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This paper presents a systematic study of the substructure of dijets produced in direct and resolved
photoproduction events and subsequent quark and gluon jet identification in dijets, considering the
kinematic reach of the upcoming Electron-Ion Collider (EIC) experiment. We investigate the substructure
of jets produced in dijet photoproduction events with center-of-mass energies /s = 64—140 GeV at the
EIC. Events are simulated using event generator Pythia and contributions from direct and resolved
photoproduction subprocesses are analyzed at different energies. Jets are reconstructed using longitu-
dinally invariant k; algorithm within the Fastet framework. Substructure of quark and gluon initiated jets
in the selected dijet photoproduction sample is studied in detail by using jet-shape variables. Predictions
for subjet multiplicities and integrated jet shapes are presented in the gluon-initiated and quark-initiated
jets in the dijet photoproduction events at the EIC energies. These results demonstrate the feasibility of
distinguishing quark and gluon jets in the photoproduction events at the EIC and provide a baseline for

further QCD studies.
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I. INTRODUCTION

The physics goals of the upcoming EIC collider experi-
ment include the unparalleled measurements of hadron and
nuclei structures, along with a better understanding of
particle production dynamics. The lepton-hadron scattering
data, as published by the H1 and ZEUS experiments [1]
form the basis for understanding nucleon structure. The
knowledge about the nucleon structures is summarized in
the form of parton distribution functions (PDFs). The gluon
contribution to PDFs enters only at next-to-leading order
(NLO) in deep inelastic scattering (DIS); it is therefore
important to study channels where the gluon from the
parton sea participates in the interaction, such as dijet
production in DIS or photoproduction [2]. A recent study
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has shown that dijet photoproduction at the EIC has the
potential to further constrain nuclear PDFs [3].

The dijet photoproduction processes have been widely
studied at HERA [4-6] as they provide stringent tests of
perturbative quantum chromodynamics (QCD). The direct
and resolved photon processes through their angular dis-
tributions are known to provide a handle for a better
understanding of production mechanisms [5]. If the jets
produced in these processes are tagged, they also act as a
sensitive “‘spin-analyzer” for the exchanged partons [7].
Tagging the underlying hard interaction channel gives a
way to experimentally determine and improve the knowl-
edge of parton-in-photon PDFs [8].

EIC will not only facilitate collisions of electrons with
hadrons but will also provide a basis for comparing data
from collisions with heavier nuclei. Precise information on
the gluon contribution in the nuclear PDFs will give a better
understanding of many nuclear effects, such as nuclear
shadowing [9], saturation [10] and the creation of quark-
gluon plasma in heavy-nuclei collisions [11].

This paper focuses on the study of the substructure of jets
produced in the dijet photoproduction processes at the EIC
simulated using PYTHIA [12]. A detailed study of the
relative contributions of direct and resolved processes at
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each of the three different EIC energies is presented and
compared with the HERA energy of 300 GeV. Predictions
of the jet substructure in the direct and resolved processes
are presented at the EIC energies. The main highlight of
this paper is a systematic study of the substructure of dijets
produced in direct and resolved photoproduction events
and subsequent quark and gluon jet identification in dijets,
considering the kinematic reach of the upcoming EIC
experiment. The parton that initiates the showering is
usually associated with the type of jet at the leading order
(LO), though there is no single or unique way of classifying
quark and gluon jets [13,14]. In the LO QCD, gluons have a
higher probability of radiating soft gluons compared to
quarks and hence it is intuitive to find differences in the
quark and gluon jet substructures [15-23]. At large trans-
verse jet energies, where the fragmentation effects are
small, the jet substructure is governed largely by the
initiating partons [24-27]. Using the subprocess informa-
tion from Pythia, the dijet photoproduction events are labeled
as quark-quark (QQ), quark-gluon (QG) and gluon-gluon
(GG) events depending upon the partons associated with
the jets in the final state. This is explained in detail in
Sec. III. The predictions for the jet substructure of the QQ
and GG events are given at the EIC energies, where low
transverse momentum jets are expected to populate the
detector. The transverse energy profiles of jets in QQ and
GG events are studied through their differential and
integrated jet-shape distributions. The integrated jet shape
can be defined as the average fraction of the jet’s transverse
energy E; contained inside a cone of radius r centered on
the jet axis. The present study emphasizes the utility of jet
substructure analysis, specifically through the integrated jet
shape variable ¥(r), to distinguish between gluon-initiated
and quark-initiated jets by labeling them as thick and thin
jets, respectively.

A comparison is made between the jet shapes obtained at
EIC and with the corresponding results from HERA, the
first and only ep collider. This serves as a reference for
future EIC jet measurements. The analysis focused on the
jet substructure in the direct and resolved events and further
using it to produce gluon-enriched and quark enriched
samples has not been performed previously in the EIC
framework.

The study of separating quark and gluon jets is important
because it increases the viability and precision of numerous
physics studies at the present and upcoming high-energy
colliders [28-34]. The studies involving the beyond stan-
dard model (BSM) physics where signals would be hidden
in the form of quark jets in the standard model (SM)
background of gluon jets, such a classification would be
important [34,35]. Various methods including both physi-
cal observables and modern machine learning techniques
[36—46] have been used for this purpose. Traditional jet
tagging methods, such as substructure differences as
presented in this paper, are important robust theory-driven

methods, whereas the machine learning methods are
unrobust theory-driven methods often trained on the
simulated data [47]. In the era of increasing adaptability
toward the machine learning methods, the theory-driven
methods are still important to improve the interpretability
of the results and for controlling the biases in the simulated
or experimental data used for training purposes [7].

There have been a lot of recent studies on the use of
groomed jet substructure observables such as SoftDrop, z,,
R, and collinear drop jet mass show some improvement in
decreasing the nonperturbative disturbances, however they
are prone to mistag when there is a large background, as in
the case of ion collisions [48].

Using the differences observed in integrated jet shapes
between quark and gluon jet subsamples, selection cuts
have been devised for the future EIC experiment that can be
useful for producing quark-enriched and gluon-enriched jet
samples. Investigating the internal structure of jets provides
insight into the transition from a parton produced in a hard
process to the experimentally observable spray of hadrons
[49,50]. The jet substructure [51-56] can be probed to
understand the underlying physics of the collision. The
number of jetlike substructures resolved within jets by
reapplying the jet algorithm at a smaller resolution scale
Yeur 18 known as subjet multiplicity. In this paper, a
systematic comparison of subjet multiplicities in quark
and gluon jets is presented using photoproduction proc-
esses at different EIC energies.

The results are useful for comparison with data and for
constraining nonperturbative effects through improved
event generator tuning. At the EIC, jets are expected to
serve as precise probes for initial data collection from
lepton-nucleus collisions [57], anticipated to yield cleaner
results than those from hadron beam experiments. This
highlights the importance of the presented analysis, as well
as to investigate the feasibility of jet classification and
production of quark-enriched and gluon-enriched jet sam-
ples in photoproduction processes at various EIC energies.

This paper is structured as follows. Section II covers
event generation and the event sample selection procedure.
Section III introduces the jet algorithm used for jet
reconstruction and examines jet shape observables, namely
differential jet shape, integrated jet shape, and subjet
multiplicity. The use of these observables to discriminate
quark and gluon jets is described in Sec. IV. An outlook on
the EIC experiment in view of this analysis is discussed in
Sec. V, followed by conclusions in Sec. VI.

II. EVENT GENERATION AND SELECTION

The Monte Carlo event generator Pythia v8.309[12] is used
to simulate e p photoproduction events at low four-momen-
tum transfers, with 107> < Q? < 1.0 GeV2. For the sim-
ulations, we have used the default Monash tune [58] in
Pythia, with NNPDF2.3 proton PDFs [59] and CJKL photon
PDFs [60] and have allowed the multiparton interactions.
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FIG. 1. Direct (a) and resolved (b) photoproduction processes.

At leading order (LO), photoproduction events can be
broadly classified into direct and resolved processes, as
shown in Figs. 1(a) and (b), respectively. Both direct and
resolved subprocesses are simulated. In the direct photon-
parton interaction, the photon acts as a pointlike particle,
interacting either with a quark inside the proton via QCD
Compton scattering (yg — gq), or with a gluon via boson-
gluon fusion (yg — ¢g). In the resolved process, the photon
exhibits a partonic structure that interacts with partons from
the hadron (¢q — qq, 99— 949, 99 — 99, 99 — 44,
g9 = g9, gq — gq; charge conjugates and the heavy-flavor
analogs with ¢ or bb in the final state included). The
resolved processes included in the Pythia simulation have
subprocess codes 111 — 116 and 121 — 124 for heavy
flavors. The direct boson-gluon fusion processes have
Pythia codes 271 — 273, whereas the QCD Compton process
is included using 274 code.

The events are generated at three different EIC center-of-
mass energies as listed in the Table I. For the validation of
the study and the comparison of the results, events are also

TABLE 1. Beam energies of colliding particles, the correspond-
ing center-of-mass, /s energies and the number of events
generated for simulating collisions at the EIC and HERA.

Beam energies (GeV) Vs (GeV) Events
EIC (10, 100) 63.2 998 511
EIC (10, 275) 104.9 999 444
EIC (18, 275) 141 999 633
HERA (27.5, 820) 300 999 881

simulated for /s =300 GeV corresponding to the pub-
lished HERA data [61]. A comparison of the direct and
resolved subprocesses generated in the samples at various
center-of-mass energies is given in Table II. The resolved
processes are dominated by the presence of a quark jet and

TABLE II. Photoproduction cross sections and subprocess
contributions for different center-of-mass energies. Only the
dominant subprocess contributions are shown for clarity.

Subprocess Contribution
EIC 64 GeV (%)

Resolved 3.23 nb, 50.2

q9 = qg 27.09

qq — qq 16.47

99 = g9 5.42

Direct 3.21 nb, 49.8

qr = q9 26.73

Y9 = qq 14.29
EIC 105 GeV (%)

Resolved 13.63 nb, 62.6

q9 = q9 35.26

qq — qq 15.81

g9 = g9 10.33

Direct 8.16 nb, 37.4

qr — 49 16.24

Y9 = qq 12.91
EIC 141 GeV (%)

Resolved 5.71 nb, 61.4

q9 = q9 34.66

qq — qq 16.62

g9 = g9 8.92

Direct 3.59 nb, 38.6

qy — 499 16.80

Y9 = qq 12.74

HERA 300 GeV (%)

Resolved 33.67 nb, 74.4

q9 = q9 42.36

g9 = g9 17.37

qq — qq 13.48

Direct 11.61 nb, 25.6

Y9 = qq 10.15

qr — qg 8.10
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a gluon jet in the final state, whereas in the direct process
two quark jets in the final state dominate. The percentage of
direct events increases from about 26% at /s = 300 GeV
to about 50% at /s = 64 GeV.

To validate the analysis procedure, photoproduction
events were simulated at HERA energies and compared
with published HERA results [61]. The data were best
described with p't = 3.0 GeV/c, where p&l is a key
parameter in the Pythia tune, closely tied to choices such as
color flow description [12]. This value lies between those
optimal for yy and pp collisions, reflecting the photon’s
cleaner partonic structure compared to the proton, or
indicating that more sophisticated energy scaling of
pro(y/s) may be required.

The parameter PhaseSpace: pTHatMin sets the min-
imum partonic transverse momentum in the hard 2 — 2
scattering process before parton showering and hadroniza-
tion, serving as an infrared cutoff to avoid regions where
perturbative QCD becomes unreliable. The Pythia photo-
production examples use PhaseSpace:pTHatMin =
5.0 GeV as a standard choice for hard scattering studies
[12]. The present analysis uses PhaseSpace : pTHatMin
in the range 3—7 GeV to access softer processes relevant for
jet shape studies. For the HERA energy, PhaseSpace:
pTHatMin=7 GeV was used. Both pf and
PhaseSpace:pTHatMin should be tuned for future
EIC studies when comparisons with real data become
available.

IIL. JETS

In a particle collision, a jet is a collimated spray of
hadrons produced when a high-energy parton fragments
and hadronizes. Jets are formed from these final-state
hadrons and typically consist of a large number of particles
traveling in roughly the same direction. Several jet algo-
rithms have been developed over the years, each possessing
its own strengths and weaknesses. These include sequential
clustering algorithms such as k7, anti-k7, and Cambridge/
Aachen as well as traditional cone algorithms. A detailed
comparison of these different jet algorithms is provided
in Ref. [62].

In this study, jets are reconstructed using the longitudi-
nally invariant k7 sequential recombination algorithm [63],
implemented with Fastletv3.4.0 [64], with jet radius R = 1.0.
The formulation of the longitudinally invariant k; jet
algorithm is summarized as follows:

(1) In the traditional kr algorithm, clustering is based on
both transverse momentum and the distance in the
pseudorapidity-azimuthal angle space. However,
this definition makes the algorithm sensitive to
boosts along the longitudinal direction. To overcome
this limitation, the longitudinally invariant k; algo-
rithm [63] modifies the distance measure to ensure
independence from the longitudinal direction. It

specifically employs the following distance mea-
sures:

ARlzj
RZ

dip = P%,i (2)

(1)

dij = min(p%,i’ P%.j)

where pr; and pr; are the transverse momenta of
particles i and j, AR} = (y; = y;)* + (¢; — ¢;)* is
the squared distance in the rapidity-azimuthal angle
plane, R is the jet radius parameter, and d;z is the
beam distance.
(i) The algorithm iteratively finds the minimum dis-
tance d,;, among all d;; and d;p. If the minimum is
d;;, particles i and j are merged into a single cluster.
If the minimum is d;, particle i is declared a jet and
removed from the list.
The analysis focuses on two-jet events, where the jet with
the highest transverse energy E7 is classified as the leading
jet, and the jet with the second-highest E is designated as
the associated jet. The selection criteria require the leading
jet to have Er > 10 GeV and the associated jet to
have E; > 7 GeV.

Based on the parton-level information from Pythia, the
two-jet final states in the generated samples are classified
into three categories: QQ events (both jets initiated by
quarks), GG events (both jets initiated by gluons), and QG
events (one quark jet and one gluon jet).

To be explicit, the QQ class is built from the resolved
processes with Pythia subprocess codes 114 (g¢' — qq’), 116
(qq — 4'q), 112 (g9 — qg) and the heavy-flavor analogs
121-124 (gg, g — c¢, bb), together with the direct boson-
gluon fusion processes 271-273 (yg = qg, , c¢, bb). The
GG class is built from the resolved processes 111 (g9 — gg)
and 115 (¢g — gg), and the GQ class from the resolved
process 113 (qg — qg) together with the direct QCD-
Compton processes 274 (yq — qg).

The relative fractions of these event types at various
center-of-mass energies are summarized in Table III.
Figure 7 shows the transverse energy E; and pseudor-
apidity # distributions for jets in the events required to have
exactly two reconstructed jets, for the GG and QQ sub-
samples. The properties of jets from these samples are
studied in the following subsections, beginning with the
energy distribution within jets and progressing to sub-
structure through subjet analysis.

A. Jet properties

The internal structure of a jet can be characterized using
several observables that probe different aspects of the
energy and particle distributions within the jet [51]. Two
primary categories of jet shape observables are commonly
employed: differential jet shapes, which measure the
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TABLE III. Event counts and fraction information for photo-
production at different center-of-mass energies. Event data
represents a sample of two-jet events from Pythia 8 Monte Carlo
simulation output.

Event type Count Fraction (%)
EIC 64 GeV

QQ Events 401 596 40.22

GG Events 58 928 5.90

GQ Events 537 987 53.88
EIC 105 GeV

QQ Events 378 245 37.84

GG Events 107 066 10.71

GQ Events 514 133 51.45
EIC 141 GeV

QQ Events 391 413 39.16

GG Events 93 259 9.33

GQ Events 514 961 51.51

HERA 300 GeV

QQ Events 318 964 31.90

GG Events 176 498 17.65

GQ Events 504 451 50.45

transverse energy density in annular rings at fixed radial
distances from the jet axis, and integrated jet shapes, which
quantify the cumulative energy fraction within a cone of
given radius. The differential jet shape provides the trans-
verse energy density profile and makes the fundamental
physics immediately visible, whereas the integrated jet
shape gives the cumulative energy fraction contained
within a cone of radius r. Complementary information is
provided by subjet multiplicity, which counts the number of
resolved substructures within a jet at a given resolution
scale [55].

1. Differential jet shape
The differential jet shape is defined as the mean
proportion of a jet’s transverse energy that is located within
an annular region of radii r + Ar/2, concentric with the jet
axis in the 7 — ¢ plane as shown in Fig. 2.

11 Er(r—Ar/2,r+ Ar/2)
P\ = A Er(0.r =1) G)

J Jet

where, N ,,, is the number of jets in the sample and Ey(r —
Ar/2,r+ Ar/2) is the transverse energy within the given
annulus of thickness, Ar = 0.1. Here, r is a nondimen-
sional parameter that facilitates the comparison of jet
profiles at different radial distances from the jet-axis.
The differential jet shape distributions p(r) for the

FIG. 2. The differential jet shape is the average fraction of the
jet’s transverse energy E7 . contained inside an annulus of radius
r, centered around the jet-axis.

combined direct and resolved processes as well as GG
and QQ photoproduction subsamples in ep collisions
across four pseudorapidity bins: —1 <y <0, 0 <7y <1,
1 <p< 15, and 1.5 <n <2 are shown in Fig. 3. The
smaller # region is more populated by the quarklike jets as
p(r) distribution for combined direct and resolved proc-
esses lies closer to the QQ subsample.

It is observed that for quark jets, p(r) peaks sharply near
the jet axis, indicating that most of the jet’s energy is
concentrated in a narrow core. In contrast, gluon jets exhibit
a flatter p(r) distribution, with more energy deposited at
larger radii, resulting in a broader jet profile.

This difference arises from the distinct color charges of
quarks and gluons in QCD. The probability of soft gluon
emission is proportional to the color factor: C4, =3 for
gluons and Cy = 4/3 for quarks. Since C, > Cp, gluons
radiate approximately twice as many soft gluons as quarks,
leading to a wider spread of energy within gluon-initiated
jets. Quark jets, with less radiation, retain a more colli-
mated structure [15,16].

This characteristic difference in jet shapes provides a
basis for distinguishing quark and gluon jets, as further
explored through integrated jet shapes in the next
subsection.

2. Integrated jet shape

The integrated jet shape W(r) quantifies the cumulative
fraction of a jet’s transverse energy contained within a cone
of radius r centered on the jet axis. Unlike the differential
jet shape, which measures energy in an annular ring, the
integrated jet shape provides a cumulative energy profile
from the jet core outward. It is defined as
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1 <75 < 1.5 (bottom left), and 1.5 < 5 < 2 (bottom right).

W) = 5 S () @

Jets “jets

Er(r)

e (1) = m

i (5)
where E7(r) is the transverse energy within radius r from
the jet axis, E;(r = 1) is the total transverse energy within
the jet cone of radius R = 1, and N is the number of jets
in the sample. By definition, ¥(r) increases monotonically
from O at the jet axis to 1 at » = R. Figure 4 shows ¥(r) for
combined direct and resolved processed as well the GG and
QQ photoproduction subsamples across four pseudorapid-
ity intervals: —-1<x<0, O<p<l1, 1<np<l5,
and 1.5 <y < 2.

The distributions show the variation in transverse energy
fraction radially outward from the jet axis. Quark-initiated
jets exhibit a narrow energy profile, with more than 50% of

the jet transverse energy concentrated within r = 0.3, as
reflected by the rapidly saturating W(r) curves. As
expected, the gluon-initiated jets, by contrast, display a
broader radial energy distribution that saturates more
gradually. At higher 7, the integrated jet shape of combined
direct and resolved processes moves toward the GG
subsample shape showing that the region is more populated
by the gluonlike jets.

This distinction is consistent across all center-of-mass
energies and pseudorapidity intervals considered, indicat-
ing that the integrated jet shape profile is largely insensitive
to the collision energy over the range studied. The
integrated jet shape therefore serves as an effective observ-
able for distinguishing quark- from gluon-initiated jets, as it
directly probes differences in the underlying fragmentation
dynamics. In the following section, we examine the subjet
multiplicity, which provides complementary information
on the internal structure of jets.

036009-6



STUDY OF QUARK AND GLUON JET IDENTIFICATION IN ...

PHYS. REV. D 114, 036009 (2026)

1.00
=
=
0.10{ —Qq e 64 GV
g — GG -==- 105 GeV
-1<n<0 —— DirtRes  —— 141 GeV
—— 300 GeV
0.0
g 0.2 0.4 0.6 0.8 1.0
T
1.00
=
=
0.10 —_—QQ e 64 GV
— Ga ---- 105 GeV
l<n<15 —— Dir+Res  —— 141 GeV
—— 300 GeV
0.05
0.2 0.4 0.6 0.8 1.0

r

FIG. 4.

1.00
=
=
0.10 i —QQ e 64 GV
— GG —-==- 105 GeV
0<n<l —— Dir+Res  —— 141 GeV
— 300 GeV
0.05
05 0.2 0.4 0.6 0.8 1o

0.10 — QQ e 64 GeV
— GG ---- 105 GeV
15<n<?2 —— DirtRes  —— 141 GeV
—— 300 GeV
0.05 0.2 0.4 0.6 0.8 1.0
r

Integrated jet shape distribution ¥(r) for the direct and resolved processes (black) as well as the GG (blue) and QQ (red) dijet

photoproduction subsamples at different ep energies in four pseudorapidity bins: —1 < 7 < 0 (top left), 0 < < 1 (top right), 1 <
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B. Subjet multiplicity

Jet substructure can be further probed by clustering the
constituents within a jet into smaller subgroups called
subjets. This is achieved by reapplying the longitudinally
invariant k; algorithm to the jet constituents at a finer
resolution scale. Particles are successively merged until all
pairwise distances satisfy the condition

dij > dcut = Yeut E%‘ (6)

where y., is the resolution parameter, set to 5 x 10~ in this
analysis.

The remaining clusters at this stage are identified as
subjets, and their number defines the subjet multiplicity ngy;
for that jet. The mean subjet multiplicity (ng;) is then
obtained by averaging over all jets in the sample. The
resolution parameter y., controls the granularity at which

the internal structure of a jet is probed: a smaller value
resolves finer substructure, yielding a higher number of
subjets, while a larger value merges nearby constituents
into broader clusters. For a given y.,, the subjet multi-
plicity is sensitive to the nature of the initiating parton.
Quark-initiated jets are typically more collimated, with a
narrow distribution of hadrons near the jet axis, resulting in
fewer resolved subjets. Gluon-initiated jets, by contrast,
exhibit a broader and more diffuse internal structure due to
their higher color charge and the correspondingly enhanced
rate of soft gluon radiation.

The subjet multiplicity distributions from the GG and
QQ photoproduction subsamples are shown in Figs. 5 and 6
for different pseudorapidity regions at HERA and the
highest EIC center-of-mass energy of 141 GeV, respec-
tively. The mean subjet multiplicity (ng,) for GG and QQ
jets across different pseudorapidity intervals and center-of-
mass energies is shown in Fig. 8. To do a similar study at
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lower center-of-mass energies at the EIC and also maintain
good statistics, the E7 cut on the dijets should be lowered.
This is also evident from Fig. 7.

As expected gluon jets consistently exhibit higher (ng;)
than quark jets, as expected from their larger color factor.
To validate these simulation results, the following sub-
section presents a direct comparison of the integrated jet
shapes with published ZEUS data [61].

C. Comparison with ZEUS data

The integrated jet shapes obtained from the simulated
sample at /s = 300 GeV are compared with the published
ZEUS photoproduction data [61] in Fig. 9. Since the ZEUS
measurements were performed with a transverse energy

threshold of EJTet > 17 GeV, the same cut is applied to the
simulated jets for this comparison.

In the backward pseudorapidity region (—1 < 5 < 0), the
ZEUS data points lie close to the quark jet prediction,
indicating that this region is predominantly populated by
quark-initiated jets. As 7 increases, the data move
progressively from the quark toward the gluon jet

prediction. In the most forward interval (1.5 < < 2.5),
the data fall closer to the gluon jet shape, consistent with an
increasing fraction of gluon-initiated jets at higher 7.

This behavior reflects the underlying parton dynamics:
in the backward region, the direct process yg — qq
produces predominantly quark jets, while in the forward
region, resolved processes such as g,g, — gg contribute an
increasing proportion of gluon-initiated jets.

Figure 10 compares the integrated jet shapes at two
transverse energy thresholds: E; > 17 GeV, corresponding
to the ZEUS selection, and E; > 10 GeV, used in the
present analysis of jet substructure at the EIC energies. For
both quark and gluon jets across all 7 intervals, the
integrated jet shape (y(r)) reaches a higher value at small
r for the higher E; threshold and saturates closer to unity at
a smaller radius. To quantify the difference, the radius
at which (y(r)) =0.6 is compared between the two
selections. For quark jets in the backward region
(=1 < 5 < 0), 60% of the jet transverse energy is con-
tained within r =~ 0.21 at E; > 17 GeV, compared to r =
0.28 at E; > 10 GeV. For gluon jets in the same region, the
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corresponding radii are r & 0.42 and r = 0.44, respectively.
In the most forward interval (1.5 < 7 < 2.5), the shift is
more pronounced for gluon jets, with the 60% containment
radius increasing from r=~0.38 to r=~0.43 when the
threshold is lowered. Jets selected with the higher E; cut
therefore exhibit narrower shapes, with a larger fraction of
their transverse energy concentrated near the jet axis. This is
consistent with the expectation from perturbative QCD that
higher-E7 jets are more collimated due to the reduced value
of a; and the correspondingly smaller phase space for wide-
angle soft gluon radiation.

These results demonstrate that jet substructure observ-
ables remain well defined and sensitive to the quark-gluon
composition even at the lower transverse energies acces-
sible in photoproduction at the EIC, making them viable
probes for further QCD studies at these facilities.

IV. QUARK AND GLUON JET IDENTIFICATION

The differences in jet shapes and subjet multiplicities
between quark and gluon jets, as presented in Sec. III,

suggest that these observables can be exploited for jet
classification. In experimental data, however, the identity of
the initiating parton is not directly accessible, and one must
rely on observable jet properties to statistically distinguish
quark-initiated from gluon-initiated jets. In this section, the
integrated jet shape at r=0.3 is used as a simple
discriminator to produce quark-enriched and gluon-
enriched jet samples.

The integrated jet shape W¥(r) at r = 0.3 for the GG, QG,
and QQ photoproduction subsamples at the EIC energy of
141 GeV and HERA energy of 300 GeV is shown in
Fig. 11. A higher value of W(0.3) for the quark jet sample
indicates that the transverse energy is more collimated near
the jet axis. The difference in W(0.3) values between the
QQ and GG subsamples motivates the use of ¥(0.3) as a
jet-type discriminator. A sample enriched in quark- or
gluon-initiated jets can be prepared from the generated ep
photoproduction events using the following criterion.

A jet is labeled as

(1) a*“thin” jet, indicating a quark jet configuration, if its

integrated jet shape W(r = 0.3) > 0.8;
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(i) a “thick” jet, indicating a gluon jet configuration,
if ¥(r =0.3) <0.6.
These jet shape cuts are motivated by studies performed at
HERA [27,61].
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17 GeV in the simulated sample compared to published ZEUS
data at /s = 300 GeV [61].

Specifically, the sample with thick jets predominantly
involves subprocesses with gluon present as the exchanged
parton, such as gg — gg and gg — gg as shown in Table II.
Conversely, the sample characterized by thin jets is largely
dominated by subprocesses driven by quark as the
exchanged parton as in the yg — gg subprocess.

The quantitative assessment of thick and thin jet tagging
in QQ, GG and QG dijet photo-production samples using
the integrated jet shape is compiled in Table IV. At the
lowest EIC energy of 63.2 GeV, 5.16% jets of GG sample
and 55.49% of GQ sample could be labeled as the thick jets
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FIG. 10. Integrated jet shape of the quark and gluon jets at

Er > 17 GeV compared with jets at E; > 10 GeV in the
simulated sample at /s = 300 GeV.
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indicative of gluon partonic behavior, whereas 39.35% of
jets from QQ sample are also incorrectly labeled as thick
jets. The variation in these percentages at different cm
energies are shown in Table IV.

Conversely, the thin jets, which are linked with quark as
the initiating partons in the final state, exhibit a contrasting
distribution. For the lowest EIC energy of 63.2 GeV,
64.04% jets from QQ sample and 35.41% jets of GQ
sample were labeled as thin jets. The incorrect identifica-
tion of jets from GG sample as thin jets was found to be
only 0.54%, which increases to about 2.5% at the highest
EIC energy of 141 GeV.

The thick jets at HERA consist of 26.44% QQ, 21.46%
GG, and 52.10% QG subsamples. In contrast, the thin jets
are dominated by 53.52% QQ, 2.52% GG, and 43.94% QG
subsamples. These values are comparable to the published

TABLE IV. Percentages of thin and thick jets identified from
different dijet subsamples at EIC and HERA energies.

EIC EIC EIC HERA
Vs 63.2 GeV 104.9 GeV 141 GeV 300 GeV
Sample type Thin jets (%)
QQ 64.04 62.57 61.37 53.52
GG 0.54 1.10 222 2.52
GQ 3541 36.31 36.40 43.94
Sample type Thick jets (%)
QQ 39.35 34.78 26.16 26.44
GG 5.16 10.29 19.95 21.46
GQ 55.49 54.92 53.88 52.10
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Integrated jet shape W(r) at r = 0.3 for the QQ, QG, and GG dijet photoproduction subsamples at /s = 300 GeV (left) and

HERA results [27], thereby validating the simulation and
analysis procedures employed in this study.

A. Purity studies

As shown in Table IV, some false identifications occur

during discrimination, and therefore the enriched samples

are not 100% pure. The purity of the gluon-enriched sample,

obtained by selecting thick jets with ¥(0.3) < 0.6, is
quantified as

G
NGSE +0.5x N2

jet

NG 4+ N99 4 0.5 x NG9

Jet jet Jet

(7)

Puritylgluon =

where NG, N2, and NS are the number of jets from the

GG, GQ, and QQ subsamples, respectively. Similarly, the
purity of quark-enriched sample by selecting thin jets with
¥(0.3) > 0.8 is given by

00 GQ
Nig JQrQ()S X Nig - (8)
NGO+ Nig +0.5 x Nig;

jet jet

Purity o =

The purity of the gluon-enriched and quark-enriched
samples produced by this discriminator is shown in Fig. 12.
The quark-enriched sample maintains a purity above 90%
across all pseudorapidity intervals. In contrast, the gluon-
enriched sample purity exhibits a strong # dependence,
increasing from approximately 35% in the central region to
about 80% in the forward pseudorapidity intervals. This
trend reflects the higher gluon jet population in the forward
region (1 > 0, corresponding to the proton beam direction),
where resolved photoproduction processes dominate and
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gluon-initiated subprocesses such as ¢gg— gg are
enhanced, consistent with the expected QCD dynamics
in ep collisions. It should be noted that the present study is
performed at the generator level; in a real detector envi-
ronment with limited acceptance and finite resolution, the
efficiency and purity of the selected samples would need to
be reevaluated using reconstructed data.

V. DETECTOR OUTLOOK

The results presented above are based on generator-level
simulations without detector effects. In this section, we
discuss how the proposed EIC design and its detector
capabilities relate to the feasibility of the jet substructure
measurements presented in this work. The EIC [65] will
collide electrons with protons and nuclei, providing a
unique tool for studying nuclear matter and the strong
interaction.

The predictions of jet shapes presented here are given at
the generator level, which are important and required to
unfold the experimental results correctly. The jet shape,
however, is also known to be sensitive to fragmentation and
gluon radiation. A future scope of the study would be to use
a different generator at the EIC energies, like HERWIG
[66], which uses cluster model for fragmentation. At HERA
energies, the uncertainties in the unfolding procedure were
found to increase from 3% to 5% when hadron-level
predictions were calculated with HERWIG rather than
pythia. Further, the experimental jet shapes unfolding can
be done using either the predictions for the “direct and
resolved processes” or exclusively from “quark and gluon
jets,” which adds to about 9% uncertainty. The effect of
using different proton and photon PDFs is another potential
source of systematic uncertainty.

Three detector parts will be fundamentally important for
jet substructure studies. First, the tracker to measure the

energy and direction of the charged particles, and then the
electromagnetic and hadronic calorimeters to measure the
momenta and positions of the electromagnetic and hadronic
final-state particles.

The yellow report design of EIC calorimetry consists of a
high-granularity electromagnetic calorimeter and a hadronic
calorimeter in the barrel and end caps, covering nearly full
azimuthal coverage of —3.5 <5 < 3.5 [67]. It also recom-
mends a jet energy resolution of 6 /E ~ 50%/\E @ 10%
for the forward hadron end-cap region 1.5 <75 < 3.5 to
enable precision substructure measurements. In the central
barrel region (|n| < 1.0), although the hadronic calorimeter
has a degrading resolution (~75-100%/+/E). A future
extension of the presented study could include detector
smearing effects on the positions and energies of final-state
particles, which could be used to address one of the major
systematic uncertainties in jet substructure measurements
due to the limited resolution of hadronic detectors. Another
future scope of the study will be to examine the effects of jet
grooming techniques on the jet substructure, and the
performance of quark and gluon jet tagging in dijet photo-
production events.

The EIC strives to attain a luminosity in the range of 10*3
to 10** cm=2s~! for ep collisions and 10°°-10°2, cm™2, s~!
for eA collisions. Within the EIC framework, electron beam
energies will span from 5 to 18 GeV, while proton beam
energies will range from 41 to 275 GeV, yielding center-of-
mass energies from approximately 29 to 140 GeV. The
accessible Q2 range in ep collisions scales with the center-
of-mass energy as Q2. ~ 5. A minimum center-of-mass
energy of approximately 20 GeV is required to access the
perturbative regime (Q” > 10 GeV?) where quarks can be
cleanly resolved, while center-of-mass energies of order
100 GeV are necessary to probe the high-Q? domain
(Q? = 1000 GeV?) where electroweak effects become
significant and precise determination of parton distributions
at large Bjorken-x is possible [65,67].

These energy ranges will enhance sensitivity to gluon
distributions, and spin-polarized beams will significantly
improve our understanding of the proton’s spin structure.
Recent studies have demonstrated that jet substructure
analysis in photoproduction events at EIC energies is
viable despite typically low transverse momenta [3].

The importance of jets as probes of gluon helicity
contributions to the proton spin via dijet events in DIS
has been highlighted [68]. Furthermore, jet charge mea-
surements have been proposed to classify jets by their
originating partons, providing insight into nucleon flavor
and spin dynamics [69,70].

The variable center-of-mass energy, combined with the
EIC’s particle identification capabilities, will enable studies
of hadronization processes within jets across a broad
kinematic range in x and Q. The phase space region with
pseudorapidity # > 0 (the proton beam direction) is
expected to be enriched in gluon jets, producing broader
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jet profiles. This forward region, accessible at the EIC,
provides a promising testing ground for gluon-jet classi-
fication techniques in future data analyses.

VI. DISCUSSION AND CONCLUSION

This paper presents a systematic study of the substruc-
ture of dijets produced in direct and resolved photopro-
duction events and subsequent quark and gluon jet
identification in dijets, considering the kinematic reach
of the upcoming EIC experiment. In this study, we have
investigated photoproduction processes in ep collisions at
the EIC energies ranging from /s = 64 to 141 GeV. The
analysis focuses on the substructure of jets produced
through direct and resolved photoproduction processes,
simulated using the Pythia 8 event generator. Jets are
reconstructed using the longitudinally invariant k; algo-
rithm in FastJet 3.

In the present work, we have studied jets and their
substructure in photoproduction events from electron-pro-
ton collisions across different EIC center-of-mass energies.
We focused on three key observables: subjet multiplicity,
differential jet shape, and integrated jet shape. This analysis
allowed us to investigate the contributions of various direct
and resolved photoproduction subprocesses as shown in
Table II to jet formation across both EIC and HERA
energies, revealing the underlying jet substructure and their
energy dependencies. Dijet events were selected for a
detailed comparison of jet-shapes and subjet multiplicity
in the labeled QQ and GG subsamples. The study dem-
onstrated that as gluon-initiated jets exhibit a broader, more
diffused structure compared to the collimated and narrow
quark-initiated jets the jet-shape variables can be used to
produce gluon-enriched and quark-enriched samples at
the EIC.

The differential jet shape p(r) of quark jet has a larger
value for small r as compared to the gluon jets, showing its
transverse energy is collimated near the jet-axis and then
decreases steeply. A similar observation is made by study-
ing the integrated jet shape W(r) for quark jets as compared
to the gluon-initiated jets. With increasing radius, the ¥(r)
for quark jet saturates quickly, showing more than 50%
energy is contained within a jet radius of 0.3. The gluon jets
show a more gradual energy distribution over a larger
radius. This variation can be used to identify whether the
initiating parton is a gluon or a quark.

The mean subjet multiplicity of the jets in QQ and
GG is studied in different pseudorapidity intervals. The

predictions of the subjet multiplicities in the dijet photo-
production events with QQ and GG configuration are
presented at the EIC energy of 141 GeV and it is observed
that the gluon jets have higher subjet multiplicity than the
quark initiated jets in all pseudorapidity intervals.

We exploit the integrated jet shape variable to separate
our samples into the quark and gluon jet enriched samples.
The jets are labeled as thick jets if their ¥(0.3) is less than
0.6 and as thin jets if their ¥(0.3) is greater than 0.8,
respectively. The purity of this variable in selecting quark
jet sample is calculated and found to be more than 90%.
The purity of this variable in producing gluon jet enriched
sample is found to increase from 35% to 80% with
pseudorapidity. The integrated jet shape variable ¥(r)
proves to be an effective observable to differentiate
between the gluon and quark jets. The study’s findings
are consistent with previous observations from HERA and
provide a solid foundation for future experimental inves-
tigations at the EIC.

The classification of quark and gluon jets based on their
substructure is crucial for enhancing the precision of
scattered parton identification. The analysis emphasizes
the importance of jet substructure in probing the dynamics
of parton fragmentation and hadronization processes. By
leveraging the integrated and differential jet shapes, one can
effectively separate quark-dominated and gluon-dominated
jets, facilitating more accurate measurements and interpre-
tations of the data.

The insights gained from this study are expected to
significantly contribute to the physics program at the EIC,
enabling detailed exploration of QCD phenomena and
providing valuable benchmarks for tuning event generators.
This, in turn, will enhance our capability to explore beyond
the Standard Model physics, where new signals may be
obscured by the Standard Model background. In conclu-
sion, the detailed examination of jet substructures in
photoproduction events at the EIC paves the way for more
refined analyses and a deeper understanding of the strong
force, parton dynamics, and the internal structure of
nucleons. The aim of this paper is to highlight potentially
intriguing jet-shape observables that could be utilized and
further explored in detail as and when the EIC data become
available.

DATA AVAILABILITY

The data are not publicly available. The data are
available from the authors upon reasonable request.
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