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Tests of QCD, and its representation by Monte Carlo shower models such as PYTHIA or
HERWIG, are proposed for low-0? events at the e~ p collider HERA. The tests are based
on observable features that distinguish between quark jets and gluon jets. They therefore
provide sensitivity to the description of parton branching, and to the parton distributions
in the photon and proton.

1. Introduction

Large momentum transfer interactions in ete~, e”p, and pp scattering are
characterized by the production of hadronic jets, which result from the underly-
ing production of quarks and gluons. The production and hadronization of the
jets is described by Monte Carlo shower models [1,2], which contain a mixture
of perturbative and leading-log QCD theory, and non-perturbative phenomenol-
ogy.

Using the shower model HERWIG [1] to simulate pp scattering, I have pre-
viously shown that the quark or gluon origin of a jet can be recognized on a
probabalistic basis by the use of certain variables which characterize the internal
“shape” of the jet [3]. (Here as elsewhere in this paper, antiquarks are included
along with quarks since there is no hope in general to discriminate between ¢
and q jets.) Other methods for quark/gluon jet discrimination that are generally
less effective have also been described [4-7]. All of these methods are based on
the fundamental physics that gluons branch (G — GG, @) more readily than
quarks (g — qG). For example gluon emission from a gluon is stronger than
gluon emission from a quark by a factor 9/4 in lowest-order perturbation theory.

The purpose of the present paper is to extend the previous studies to e™p
scattering, where the possibility will soon exist to compare with experimental
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data from HERA at /s = 314 GeV. In order to make this study as independent
as possible from my previous ones, I use the Monte Carlo program PYTHIA
[2] this time in place of HERWIG [1]. I also use a different jet definition
algorithm, and work at the somewhat lower jet E1’s appropriate for HERA. The
overall agreement with the previous work shows that the predictions are robust.

Because of the photon propagator, the majority of moderately high Et jets
in e~ p scattering are produced by almost-real (low-Q?) photon exchange. The
scattered electron comes out at a very small angle and generally goes undetected.
This study deals mainly with these events, which are favorable for study at the
lower luminosities that will be available in early running at HERA.

This work is directed toward testing the combination of QCD theory and
phenomenology contained in the shower Monte Carlos against experiment, in a
way that is sensitive to the relative amounts of g- and G-jets produced, along with
the systematics of jet development. The variables I use are good at distinguishing
between the two kinds of jets. They are therefore sensitive to the amount of
branching, and hence test especially that aspect of a shower model, along with
testing the prediction for the q/G production ratio.

According to the Monte Carlo, the ratio q/G varies with jet pscudorapidity
ny. This offers one possibility to test the separation technique experimentally. A
second possible test can be made by comparing with deep-inelastic (DIS) events
in which the scattered electron is detected. In these events, the hadronic jet is
essentially always a quark jet.

A more distant goal of this work is to use the probabilistic tagging of g- or
G-jets as an aid to measuring parton distributions, especially of the photon.
Another potential application is to jet spectroscopy, where it would be useful for
observing W — jets for example [3,8].

2. Event simulation and cuts

Simulated events of e~ p scattering at HERA energy (30GeV electrons on
820 GeV protons) were generated using PYTHIA 5.6 [2], which has been found
to describe jets observed in Z° decay at LEP rather accurately [9,10]. The param-
eters used were the default settings for photoproduction, in which the scattered
electron is not detected. Among the default choices are structure functions of
Drees and Grassie [11] for the photon, and EHLQ! for the proton. All rele-
vant two-body hard scattering processes were included: “unresolved photopro-
duction” (yq — Gq, yG — qq) and “resolved photoproduction” (qq — qq,
aq — q4, qq — GG, GG — qq, Gq — Gq), along with their charge-conjugate
processes. Hard scattering with a heavy quark in the initial state or a y in the
final state was found to be negligible with our kinematical cuts. On the other
hand, heavy quarks in the final state were included and make important contri-
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butions: ~ 24% for ¢ and ~ 4% for b. From the standpoint of jet shape, they are
not importantly different from u, d, or s.

Jets were identified using a modified version of the subroutine LUCELL,
whose original form comes with the JETSET 7.3 part of the PYTHIA package.
LUCELL uses an idealized segmented calorimeter detector, consisting of cells
which T have set to width 0.100 in pseudorapidity # (= —Intan8/2 in the
laboratory frame) by 0.098 in azimuthal angle ¢. The input information to LU-
CELL consists of the total transverse energies in each of these cells. Jets are found
by summing Et over all cells within a cone [(n —15)? + (¢ — ¢3)%]/2 < 0.8.
The axis (1, ¢5) of the cone is initially found by trying the direction of every
unassigned cell that has Et > 1.5GeV. An improved jet axis is defined by the
Et-weighted average over cells in the cone. LUCELL was modified to iterate this
procedure, so that the assignment of cells to the jet is made consistent with the
final jet axis.

Events were kept only if the modified LUCELL jet-finder found two jets.
The jets were required to contain more than one particle, to eliminate a small
fraction of events in which an apparent “jet” was actually a scattered electron.
Such deep inelastic scattering (DIS) events will be discussed separately below. A
cut |n;| < 2.7 was imposed to avoid the extreme forward and backward directions
which are experimentally inaccessible. In order to emphasize two-jet physics, the
axes of the two jets were required to be back-to-back in ¢y within £29° and their
observed energies were required to be approximately equal:

B B < L )

in GeV = 1 units. (A cut on the magnitude of the sum of the two jet trans-
verse momentum vectors in place of the last two cuts would have been similar
and perhaps slightly more to the point.) There is no ambiguity in associat-
ing the momentum vectors of the jets that survive these cuts with those of the
hard-scattered partons in the Monte Carlo, and thereby identifying the q or G
parentage of the jets.

To study the features of the jets, cuts Er > 12, 24, or 48 GeV were imposed on
the observed jet transverse energy. The corresponding cross sections are shown in
table 1, along with the percentages contributed by the most important underlying
hard-scattering processes. The cross section falls rather rapidly with Et, so the
events in each category have an average ET that is not far above the minimum.
The highest Et region will require considerable running time at HERA, but it is
worth the effort in part because it will allow fuller comparison with jets produced
in e*e~ scattering at LEP and in pp at the TEVATRON.

In order to avoid bias in generating the events, it is necessary to allow broad
ranges in p%a’d (> 5, > 10, and > 20 GeV respectively) for the 2 — 2 hard
scattering in PYTHIA. This can be seen in fig. 1, where the main peak of the

distribution in p2 is close to the observed jet Et, but there is a tail extending
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TABLE 1

Cross sections for quark jets (gq) and gluon jets (og) from two-jet events, and quark jets (opis)
from deep inelastic scattering. The major hard-scattering contributors to the two-jet cross sections
are also listed.

E' > 12Gev Ef' > 24Gev E > 48 Gev
oq 3164 pb 179 pb 3.7 pb
yG — qq 46.3% 45.9% 39.3%
qG — qG 25.4% 17.6% 8.0%
qq — qq 19.1% 22.0% 23.2%
yq — Gq 7.5% 13.2% 28.4%
oG 1619 pb 66 pb 1.4 pb
qG — qG 50.4% 47.4% 21.5%
GG — GG 35.7% 17.9% 3.8%
yq — Gq 13.3% 33.9% 73.5%
opIS 1520 pb 201 pb 21 pb

to small pha that presumably reflects initial state radiation. This point was
overlooked in the event generation of ref. [7].

Table | shows that the relative importance of the various 2 — 2 hard scattering
processes varies considerably with jet Et. Testing the q/G ratio will therefore
test the QCD jet production theory in a highly non-trivial way.

Table 1 also shows the cross section for DIS events in which a scattered electron
is required to play the role of a jet to satisfy the two-jet cuts. Events of this type
will be easily distinguished from events in which both jets are hadronic. They can
be used as a sample of essentially pure quark jets. The DIS cross sections are seen
to be somewhat smaller than the low-Q? two-jet cross sections at low Et, but con-
siderably larger at large Et. (The DIS cross sections given here are approximate,
since the DIS theory used by PYTHIA presumably assumes Q% < E32.)

3. Quark/gluon jet discrimination

We wish to look at features that are internal to the observed jet, i.e. that are
based only on the particles within the jet cone. Four variables for distinguishing
between quark jets and gluon jets were found particularly useful in previous
studies, and have been found again to be successful here. A new jet discrimination
variable, which is related to the theoretically interesting dependence of jet Et
on cone size [12], has also been found useful.

The first three variables use only the E1 deposited in each 0.1 x 0.1 calorime-
ter cell as input information. In computing these variables, all cells with Er <
100 MeV were ignored. The remaining two variables make full use of the mo-
menta of the final-state particles.
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Fig. 1. Histogram of the transverse momentum p%a"d of the underlying hard scattering, for jets
with specific values of observed ET.
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(1) Ny is defined by adding up the Et’s of all cells within the jet cone; then
adding them up again in descending order of Et and counting the number Ny of
cells necessary to include all but X+/Et of the total. Here T use X = 0.5GeV!/2,
Nx can be assigned a fractional part by interpolating to handle the last partial
cell, but that is not essential — particularly if a bin width of 1 is used.

(2) S is defined as the mean squared radius of the jet in (7, ¢) space. Specif-
ically,

S=(-m)?+(¢- %), (2)

where ny = (1), &1 = (@), and {---) is defined as the ET-weighted average over
cells inside the jet cone.

(3) Nas 1s defined as simply the number of calorimeter cells with Er >
100 MeV inside the jet cone.

(4) Nparticles 1s defined as the total number of final particles within the jet
cone. (This was done without subtlety: 7°°s were counted as two, for example,
because they appear as two photons. Using the charged multiplicity instead leads
to similar results, however.)

(5) rx is defined as the radius of a “small” cone that contains all but X Et
of the total Et in the original cone. This variable is similar in spirit to Ny,
and I again choose X = 0.5GeV!/2, (As the cone radius is reduced, it seems
natural to continually adjust the axis according to the Er-weighted average of
particles within the current cone. Just keeping the original axis fixed leads to
nearly identical results, however.)

All five of these variables show significant differences between quarks and
gluons, as shown in figs. 2—-6. Each distribution peaks at a larger value for gluons
than for quarks, as expected from the stronger branching of gluons in QCD. The
differences shown will allow one to discriminate between quarks and gluons on
a probabilisitic basis: according to any one of the variables, some jets can be
identified as very likely g, while others are very likely G, and still others are
more or less ambiguous.

A special advantage of the discrimination variable Ny can be seen in fig. 2:
the point at which the g- and G-curves intersect is only mildly dependent on jet
E+. This is in contrast to the Et-dependence of cross-over points for the other
variables seen in figs. 3—6. It means that Ny is especially well suited to q/G
discrimination in samples of jets containing a broad range of Et.

The quark/gluon differences appearing in figs. 2—6 can be quantified in the
following manner. First imagine applying a cut Ny < 5 in fig. 2. By integrating
the histogram over that region of Ny, this cut is found to preserve a fraction Fy =
0.43 of the quarks and a fraction Fg = 0.11 of the gluons. (If one is particularly
interested in quarks, for example, one says that the cut has an efficiency Fy =
43% and that it suppresses the background/signal ratio by Fg/Fy = 0.25.)
Different choices for the cut in Ny lead to different pairs (Fg, Fg). The results
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Fig. 2. Histograms of the q/G discrimination variable Ny the number of calorimeter cells needed
to include all but 0.5\/ET of the total jet E1: quarks (solid), gluons (dashed). Each distribution
is normalized to unit probability.



386

Rate

Rate

Rate

J. Pumplin / Quark/gluon jet discrimination

30 T T I 1 I T I I I I T I I 12

25 Ef* > 12 Gev
20

15

10

llllllll|l|l|lr[lllllllll

TT T T
]
'

[=]

lllJJ_LllllllllllllllllLJllll

25 Ef* > 24 Gev
20

15

10

Illll|l|lll|l|l|llll|rtrl

-IIIII

i
3
'Illllllllllllllllllillll]_ll

25

20

15

10

(o}
l|||rll

i

_llljlllll'lLllIllllIlllIlllll

Co
o
o
o
=]
[:]

0.10 0.15
<n-m)+ (- 8)°>
Fig. 3. Similar to fig. 2, for S = ((7 — )2 + (¢ - 65)?).

0.20



J. Pumplin / Quark/gluon jet discrimination 387

0.125 T T T T I T T fl T T T T ]—r T T T

0.100

0.075

Rate

0.050

0.025

llll'llllILLlllJlllLllllI

T‘lllrflII]I!II]IIIII'I]T'

0.000

0.100

0.075

Rate

0.050

0.025

llllIlllllllllJllllllll

llllrlllr‘lllllllllllllll

0.000

E.** > 48 GeV
0.100

0.075

Rate

IlllllllllllllL

0.050

0.025

lllﬂllll'lllllllllll]ll

0.000

Fig. 4. Similar to fig. 2, for N the number of 0.1 x 0.1 calorimeter cells in the jet cone with
Er > 100MeV.



388

J. Pumplin / Quark/gluon jet discrimination

0.12 T 7T 1 Tt | T T T T | T T T T [ T T T ] T T T T

0.10
EJ® > 12 Gev

0.08

0.08

Rate

0.04

|lll|llll|lll||llllllvll|lll

IllllllLLIllllllLLJIllllIllll

0.00

0.08

Rate

0.04

0.02

l‘rTlllllllllllllllllllllllrll

= --1--<L W |

0.00

E/" > 48 GeV

0.08

0.08

Rate

llIlllIIIIIFIIIIIIIIITYTIIIII

Wil P I N S | VU S . | |

i llllllllllLlll‘Il(lllllllllll Jlll|IllllllllLllllllllllllll

a6. o
A4 134 () o0 “*0 =4

NPAR'I'ICLES

Fig. 5. Similar to fig. 2, for Npniqes the number of final particles within the jet cone.



J. Pumplin / Quark/gluon jet discrimination

Q

-

a

[

@

-

o

]
25
2.0

o 15

-

o

[:4

1.0

0.5

IIIIIIIIITIII1IIIIT1_'lll|

T T

> 48 Ge

(=)

Fig. 6. Similar to fig

389

. 2, for ry the radius of a cone that contains all but 0.5\/ET of the total jet ET.



390 J. Pumplin / Quark/gluon jet discrimination

of all possible cuts in Ny can be displayed in a discrimination graph of Fy versus
Fg. This graph completely characterizes the ability to distinguish quarks from
gluons by means of the variable Ny*.

Discrimination graphs are shown in fig. 7 for each of the five variables in each
of three regions of jet Et. The quality of discrimination is represented by the
deviation of the curves from the diagonal line Fy = Fg that would represent
no discrimination at all. One sees that each variable provides a good deal of
discrimination, with relatively small differences in quality between the variables,
especially for /4 < 0.5. In more detail, Ny and the very simple variable N are
almost equally effective — so much so that they are both represented in fig. 7 by
solid curves which are mostly unresolved. Npanices 15 about equally good, while
((n=—n?+ (p- $1)?) is slightly better at E1 ~ 12GeV and slightly worse at
Et ~ 48 GeV. ry is similarly good at small Fg, especially at low Et, but becomes
ineffective at larger Fy.

Fig. 7 also shows that the q/G discrimination is better at small Fg: it is easier
to recognize quarks than gluons. For example at Ef' > 48 GeV, to select quarks
with an efficiency of 20%, one can obtain Fy = 0.20 and Fg = 0.026 (via the
cut Ny < 3.5). This keeps 20% of the quarks while suppressing the gluons by a
factor Fg/Fq = 0.13. On the other hand, to select gluons with that efficiency,
one can obtain g = 0.20 and Fy = 0.048 (via the cut Ny > 14.5). This keeps
20% of the gluons while suppressing the quarks by only a factor Fy/Fg = 0.24.

The five q/G discrimination variables are fairly strongly correlated, as one
could see from scatter plots. The correlation is by no means complete however.
As a specific example, at E’Tel > 24 GeV the cuts Ny < 6.2 and N5 < 11 each
keep 58.9% of quarks and 19.7% of gluons. These cuts do not keep exactly the
same events, for only 53.6% of q and 16.1% of G pass both of them. (One might
imagine that better discrimination could be obtained by requiring both cuts,
but the truth is that a tighter cut on Ny alone yields a smaller F for the same
Fy. There does not seem to be any way to combine two or more of the above
variables into a single “super-variable” which works much better than any one
of them alone. A number of attempts to make use of charge patterns among the
leading particles in the jet also led to nothing valuable for q/G discrimination.
This agrees with the result of ref. [13].)

Fig. 8 shows the discriminative ability of Ny for the three Et ranges of fig. 7 on
a single plot. It shows that the ability to distinguish between quarks and gluons
improves with increasing jet Fr.

Fig. 8 also shows the Ny discrimination found in a previous study [3] for jets
with 40 < E1 < 60GeV. This curve was obtained for pp scattering at /s =
1800 GeV instead of e~ p scattering at /s = 314 GeV, using a more elaborate

* This method for comparing two histograms is useful in many contexts, and should be made
easily available in general software tools for the analysis of histograms!
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EX' > 24GeV (dot-dash), EX' > 48 GeV (solid). The dotted curve is from EX' = 40 — 60 GeV
jets obtained using HERWIG for pp scattering at /s = 1800GeV [3].

jet-finder, and using the simulation program HERWIG instead of PYTHIA.
The approximate agreement with the Er > 48 GeV curve therefore supports the
consistency and universality of our discrimination procedure. At small Fy, which
corresponds to small Ny, one can see however that the previous study predicts
somewhat larger differences between g-jets and G-jets. This may reflect intrinsic
differences [9,14] between HERWIG and PYTHIA.

4. Experimental tests

Studying quark/gluon discrimination with Monte Carlo events is relatively
easy, because the true q- or G-identity of the parent of each jet is known in the
simulation. Testing against experiment is another matter. One possibility is to
obtain independently tagged samples of quark jets and gluon jets by observing
electrons or muons that appear as a result of weak decays in b- and c-jets [10].
This has been applied to ete~ — three-jet events, along with the assumption
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that the softest jet comes from a gluon [10,15]*.

Here I propose a different method for testing quark/gluon identification,
which is convenient for HERA data. The method is based on the different pseu-
dorapidity dependence of quark and gluon jet production. Predicted #»; distri-
butions are shown in fig. 9 for jets from the two-jet events that pass our cuts.
Note that positive #; is favored because the energy of the initial proton is much
larger than that of the initial electron at HERA.

To make a specific experimental proposal, consider the Et > 12 GeV jet sam-
ple. The 25% of these jets having the lowest 5 (7 < 0.4) contains 19% gluons
according to the simulation. Distributions from this sample can be compared
with those from the 25% of jets having the highest #y (n; > 1.9). That sample
contains 47% gluons according to the simulation. The gluon fractions in these
two n-regions are sufficiently different that the intrinsic quark/gluon differences
should be observable. This is shown in fig. 10 for Ny.

Similarly for the E1 > 24 GeV jet sample: the 25% of jets with lowest #;y
(ny < 0.6) contains 14% gluons, while the 25% with highest n; (; > 1.8)
contains 38% gluons. The Ny distributions corresponding to these cuts also show
a clear difference in fig. 10. It will be interesting to look for these differences, and
the corresponding differences for the other variables of sect. 3 experimentally.
This is the essential experimental proposal of this paper. A quantitative method to
analyze the differences would be to compare the histograms from the two extreme
ny-regions using discrimination graphs analogous to fig. 7. The distributions in
Ny and the other variables without n-cuts are of course important to measure
also, since they are sensitive to the overall q/G ratio and to the overall amount
of branching in the development of QCD showers.

A further possible experimental test would be to use DIS events in which a
deeply-inelastic scattered electron is observed and the associated high Et jet
presumably began as a quark. One could even parametrize the distribution in
a particular variable such as Ny separately for q and G, and fit the three jet
samples (low 7, high 5, DIS) to measure the gluon fraction in the low-n and
high-; regions. The assumption that the average behavior of quark jets and gluon
jets does not vary with #, and that the characteristics of quark jets from two-
jet events are the same as those from DIS is crucial to this and to the above
experimental tests. I have verified these assumptions using the simulation.

In this paper, high-E+ jets have been studied one at a time. Further work could
be done by applying the q/G discrimination variables to both jets in the two-
Jjet events simultaneously. One could thereby hope to measure individual cross

* A study [10] of this type at LEP found only small differences in charged-particle multiplicities
between g- and G-jets, which would seem to be in conflict with our results in fig. 5. However, the
experimental data are consistent with a PYTHIA simulation that includes the tagging procedure
and a detector simulation, so there is no experimental reason to doubt our results, which are also
based on PYTHIA.
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sections for each of the possible final-state categories qq + qq + qq, Gq + Gq,
and GG. A further classification of the final states could be made according
to the presence or absence of a hadronic remnant jet in the electron direction,
which signals a “resolved” or “unresolved” photon process [16].

I thank D. Monaldi and S. Ellis for useful and interesting discussions, S. Bethke
and J. W. Gary for information about the OPAL results, and DESY for support-
ing my sabbatical visit.
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