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Comparison of Quark and Gluon Jets Produced in High-Energy e e Annihilations
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Three-jet events produced in e+e annihilations are used to provide comparisons between quark and
gluon jets. Differences between quark-induced and gluon-induced jets are observed. Quark jets tend to
have a more tightly collimated structure than gluon jets, which is reflected in the concentration of a
larger fraction of the jet's energy near the jet axis.

PACS numbers: 13.87.Fh, 12.38.Qk, 13.65.+i

Quantum chromodynamics (QCD) has been proposed complex sequence of low-Q processes for which the
as a theory for the strong interactions. In this theory, techniques of perturbative QCD are not applicable and
the strong force is mediated by the exchange of massless phenomenological models must be used. Uncertainties in
vector gluons between quarks, the fundamental constitu- these models present a major obstacle to the detailed
ents of strongly interacting particles. The coupling of testing of QCD. It is thus important to obtain experi-
quarks to gluons is expected to decrease with increasing mental insight into the hadronization process using reac-
momentum transfer so that in high-Q processes calcula- tions where the primary parton dynamics are well under-
tions based on perturbation theory are valid. However, stood. High-energy e e annihilations, because of their
in applications of QCD to experimental situations, basic simplicity, are well suited for these purposes.
effects of the transition from the unobservable quarks e e annihilation into three jets of hadrons, which is
and gluons to the physically observable hadrons (the so- most simply interpreted as consisting of two quark jets
called hadronization process) are unavoidable. This is a and one gluon jet, provides an opportunity for direct
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comparisons of the hadronization process for quarks and
gluons.

In QCD, gluons have a larger color factor than
quarks and thus should radiate more soft gluons and
fragment into more particles than quarks, resulting in
softer jets. Despite a considerable amount of experi-
mental effort, unambiguous differences between quark-
induced and gluon-induced jets have not yet been estab-
lished.

We report on an experimental comparison of quark-
induced and gluon-induced jets based on an analysis of
three-jet events observed in the AMY detector at the
KEK e+e storage ring TRISTAN. At the energies
provided by TRISTAN, hadron jets are well collimated
and the correspondence between particles and jets is less
ambiguous than in the case of previous experiments at
lower energies. A 27.4-pb ' sample of e+e collisions
at c.m. energies between 50 and 60.8 GeV is used for
this analysis.

The AMY detector and the procedure for selecting
multihadron events are described in Ref. 5. In the
analysis reported here we use all detected charged tracks
with

~
cos8~ ~0.85 and momentum above 0.25 GeV/c,

and neutral clusters with
~
cos8

~

~ 0.73 and energy
greater than 0.2 GeV. We assign a pion mass to the
charged tracks and treat the neutral clusters as massless
particles. The sum of the energies of these particles is
defined as the visible energy, E„;,.

Jets are formed by means of the jet-clustering algo-
rithm introduced by the JADE group. In this algo-
rithm, the scaled mass squared, defined as y;J mPj/E„;,
with tnt 2E;E~(1 cos8;J—), is calculated for each pair
of particles in the event. If the smallest of the y;~ values
is less than a parameter, y,„t, the corresponding pair of
particles is combined into a cluster by summing the
four-momenta. This process is repeated, using all com-
binations of clusters and remaining particles, until all the
y;~ values exceed y,„t. The clusters remaining at this
stage are identified as the jets. We use yggt (9
GeV) /s.

We apply the following additional selection criteria to
those events that contain three jets. An event is rejected
if any of the three jets contains less than four particles,
or has a visible energy E„"~„'~ 6 GeV, or has

~
cos8j t )

~ 0.7. To select planar events, we require the
sum of jet-jet opening angles to be ~ 358 . To elimi-
nate events where a hard photon from initial-state radia-
tion is clustered with some random low-momentum par-
ticles, we reject events if any jet contains a neutral parti-
cle with energy ~ 0.8E,'~'. From the original sample of
3230 multihadron events, 336 events pass the selection
criteria.

The jets in each event are then ordered according to
the angles between jets: By definition, jet 1 is opposite
the two jets with the smallest opening angle, and jet 3 is
opposite those with the largest opening angle. Since
gluon radiation is a bremsstrahlung-like process, the

gluon is typically emitted close to one of the primary
quarks and is usually the lowest-energy parton. Thus, it
is expected that the jet-3 sample will be gluon enriched
relative to the jet-1 and jet-2 samples, which are expect-
ed to be quark enriched.

We determine the "calculated" energy of each jet,
E,",~, using energy-momentum conservation and the
opening angles between the three jets. Here we neglect
the jet's invariant mass. To eliminate jets that have
many missing or mismeasured particles, we require
2/3 ~ E,'~'/Eg~ ~ 4/3. This cut, which is applied to indi-
vidual jets and not to the entire event, eliminates 25% of
the jets.

We obtain a second sample of quark jets by applying
the same selection criteria to a set of two-jet events, ex-
cept instead of the opening-angle-sum cut we require the
two jets to be back-to-back collinear within 10 . This
sample is expected to be a very pure set of quark jets
with E,",'= Js/2.

Since we are trying to compare properties of quarks
and gluons, which are unobservable, we are forced to
rely on theoretical models for guidance. Two different
QCD-motivated Monte Carlo event generators are used:
the LUND 6.2 matrix-element (ME) model with the
independent-fragmentation scheme of Hoyer et al. , s and
the LUND 6.3 parton-shower (PS) model with string frag-
mentation. In both cases, samples of generated events
are passed through a detector simulation program and
are subjected to the same three-jet analysis that is used
for the data.

The ME model calculates terms up to second order in
the QCD coupling strength, a, . In the independent-
fragmentation scheme, the same algorithm is used to ha-
dronize quarks and gluons and, thus, we do not expect
any differences between the resulting jets. These events
are used as a "control sample" to verify that the detector
acceptance and our analysis procedures are not introduc-
ing artifical differences between quark and gluon jets.

The PS model reproduces the general properties of
multihadron events in the TRISTAN energy region
reasonably well. ' In this model, the partons are made
to branch into other partons of less virtuality via a recur-
sive scheme using a leading-logarithm approximation
(LLA). In the showering process hard gluons radiate
more gluons than do quarks. In string fragmentation,
hadronization occurs via the breaking of color Aux tubes
that run between color charges; gluons are attached to
two Aux tubes while quarks are attached to only one. All
of these effects can cause differences between quark-
induced and gluon-induced jets.

We studied the jet-identification efficiency for the two
Monte Carlo (MC) event generators. In the O(a, ) ME
model, each event has up to four partons. In the case of
four-parton events that pass the three-jet selection cri-
teria at the hadron level, we merge the pair of partons
that have the smallest invariant mass and associate each
jet with the parton (parton cluster) that most closely
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matches it in direction. In the PS generator, each event
has many quarks and gluons and the identification of the
parent parton for a given hadron jet has some degree of
ambiguity. Here, for the events that pass the three-jet
selection, we apply the jet-clustering algorithm at the
parton level to form three jets of partons, which we
correlate with jets formed at the hadron level by angle
matching. The hadron jets that match the parton jets
containing the primary quarks (identified as the oppo-
sitely fiavored qq pair with the largest invariant mass)
are identified as the quark jets; the other is designated as
the gluon jet. Both MC models indicate that approxi-
mately two-thirds of the jets in the jet-3 sample that
have EPJ ~ 13 GeV are gluon-induced jets. (In tests for
differences between quark-induced and gluon-induced
jets, the exact value of the parton-identification efficiency
is not necessary. We only require that the jet-3 sample
is enriched in gluons relative to the jet-1,2 sample. )

The MC event samples are also used to estimate the
deviations between the calculated energy (E,",~) and the
measured direction of the detected hadron jet and the
energy and direction of the parent parton (or parton jet).
The results from the ME model indicate that for E,",)

16 GeV, the energy resolution is o(rms) =2.6 GeV
and the angular resolution is cr(rms) =8.5 . These reso-
lutions are about the same for quark-enriched and
gluon-enriched jets with the same energy.

Since the gluon-enriched jet sample corresponds to the
jets with the lowest value of E,",

~ in each event, there is
little energy overlap with jets in the quark-enriched sam-
ple. Thus, comparisons are best done using variables
that have little variation with E,",~. Also, since the
particle-jet correspondence is most reliable for the
higher-energy particles in a jet, we choose variables that
are dominated by them. Specifically, we define the core
energy fraction, g, as the fraction of EP,' that is con-
tained in a cone of half angle 60 /(Ej;I)'~ (Eg~ in
GeV) that is coaxial with the jet direction, " where the
(E IJ ) '~ denominator is motivated by the expectation
that the widths of hadron jets decrease with the jet ener-

gy.
' In addition, we examine the behavior of the rapidi-

ty relative to the jet axis of the most energetic particle
(leading particle) in each jet, rl —,

' ln [(E+p ~I)/

(E —p~~)], where E is the leading particle's energy and

p~~ is its momentum component parallel to the jet direc-
tion.

In Fig. 1(a) we show the mean value of g as a function
of E,",

~ for the jet-1,2 and jet-3 samples. The data indi-
cate that in quark jets the energy is concentrated near
the jet axis while in gluon jets it tends to be diffuse. The
results for the ME+independent-fragmentation MC
event sample for the jet-1,2 and jet-3 samples are shown
in the figure as solid lines. This model shows no sig-
nificant discontinuity between the different jet samples; it
agrees reasonably well with the jet-1,2 data points and
lies considerably above those from the jet-3 sample. In-
cluded in the figure is the mean value of g for the jets
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FIG. l. (a) The mean energy fraction in a cone of half an-

gle 60'/(EIlp) '~ coaxial with the jet axis, g, and (b) the mean

rapidity of the leading particle in the jet, g, as a function of the
calculated jet energy, E$Q. The solid points are for the gluon-
enriched jet sample; the open points for the quark-enriched
sample. The crosses indicate the results from the two-jet
events. The solid curves (labeled q g) indicate the results
from the O(a, ) matrix-clement model with independent frag-
mentation; the dashed curves (labeled PS) are the results from
the parton-shower model with string fragmentation. Error bars
are statistical errors only; the error bar centered on each curve
indicates the statistical uncertainty of the Monte Carlo simula-
tion.

from the two-jet data sample, which agrees well with the
results from the jet-1,2 data sample.

Figure 1(b) shows the mean value of ri, which also in-
dicates some distinction between the different jet sam-
ples. The leading particles tend to have a higher rapidity
in quark jets than in gluon jets. Here, the results of the
ME+independent-fragmentation MC lie somewhat
higher than the jet-l, 2 data points but substantially
overestimate those from jet 3. The data point from the
two-jet event sample is consistent with those from the
jet-1,2 data sample.

The predictions of the PS model are shown in Figs.
1(a) and 1(b) as dashed lines. The agreement with the
jet-1,2 data sample is reasonably good and the model's
different treatment of quarks and gluons results in
different predicted behavior for the jet-3 sample. This
difference, while it is evident in both figures, is not as
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served differences between the jet-1,2 and jet-3 samples,
we made the comparison for a variety of selection cri-
teria. For example, if we increase y,„t to (12 GeV) /s,
or eliminate the cut on Eg','/E,"J', or use only the charged
tracks to compute g and ri, or use E„'~' rather than E,';L
the observed differences persist.

We observe differences in the concentration of energy
near the jet core and in the rapidity of the leading parti-
cles for quark and gluon jets. Studies with a QCD-
motivated event generator that uses the same fragmenta-
tion procedure for quarks and gluons indicate that the
observed differences are not introduced by the effects of
detector acceptance or by our analysis procedures, but
are reflections of basic differences in the fragmentation
processes of the partons.
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FIG. 2. The distribution of the core energy fraction ( for the
(a) quark-enriched jets with Epj~ 19 GeV and (b) gluon-
enriched jets with EQJ 13 GeV. The solid lines are the ex-
pectations from the ME+independent-fragmentation model;
the dashed lines are the expectations from the PS+string-
fragmentation model. All distributions are normalized to have
unit integral.

strong as the differences observed in the data.
In Figs. 2(a) and 2(b), we show distributions in g for

the lowest-energy portion of the jet-1,2 sample (E,'Q
~ 19 GeV, average 17.0 GeV) and the highest-energy
portion of the jet-3 sample (Epj ~ 13 GeV, aver-
age 14.7 GeV), respectively. The distributions for the
jet-l, 2 and jet-3 samples show a strikingly different char-
acter. The quark-enriched sample peaks at g 1, while
the gluon-enriched sample favors smaller values of g.
The solid-line histograms are the results for the
ME+independent-fragmentation MC events. These give
very similar distributions in both cases, showing reason-
able agreement with the quark-enriched data sample
(g 11.9 for 9 degrees of freedom) and clear disagree-
ment with the gluon-enriched data sample (g 49.6).
The PS model (dashed lines) predicts some distinction
between the different jet samples, although not as much
as is observed in the data. The PS model gives good
agreement with the jet-1,2 sample (g 3.9); the agree-
ment with the jet-3 data is worse (g 19.4).

To check for possible systematic sources for the ob-
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