multiplicity from the gluon to the quark jets, defined as in section 3.2.
At the generator level, that is without detector simulation, including all par-
ticles with a lifetime larger than 3-107'% s and the same level of quark-gluon
jet misidentification as is estimated for the data, ratios are derived which
agree with these to within the statistical errors. This justifies the statement
made in section 3.2 that effects related to detector simulation and selection
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cuts cancel in these ratios. The multiplicity ratios from Jetset are somewhat
larger than the measured ones (2) but there is overall agreement to within the
quoted uncertainties. These same Jetset events yield or;” / 0';” = 1.31 £ 0.02
and g, 02" = 1.29 £ 0.04 for the ratios of the gluon to quark jet widths,
defined as in section 3.3: in this case the Monte Carlo values are somewhat
smaller than the measured ones, given in (3), but again are in basic agreement
with them, to within the errors.

Figure 5 (c) shows dE/dn versus ¥ for a sample of Cojets events with a
normal mixture of quark flavors and hadron decays. The Cojets distribution
is constructed at the generator level using the same selection criteria as are
applied to the data except for the lepton tagging: the quark and gluon jets
are identified using Monte Carlo information and then mixed to correspond
to the misidentification level estimated for the data. Simulation of the de-
tector is found to have a small effect on dE/dn: thus this Cojets distribution
can be compared directly to the Jetset one in figure 5 (b). The Cojets events
do not exhibit a significant difference between quark and gluon jets: in con-
junction with the results shown for Jetset this demonstrates the sensitivity
of dE /dn versus v to differences between quark and gluon jet properties.
The same result is found for the other distributions in our study: Cojets pre-
dicts essentially no difference between quark and gluon jets — as is expected
for the current version — in contrast to Jetset which exhibits differences in
qualitative agreement with data as presented above.

5 Discussion and Summary

Lepton tagging of quarks has been used to separate quark and gluon jets in
ete™ 3-jet events. The highest energy jet in the 3-jet events is assumed to
be a quark jet ¢ (or antiquark jet g). Of the two lower energy jets, one is
required to have an electron e or muon p track candidate. This e or g is
assumed to come from a semi-leptonic charm or bottom quark decay and so
identifies the jet as being the other quark (or antiquark) jet. The remaining
jet is assumed to be the gluon jet. Use of the lepton to identify the two lower
energy jets allows events with a symmetric topology to be studied, in which
the angle 1,7 between the quark and antiquark jets is the same as the angle
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149 between the high energy quark and the gluon jet. Thus our method allows
quark and gluon jets with essentially the same energy and event environment
to be selected, so that their properties can be compared directly: in previous
studies of quark-gluon jet differences the quark and gluon jets had different
energies or environments, introducing systematic uncertainty. We choose
Yoz = ¥qg = 150 £ 10°, yielding events in which the gluon and lower energy
quark jets both have energies of about 24.5 GeV: it is these two jets whose
properties are compared. A second sample of 3-jet events is selected, with
the same topology as these lepton tagged data but without requiring a lepton
tag. By subtracting the gluon jet distribution of the first sample from the
sum of the quark and gluon jet distributions of the second sample, we derive
quark jet properties which represent a normal mixture of flavors and hadron
decays on the Z° resonance, free from the effect of the lepton tagging. The
two independent quark jet data sets — the lepton tagged and normal mixture
one — exhibit the same qualitative differences relative to the gluon jets, when
their properties are compared: we thus find that the lepton tag does not affect
the qualitative differences observed between quark and gluon jet structure,
for the distributions we study. Our analysis is based on data only and so is
model independent. Monte Carlo models are used only as an independent
check of the results.

From this study, we observe that gluon jets have a softer particle en-
ergy spectrum than quark jets in the jet cores, while the energy spectra for
the two jet types are similar in the jet tails. We observe, in addition, that
gluon jets are broader than quark jets: this is seen both from the shape
of the multiplicity distribution and from the shape of the inclusive particle
momentum spectra, (1/Nevent) dpin/dip and (1/Neyent) dPoue/did, in and out
of the 3-jet event plane. Measured by the standard deviation values ob-
tained from Gaussian fits to the jet peak regions of (1/N,yen:) dpin/diy and
(1/Nevent) dpoyt/dp, the difference in width is measured to be about 40% for
both directions. These values are not corrected for the estimated level of
quark-giuon jet misidentification, which is 21% for the quark jet and 23% for
the gluon jet. We find little difference, in contrast, between the mean particle
multiplicity value < r > for quark and gluon jets. That gluon jets are wider
and yield a softer particle energy spectrum than quark jets fits well with the
expectations of perturbative QCD. In contrast, the expectation that the ratio
of mean particle multiplicity from gluon to quark jets should be about 9/4 is
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not supported by our study. This QCD prediction is not directly comparable
to our measurement, however, because our analysis is based on quark and
gluon jets in ¢gg 3-jet topologies whereas the theoretical prediction of 9/4
is obtained by comparing the final-state parton multiplicity produced by a
virtual gluon-gluon gg system to that produced by a virtual quark-antiquark
g7 one, at asymptotic energies.
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Figure Captions

Figure 1. (a) The mean particle energy dE/dn versus the azimuthal angle 1
in the 3-jet event plane. The open points and histogram show the distribution
for the lepton tagged data. For the open points, the distribution starts at
the high'energy quark jet, then proceeds to the low energy quark jet. The
histogram shows the other event halves: from the high energy quark to the
gluon jet. The solid points show the equivalent of the open points, for data
representing a normal mixture of quark flavors and hadron decays, which
are obtained from OPAL measurements as described in the text. (b) dE/dn
versus ¢ for events with the same geometry as those in {a), without the
requirement of a lepton tag. The histogram and solid points show randomly
selected halves of the events.

Figure 2. (a) The scaled inclusive energy spectrum (1/nyt0;) dn/dz g of par-
ticles from the core region of the jets. (b) The ratio of (1/n10;) dn/dz g from
the gluon to the normal mixture quark jet data. Also shown are calculations
from the Jetset Monte Carlo, which include detector simulation and the same
level of quark-gluon jet misidentification as is estimated for the data.

Figure 3. (a,c) The inclusive multiplicity distribution (1/Neyen:)dn/di.
The histogram and points with errors are defined as in figure 1 (a). (b) The
ratio of (1/Neyent) dn/dip from the gluon to the normal mixture quark jets,
in the jet peak. The Monte Carlo curves are defined as in figure 2 (b).

Figure 4. The inclusive momentum distribution for (a) the component in
the event plane (1/Nyen:) dpin/d and (b) the component out of the event
plane (1/Neyent) dpows/di. The histogram and points with errors are defined
as in figure 1 (a). In the first, off-scale bin of (a), the 3 curves each have a
value of about 1.85. (c) The ratio of (1/N.vens) dpin/did from the gluon to
the normal mixture quark jets, in the jet peak. The Monte Carlo curves are
defined as in figure 2 (b).

Figure 5. dFE/dn versus i for the Jetset and Cojets Monte Carlos. The
distributions are constructed as in figure 1 (a). Simulation of the detector is
included for (a) and (b). Quark and gluon jets are separated using lepton
tagging for (a) and Monte Carlo information for (b) and (c). All the Monte
Carlo samples include the same level of quark-gluon jet misidentification as
1s estimated for the data.

18




dE/dn

dE/dn

|

Figure 1

l?llllllll 17

OPAL

I:lllllllilIIJ._.I_LIllIllIIlll_l_llliil_l_l_:.]_l_l_llll__l.i].ll
(o) 20 40 60 80 100 120 140 160 180
Y (degrees)
, \ Jet peak
(b) <
OPAL |
(no tepton tag) |
t
| ; ;
VS FETE FURTE TR FTETY M T P FTTee e

20 4 60 80 100 120 140 160 180

Y (degrees)



10

(1/n 0101 ) AN/ dxe

N

o

Rg/q [(1/016ta1) dn/dx]

Figure 2

OPAL

¢ quark jet (lepton togged)
¢ quark jet (normal mixture)
L gluon jet

%
B T | l It 1 i l Al I ‘ i i i l [l I
0.2 0.4 0.6 0.8 1
xe=E/ Ejet

' L.l I ] } I N ! i | l | i

¢ Dato (normal mixture)
— Jetset (normal mixture)
- =~ Jetset (lepton tagged)

0.2

0.4 0.6
X¢= E / Ejet




Figure 3

0.5
" >
O
~ 0.4
: c
©
—~~ 0.3
r
¢ 0.2
7 0
~..Z\0.1 % <ot L9
© " jot core:
e O LIlJI!ll[ | llllljln;rllurlll:i_;l
0 20 40 60 80 100 120 140 160 180
Y (degrees)
[ s |
i =3
2 - ¢ Data {normal mixture)
5 - -=—- Jetset (normaol mixture)
-~ 2 ~ = Jotset (leplon tagged)
z s
> -
[+} o
z -
:. N
—_— 1
v i
=] i
m lLllllLLJ.l_LLII’I_I.IIIIIlllllll_L].ll
120 130 140 150 160 170 180
Y (degrees)
. Jet peak
3 R, () _@ R
[ ¢
= - OPAL : _
— -1 | t d
= 0F ' region between jets ! ;
s < — 5
> L .
) # :
L \ :
i L [ % ! :
- R ¢ b jot core
re i : f >
- _L)ll!ljllllllllllllllll’Ill’lllLJlllllll.l.l

0 20 4 80 80 100 120 140 180 180
V (degrees)




(1/Nevent) dpin/dy

o
D
—

(1/Nevgnt ) dpout/dy
o
wn

Q

RG/‘-‘I [('/Nevent) dpin /dV]

Figure 4

adaaag 1o

Ll L

60 80 100 120 140 1

180

oLlllllIll

20

40

- &jotcmf
II‘bILll"lllllllh‘lll

60 80 100 120 140 160 180

YV (degrees)

Y (degrees)

i ¢ Dota (normai mixtura)
i — Jotset {(normal mixture)
N - = Jatset (lepton tagged)
Z(c) OPAL  +
AP SV PR ENEPE P PP PR
120 130 140 180 180 170 180

o 1 S B D o o]

./

ah



-

-

g

dE/dn

dE/dn

dE/dn

Figure §

|9t poak
4 (Cl) o
] .
| Jetset72 ot ot
3 | (lepton togged) ' tail  toil
: i< 44 ’H
LV Y
- 4
1 » :
X . Jet core
0 : LllllI]IIIII]Illlltllllliilllll;ill‘lltl:lll
O 20 40 60 B0 100 120 140 180 180
YV (degrees
5
o 1 jet peak _)I
4 f (b) o
r| Jetset72 ! L
3 H (normal mixture) ot i::,
2 F —@“
- t
U
0 :1||LJ11|1!I||t||||1||1||[111||r||:||||l_7-|9|:1117
O 20 40 60 80 100 120 140 180 180
YV (degrees
9
| jet peak J
4 (C) a
Cojets612 et ot
3 {normal mixture) I toll ftnil
, E .

lli'lllllllllllllllI.lll'll

1
'

00 20 4 680 80 100
w(deu'eu)

120 140 180 180



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28

