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ABSTRACT
Three-jet events produced in e*e™ annihilations are used to demonstrate differences between quark-induced and

gluon-induced jets. Quark jets tend to have a more tightly collimated structure than gluon jets, which is reflected in

a higher concentration of the jet’s energy near the jet axis, a higher rapidity relative to the jet direction of the most

energetic particle in a jet, and a narrower distribution of the Energy-Energy Correlation.

High-energy e*e~ annihilations into ¢gg fi-
nal states, which appear in the laboratory as
ete™ — three jets of hadrons, have a simple under-
lying parton structure that makes them well-suited
for comparisons of the hadronization process for
quarks and gluons. In this paper, we report on
a comparison of various properties of samples of
quark-enriched and gluon-enriched jets extracted
from e*e™ — three-jet events observed in the AMY
detector at center-of-mass energies between /s =
50 GeV and 60.8 GeV. Parts of this work has been
reported earlier [1].

Since the discovery of ete™ — three-jet events,
they have been used for many experimental
searches for differences between quark jets and
gluon jets. The Mark-II collaboration at the
PEP storage ring studied the inclusive momen-
tum spectrum of particles and reported a softer
fragmentation for gluon jets [2]. This analysis in-
volved extrapolating data from other experiments
for quark jets, with the possibility that there may
be large systematic errors. A similar study has
been done by the TASSO collaboration at the PE-
TRA storage ring using three-jet events at 30 <
Vs < 38 GeV and two-jet events at 22 < Vs <
25 GeV [3]. They reported no evidence for any
differences, in contradiction with the MARK-II re-

sults, and suggested an explanation of the Mark II
results in terms of the selection cuts applied to the
different jet samples. The JADE group at PETRA
reported a higher average value of transverse mo-
mentum relative to the jet axis, < p, >, for gluon
jets [4]. Averaging over jet energies between 6 and
10 GeV, they found < p; >3/< p; >, = 1.16£0.02,
indicating wider gluon jets. Preliminary results
from the TPC group at PEP showed that gluon jets
appear to be fatter than quark jets in the average
transverse momentum in the event plane, < pi* >;
they found < pi* >,/< pi* >, = 1.08 £ 0.02 [5].
The CELLO group at PETRA compared the low-
est energy jet in three-jet events at 35 GeV center-
of-mass energy with a quark jet at 14 GeV center-
of-mass energy. They reported preliminary re-
sults that show no evidence for any differences,
namely < p; >3/<p;>, = 1.03 £ 0.05, in con-
tradiction to the JADE results [6]. The HRS
group at PEP [7] looked at the charged multiplic-
ities, N, of quark and gluon jets using “nearly-
symmetric” three-jet events and compared the re-
sults with a Monte Carlo (MC) model. Within
experimental errors, no strong differences were ob-
served; < My >,/< Neng >, = 1.20557] £ 0.20.
The AMY detector and the procedure for select-
ing multihadron events are described in ref. [§].

Jets are formed by means of the jet-clustering al-



gorithm developed by the JADE group [9] using a
cutoff parameter value of ., = (9GeV)?/s.

We apply the following additional selection cri-
teria 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
Ei* < 6 GeV, or has |cosfe| > 0.7. To select
planar events, we require the sum of jet-jet open-
ing angles to be > 358°. To eliminate events where
one of the jets is erroneously formed by clustering a
hard photon from initial-state radiation with some
random low-momentum particles, we reject events
if any jet contains a neutral particle with energy
> 0.8E!%. From the original sample of 3230 multi-
hadron events, 336 events pass the selection crite-
ria.

We determine the “calculated” energy of each
jet, EZi,
and the opening angles between the three jets.

using energy-momentum conservation

Here we neglect the jet's invariant mass. We cate-
gorize the jets in each event according to their cal-
culated energy values; jet-1 and jet-2 (the quark-
enriched jets) are the highest energy jets and jet-3
(the gluon-enriched jet), the lowest energy jet. To
eliminate jets that have many missing or mismea-
sured particles, we require 2 < (BB < 4.
This cut, which is applied to individual jets and
not to the entire event, eliminates 25% of the jets.

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 sample over our range of center-of-
mass energies. Thus, comparisons are best done
using variables that have little variation with EZ::
It has been shown that quarks and gluons do not
hadronize independently in an event [10], which
introduces ambiguities into the the assignment of
particles to jets. These, however, affect mainly the

soft particles; the high momentum particles are
produced nearly independently of inter-parton cor-

relations [11]. In order to reduce the uncertainties
due to soft particles, we prefer to rely on variables

that are dominated by high momentum particles
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instead of variables that are uniformly weighted by
all particles, such as nepy and < p; >. Specifically,

we define the variables:

o the core-energy fraction, ¢ ;

the fraction of EJ¢* that is contained in a cone

of half angle 8y, = 60°/1/E% that is coaxial
with the jet direction.

¢ the rapidity of the leading particle, 5 ;

the rapidity of the leading particle in a jet,

relative to the jet axis.

o the integrated Energy-Energy Correla-

tion, £% ;

the Energy-Energy Correlation EEC is the
pairwise distribution of opening angles of each
pair of particles in the jet weighed by their
fractional energies. We define the integrated
EEC as the integral of the normalized EEC
between 0° and 30°;

30° I3
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Note that the normalization is such that
T =1,

Since ¢ is determined by the energy flow in the
core of a jet,  is determined from the most ener-
getic particle in a jet, and £°° is an energy weighted
variable, all of these variables are dominated by
high momentum particles in different ways.

Since we are trying to compare properties of
quarks and gluons, which are unobservable, we
are forced to rely on theoretical models for guid-
ance. Two different QCD-motivated Monte Carlo
event generators are used: the Lund 6.2 Matrix El-
ement model [12] with the independent fragmenta-
tion scheme of Hoyer et al. [13}, subsequently called
the ¢ = ¢ model, and the Lund 6.3 Parton Shower
model with the string fragmentation [12], subse-
quently called the PS model. In both cases, sam-
ples of generated events are passed through the de-

tector simulation program and are subjected to the



same three-jet analysis that is used for the data.
In the ¢ = ¢ model, the same algorithm is used to
hadronize quarks and gluons and, thus, we don’t
expect any differences between the resulting jets.
These events are used as a “control sample” to ver-
ify that the detector acceptance and our analysis
procedures are not introducing artificial differences

between quark and gluon jets.

In addition to the above-noted variables, we have
also examined the more commonly used variables
< pt > and ng,, which are determined using all
particles and charged particles, respectively, with-

out any momentum weighting. Figures 1 and 2
show the mean values of < p; > and ny, as a

. jet
function of E.7,

appears to favor higher < p; >, i.e. wider jets and

respectively. The jet-3 sample

higher ng,, i.e. softer hadronization at the same
jet energies, although these differences are not very
dramatic.

In Fig. 3 we show the mean value of the core-
energy fraction £ as a function of Eg:f for the jet-
1,2 and jet-3 samples. This variable is not too
sensitive to the jet energy. The data indicate 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 ¢ = g MC event sample for the jet-

1.2 and jet-3 samples, shown in the figure as solid

0.8 [T
i b
05 3
A [ E
s, 04 1 RN o, -]
v R N B LU
M S Tt = -¢--EP ]
° 03 [ 3
8 F 3
g 02 p 4 jet—1,2(Data)
B b jet-3 (Date)
E- — q=g model
o . ---- PS model
oo b b 1 )
0 10 20 30

B (CeV)

Figure 1: The mean values of the average transverse mo-
mentum < p; > as a function of E‘i:: for all neutral
and charged particles. The solid (open) points are for
the gluon-enriched {quark-enriched) jet sample. The solid
{dashed) lines are the expectations from the ME + ¢=¢

model (PS + string fragmentation model).
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Figure 2: The mean values of the charged-particle multi-
plicity < nehg > as a function of E%S].
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Figure 3: The mean core-energy fraction, £, as a function

of the calculated jet energy, E¥%2. The cross indicates the

result from the two-jet events.

lines, shows no significant 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.

Figure 4 shows the mean values of the leading
particle’s rapidity, n, which also indicate some dis-
tinction between the different jet samples. The
leading particles tend to have a higher rapidity in
quark jets than in gluon jets. Here, the results of
the ¢ = ¢ MC lie somewhat higher than the jet-1,2
data points but substantially overestimate those
from jet-3.

The normalized EEC distribution is shown in
Fig. 5 for the lowest energy portion of the jet-
1,2 sample (E/% < 19 GeV; average=17.0 GeV)
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Figure 4: The mean rapidity of the leading particle in the
jet, 0, as a function of the calculated jet energy, Eﬂ:,'
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Figure 5: The normalized Energy-Energy Correlation,
ds/dd, for the (a) quark-enriched jets with E7% < 19

G

GeV and (b) gluon-enriched jets with E*! > 13 GeV. All

cal
distributions are normalized to have unit integral.

and the highest energy portion of the jet-3 sample
(EZ:; 2 13 GeV; average=14.7 GeV), respectively.
The peak in the first bin is the particles’ self cor-
relation (i.e., when ¢ = j). The g = g MC event
sample gives reasonable agreement with our data
for jet-1,2 sample while the jet-3 distribution for

the data sample is wider than that of ¢ = ¢ MC

892

sample. Figure 6 shows the mean values of £%, the
integral of the EEC distribution between 0° and
30°, as a function of Ei:f, for the jet-1,2 and jet-
3 samples. This also indicates some distinctions
between the different jet samples.

The predictions of the PS model are shown as
dashed lines in Figs. 1,2, 3,4, 5, and 6. The agree-
ment with the jet-1,2 data sample is reasonably
good and the model’s different treatment of quarks
and gluons results in a different predicted behavior
for the jet-3 sample. This difference, while evident
in all four figures, is not as strong as the differences

observed in the data.
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Figure 6: The mean of £% as 5 function of the calculated
jet energy, E7¢
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In Figs.7 (a) and (b), we show distributions in
£ for the lowest energy portion of the jet-1,2 sam-
ple (B < 19 GeV; average=17.0 GeV) and the
highest energy portion of the jet-3 sample (E/ >
13 GeV; average=14.7 GeV), respectively. The dis-
tributions for the jet-1,2 and jet-3 samples show a
strikingly different character. The quark-enriched
sample peaks at { = 1, corresponding to 100%
of the visible energy in the core, while the gluon-
enriched sample favors smaller values of £, corre-
sponding to little of the visible energy in the core.
The solid-line histograms are the results from the
q = g MC events. These give very similar distribu-
tions in both cases, showing reasonable agreement
with the quark-enriched data sample (y* = 11.9
for 9 degrees of freedom) and clear disagreement



with the gluon-enriched data sample (x* = 49.6).
The PS model (dashed lines) predicts some dis-
tinction 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 sam-
ple (x* = 3.9); the agreement with the jet-3 data
is worse (x? = 19.4).
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Figure 7: The core-energy fraction distributions (¢) for
the (a) quark-enriched jets with EX% < 19 GeV and (b)

cal

gluon-enriched jets with E* > 13 GeV.
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To check for possible systematic sources for the
observed differences between the jet-1,2 and jet-3
samples, we made the comparison for a variety of
selection criteria. The differences reported here are

not very sensitive to our choice of selection criteria
[11].
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DISCUSSION

Q. R. Blair (ANL): Are there plans to run at lower /3
to provide quark jet data that better overlaps the
gluon jet data?

A. M. H. Ye: The data are limited by the energy range
of the accelerator. There is an overlap, but it is only
over a narrow range of jet energies.
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