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Predictions are made for the jet substructure of one-jet events produced in positron-proton neutral current
deep inelastic scattering at the future Electron-Ion Collider for exchanged four-momentum squared,
0? > 125 GeV?. Data are simulated using Monte Carlo event generators PYTHIA 8.304 and RAPGAP 3.308
at the center of mass energies /s = 63.2, 104.9, and 141 GeV. Jets and subjets are produced by
longitudinally invariant k; cluster algorithm. The subjet multiplicity distributions and differential jet
shapes are measured for different jet sizes and varying jet-resolution parameter. A comparison is presented
between the k; and anti-k; cluster algorithms for the study of jets and subjets using the simulated data and

the HERA data.
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I. INTRODUCTION

Partons produced in high energy collisions fragment into
hadrons. The process called hadronization corresponds to
the transition from partons-to-hadrons. The hadrons are
observed in particle detectors as collimated sprays of
particles called jets [1]. These jets retain information on
the underlying partonic interactions which can be used to
study partons undergoing hadronization. The properties of
jets are affected by perturbative radiation as well as by low-
pr nonperturbative effects. The description of jet produc-
tion in high energy collisions is described by quantum
chromodynamics (QCD). As the quantum field theory is
not yet fully defined, QCD continues to be guided by
experimental observations. Whether or not the particle jets
of perturbative QCD would exhibit the known properties
at high energies at the future colliders with enhanced
luminosity needs investigation. The evolution of parton
radiation within a jet is dictated by QCD by the splitting

*ritu.aggarwal 1 @gmail.com
"manjit@pu.ac.in

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023,/107(11)/116002(12)

116002-1

functions which are calculable as power series in the
coupling constant a,. These can be used to exploit the
perturbative QCD description of the jet structure in deep
inelastic scattering (DIS) by allowing the measurement
of a,. Thus the study of jet production in neutral current
(NC) DIS [2] events provides a rich testing ground for
pQCD and parametrization of the proton parton distribution
functions (PDFs) [3].

In addition the analysis of jet substructure [4,5] also
provides information on the transition between a parton
produced in a hard process and the experimentally observ-
able jet of hadrons [6]. The jetlike substructures within a jet
are known as subjets and their multiplicity is measured as
the number of clusters resolved in a jet. Characteristics and
topology of substructure provide direct access to the QCD
splitting functions. For an inclusive sample of jets produced
in NC DIS with high jet transverse energy, the fragmenta-
tion effects become negligible, making the subjet multi-
plicity and its mean, calculable in pQCD. Further, the
dependence of the pQCD calculations on the PDFs is
reduced for this variable. The lowest order contribution to
this variable is of the order of first power in a;, thus making
the stringent test of pQCD beyond leading order possible.
In DIS, the jet production is governed by leading order
QCD. But to describe internal structure of jets, information
at the next-to-leading-order (NLO) is required.

Published by the American Physical Society
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Internal structure of jets has been studied in e'e”
collisions at the Large Electron-Positron Collider (LEP)
[7-9], pp collisions at Tevatron [10-12], pp collisions at
LHC [13-15] and ep scattering at HERA [16]. Subjet
multiplicity and jet shape variables were used to study jet
substructure in DIS. The subjet multiplicity has been used
to calculate the strong coupling constant a; [17-19], one of
the fundamental parameters of the standard model.

Previous studies revealed that jets in DIS events at
HERA were similar to those in e™e™ events and narrower
than in pp interactions [20,21]. In NC DIS, the jet became
narrower [16] and resolved to fewer subjets [17] as the jet
transverse energy Er i increased. In photo-production, the
mean subjet multiplicity increased and jet shape broadened
as the jet pseudorapidity 77 j increased [22].

Electron-Ion Collider (EIC) is scheduled to be built at
Brookhaven National Laboratory (BNL) in the US. It aims
to accelerate polarized nucleon beams which are crucial
to study the properties of quarks and gluons in nuclear
medium through deep inelastic scattering process. The
lepton probe would provide high precision data to explore
the hadron structure. The EIC aims to provide a high
luminosity of order 103?>~10% cm™2s~! for ep collisions
and 10°°-10%2 cm2s~! for eAu collisions [23]. A mini-
mum center of mass energy (cms) of about 10 GeV is
needed for close interaction with quarks and cms energy of
order 100 GeV is required to avail higher Q% [24]. At EIC,
beam energies would range from 5 to 20 GeV for e* (or e™)
beam and 25 to 275 GeV for beams of nuclei such as gold,
lead, or uranium. The corresponding center of mass
energies would vary from 20 to 141 GeV [25]. The energy
variations would increase the sensitivity to gluon distribu-
tions and spin-polarized beams would also facilitate the
study of the spin structure of proton [26]. Utilizing the
proposed variability in the center-of-mass energy in the EIC
and particle identification capabilities of its detectors, one
can study hadronization within jets in a wide kinematic
regime by characterizing the x and Q? scales of the process.

Recently jet studies at the EIC energies have gained
momentum and we present here a brief review of different
interesting studies performed. Jets have been studied in
photo-production events [27] for the et p and eTA simu-
lated data from PYTHIA 6 [28]. Here it was concluded that in
spite of low transverse momentum and small particle
multiplicities, the jet substructure study would be feasible
at the EIC in the photo-production. Photon-proton proc-
esses are generally categorized by the virtuality Q> of
the photon. The value of Q? is close to zero for quasi-real
photo-production interactions whereas, scattering which
involves a Q2 larger than a few GeV? is called DIS. The
study by B. S. Page et al. [29] emphasized the importance
of jets as probes and gives an example of studying the
gluon helicity contributing to the spin of proton through
di-jet events in DIS at the future EIC. In another recent

publication by Z.-B. Kang et al. [30], the jet charge has
been studied to tag the jet in terms of initiating parton
flavors. This information can be used to explore the
nucleon flavor and spin structure. The study [31] has
explored the feasibility of charm-jet cross sections for
charged current DIS interactions at the future EIC. The
charm-jet cross sections are known to be sensitive to the
strange sea content of the proton. Jets would be used as
the precision probes at the future EIC which will be
collecting the first ever data from lepton-nucleus collisions.
The data is expected to be cleaner than the ones collected
using hadron beam probes. The properties of DIS jets,
such as momentum balance and azimuthal correlation with
electrons and substructure in terms of number of constitu-
ents are presented in detail in [32]. This paper emphasized
the need to revisit the HERA data, the only lepton-hadron
collider, in the light of future EIC.

The perturbative QCD calculations done by using jet
shape and the jet substructure observables known as jet
angularities have been compared with the data from HERA,
for the process of photoproduction [27]. Overall, a good
agreement is shown and it is concluded that jet substructure
studies are feasible at EIC despite the relatively low jet
transverse momentum and particle multiplicities. Precision
jet substructure measurements at the EIC can be used for
the tuning of Monte Carlo event generators and the
extraction of nonperturbative corrections.

Recently some other techniques have also been devel-
oped to improve the understanding of jet substructure.
These include the techniques such as jet grooming which
is designed to remove soft wide-angle radiation from the
identified jets. It allows for a more direct comparison of
perturbative QCD calculations and experimental data. The
details can be found in [33,34]. In another work [35] have
studied jet-broadening in heavy ion collisions at EIC. They
have shown that jet grooming provides a new opportunity
to investigate jet broadening effects. This approach is
orthogonal to the jet variables such as the azimuthal angle
and jet-momentum used at HERA, which is more tradi-
tional. Probing the same physics with independent observ-
ables offers an important cross-check to ensure consistency
and predictive power of theoretical calculations.

In the present work, we study the jets and jet-substruc-
ture in terms of the observables, the subjet multiplicity and
differential jet shape in NC DIS events for different EIC
energies. These variables have been well studied at HERA,
the first and only ep collider, serves as a reference for
future EIC jet measurements. Such an analysis has not been
investigated so far. Also, we compare two Monte Carlo
event generators for this analysis. The results are useful for
comparison with the data and measuring nonperturbative
effects by further improving the event generator-tuning.
Subjet multiplicity is the number of jetlike substructures
resolved within jets by reapplying the jet algorithm at a
smaller resolution scale y.,. Jet shape is defined as the
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average fraction of the jet’s transverse energy Erj con-
tained inside an annulus of radius r [16].

The subjet multiplicity distributions and their average
values are studied for different jet sizes and resolution
parameter. Validity of k; and anti-k; algorithms for the
production of jets and subjets in DIS ep is also studied.
Subjet multiplicity is studied as a function of number of jets
Niei» resolution parameter y,, and jet transverse energy
Er jer- Predictions for subjet multiplicity and differential jet
shape are made for the upcoming EIC. A detailed intro-
duction to the subject of this paper is presented in Sec. L.
For the present study, kinematics of the neutral current deep
inelastic scattering is discussed in Sec. II. Details of data
generation from different Monte Carlo event generators are
given in Sec. III. Methods of jet and subjet formation and
jet-shape study are detailed in Sec. I'V. Results are presented
in Sec. V, followed by conclusion in Sec. VL

II. KINEMATICS OF DEEP INELASTIC
SCATTERING

In deep inelastic scattering, a high-energy lepton scatters
off a hadron with large momentum transfer as shown in
Fig. 1. For the present work, neutral current events are
simulated which are mediated by the exchange of y or Z
boson. Alternatively, if the scattering occurs via W boson
then it is called charged current. The kinematics of deep
inelastic scattering can be described by the following
Lorentz invariant variables [36]. The negative of the invariant
mass squared of the exchanged virtual boson is represented
by Q7 It can be interpreted as the power with which the
exchanged boson can resolve the proton structure:

Q> =-q.q=—-(k-k')? (1)

y=Pgq/Pk (2)

where the inelasticity y, represents the fractional energy loss
from lepton to the hadronic system. Bjorken variable (x) is

associated with the fraction of momentum of the proton
carried by the struck parton:

x=Q%/2Pq (3)

et (k')

X(Px)

p(P)

FIG. 1. Neutral current e p deep inelastic scattering.

The variables Q2, y and x follow the relation:
Q* = sxy (4)

where s = (P + k)? is square of the center of mass energy.
W is the energy of the y*p system, which is equal to the total
mass of the final state hadronic system X:

W2 = (P + k)A(=P%) (5)

III. DATA GENERATION

Monte Carlo event generators [37] PYTHIA 8.304 [38] and
RAPGAP 3.308 [39] are used to simulate 10’ NC DIS e*p
events at different cms energies as shown in Table 1. To
validate the present work, we also simulated NC events
at HERA energy of /s = 300 GeV. Jets are formed by
implementing the k; sequential recombination algorithm
with different jet radii R = 0.4, 0.6, 0.8 and 1.0 within the
kinematic region Q° > 125 GeV?, where Q? is the vir-
tuality of the exchanged boson and jets are identified with
Erje; > 10 GeV. Subjets are resolved by re-running the k7
algorithm on the jets and using a resolution parameter,
Yeur- FOr both the event generators, QCD cascade is taken
to be p, ordered parton showers with all QED radiations
turned off. The parton distribution function (PDF) set
NNPDF 2.3 [40] with a, = 0.130 is implemented in both
the generators through LHAPDF package 6.4.0 [41].
PYTHIA 6.4 [28] is used for fragmentation in RAPGAP. For
jet finding and implementation of sequential recombination
clustering algorithms, Fastet 3.4.0 [42] package is used on
data samples from each event generator. Figure 2 shows the
range of Bjorken variable x versus virtuality Q” for center
of mass energies at EIC and HERA. EIC aims to provide an
enhanced range to investigate quarks and gluons with small
momentum fraction (x) and analyze their properties over a
wide range of momentum transfers Q? [24].

IV. JETS

Quarks and gluons are the fundamental entities produced
in high-energy interactions, which instantly fragment
and hadronize producing collimated sprays of energetic
hadrons. An algorithm is used to cluster these hadrons into

TABLE I. The beam energies for colliding particles and the
center of mass energies at EIC and HERA colliders.

Positron Proton

energy (GeV) energy (GeV) Vs (GeV) Collider
10 100 63.2 EIC
10 275 104.9 EIC
20 250 141 EIC
27.5 820 300 HERA
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FIG. 2. The range of Bjorken variable x versus virtuality Q> for
interactions at /s = 63.2, 104.9, 141 GeV at EIC and 300 GeV
at HERA.

jets and several clustering algorithms have been developed.
A review of the jet algorithms can be found in the paper
[43]. Number of jet forming algorithms [43] are available
with k; [44,45] and anti-k; [46] being the most utilized to
identify the jets and subjets. Sequential clustering algo-
rithms, particularly k7 and anti-k; algorithms, are used to
cluster the final-state hadrons for the production of jets.
Subjets are obtained by reapplying the jet algorithms. The
procedure for generalized k; jet algorithm is:

(1) For every pair of ith and jth particles, interparticle

and particle-beam distance is defined as:

i =)+ (¢ — 9))*

o e (6)

)
dij = mln(p,i”, Py; )

dig = ptzip (7)

Pi» Vi and ¢; are the transverse momentum with
respect to the beam direction, rapidity, and azimuth
respectively of the particle i. R is a free parameter
usually called the jet radius.

(i)) The smallest distance among all the d;; and d;p are
found by iteration. If the minimum distance is d;;,
then the ith and jth particles are merged into single
cluster and removed from the list. And if it is d;p,
then ith particle is called a jet and removed from
the list.

Generalized k7 algorithm reduces to kr jet algorithm for
p = 1, Cambridge/Aachen jet algorithm [47] for p = 0, and
anti-k7 jet algorithm for p = —1. All of these algorithms
are infrared and collinear (IRC) safe. By equation (6), kr
algorithm [44,45] is dominated by low p, and clusters soft
particles first which results in a jet area that differs
significantly and makes it more susceptible to underlying
events (UE) and pile-up (PU). Whereas, anti-k; algorithm
[46] prefers to cluster hard particles first, and the jet area
only differs marginally making the algorithm only slightly
susceptible to the UE and PU [48]. In general any algorithm
can produce jets with one particle, as discussed in [43],
but the implementation of kinematic selections minimises
such events. Figures 3 and 4 show the distributions of jet
transverse energy E7 ., and jet angle 0y respectively for
Jets produced by k; algorithm at each energy. 6, is the
polar angle of the jet relative to the beam axis and is
measured from jet pseudorapidity 7j; as follows:

Ojey = 2 arctan(e ") (8)

A. Subjets

Subjets are used to probe the internal structure of jets,
and are produced by reapplying procedure for jet algorithm
on constituents of jets as input particles. The procedure
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FIG. 4. Jet angle 0y, defined in Eq. (8), for jets with R =1 at

different /.

from jet algorithm is repeated until all particles satisfy the
following condition:

dcut = ycut(E%,jet)' (9)

Figure 5 shows an example dijet event with constituents,
subjets and scattered positron simulated by PYTHIA 8.304.
The subjet multiplicity (ng;) is dependent on the selected
values of resolution parameter y.,.. The average number of
subjets resolved within a jet at a specific y., value is
defined as mean subjet multiplicity (ng;): The perturbative
QCD value of (ng,;) can be calculated as the ratio of the
cross section for subjet production to that for inclusive jet
production (cje).

[Se]

1 :
<nsbj(ycm)> =1 +7Z(J - l)gsbj,j(ycut)v (10)

Ojet =3

where, o i(¥eu) is the cross section for producing jets
with j subjets at a resolution scale of y.,. The mean subjet
multiplicity (74;(Veu)) is measured by [17]:

B et
B subjet
14 |:| Jet constituent
E] Scattered positron
—~ 12
°
10
)
o
6
4
2 ﬁ = W
Lo M- -

FIG. 5. An example dijet event with constituents, subjets, and
scattered positron simulated from PYTHIA 8.304. The number of
subjets are three and seven in respective jets.

Nie(s

= NLZ nébj(ycut)’ (11)

jets i1

<nsbj (ycul)>

where, Njq is the total number of jets in the sample and
nébj (yew) are total resolved subjets in the ith jet.

B. Differential jet shape

The differential jet shape is defined as the average
fraction of the jet’s transverse energy E7 j. contained inside
an annulus of inner radius r,(r — Ar/2) and outer radius
ry(r + Ar/2) concentric to the jet-axis in 7-¢ plane.

1 1 Er(r—Ar/2,r+ Ar/2)

P = Njetsﬁ; E7(0.R) 1

where N is the total number of jets with jet radius R = 1.
Differential jet shape is studied as a function of distance
r=+/(An)* + (Ag)?* from the jet-axis, with Ar = 0.1
increments. Figure 6 shows the representation of differ-
ential jet shape at any radius r.

V. RESULTS AND DISCUSSION

Samples of 10’ NC DIS e*p collisions are simulated
by two Monte Carlo Event generators PYTHIA 8.304 and
RAPGAP 3.308 for center of mass energies /s = 63.2, 104.9,
141 GeV at the EIC and /s = 300 GeV at HERA for
comparison. The kinematic region is defined by Q* >
125 GeV?. Final state hadrons in each event are clustered
by using longitudinally invariant k; jet algorithm for
different jet radii. Only the jets with transverse energy
Erjee > 10 GeV are studied. Jet finding and algorithm
implementation is done using FastJet package [42]. For each
cms energy, one-jet events are found to be dominant in NC
DIS e"p. The E7 ¢ distributions in Fig. 3 show that at
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p(r)

FIG. 6. The differential jet shape is the average fraction of the
jet’s transverse energy Er i contained inside an annulus of radius
r, centered around the jet-axis.

/s = 300 GeV, jets with the highest E7 j; can be found up
to 130 GeV. While, for /s = 63.2, 104.9 and 141 GeV,
the highest E7 j is observed to decrease with values around
30, 50 and 60 GeV respectively. It is also observed that
most of the jets are produced in the forward direction as
shown in Fig. 4, making very small angles to the initial
hadron beam direction. They can however, be produced
significantly in the barrel region.

A. Subjet multiplicity
Subjets are formed by reapplying longitudinally invari-
ant kr jet algorithm on hadronic jets at smaller resolution
parameter y.,. Events with jet transverse energy Erjo >
15 GeV and jet pseudorapidity —1 < 77, < 2 are used for
forming the subjets. Figure 7 shows the distribution of

constituents of subjets formed using y., = 0.0005 at
Vs =632, 1049 and 141 at EIC and 300 GeV at

Vs = 63.2 GeV Vs = 104.9 GeV

Vs = 300 GeV

12 3 4567 8 91 12 3 456 7 8 910

ncons

FIG.7. Number of constituents (71..,) present in subjets for 107
events simulated by PYTHIA 8. The mean is 2.65, 2.83, 2.92, 3.06
and the variance is 2.00, 2.31, 2.48, 2.79 for /s = 63.2, 104.9,
141, and 300 GeV respectively.

jet

FIG. 8.

Subjet multiplicity for EIC at /s = 63.2 GeV for
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HERA. It may be observed that the mean value of subjet
constituents increases slowly with collision energy and the
results at 300 GeV are consistent with the observations
from HERA. The subjets with one constituent are also
observed which is probable from any jet algorithm [43].
The mean value is greater than 2.5 for every cms energy.
The subjet multiplicity measurements at /s = 63.2, 104.9
and 141 GeV, at various resolution parameter y., are
shown in Figs. 8—10 for radius 0.6, 0.8, and 1, respectively.
It is observed that the subjet multiplicity decreases as Y.y
increases from 0.0005 to 0.1 for all jet radii. Table II shows
mean subjet multiplicity for each value of y., and jet radius
R for both event generators. It can also be seen that for a
given jet radius R, y, and minimum E7 ;. values of subjet
multiplicities are similar for each center of mass energy,
inferring that production of subjets in a jet of given
transverse energy is independent of center of mass energy.
RAPGAP gives slightly higher subjet multiplicity than
PYTHIA. For each generator, and for each y., value, the
subjet multiplicity decreases very marginally for increasing
R. However for the largest y., of 0.1, it becomes roughly
constant.

For each center of mass energy, Fig. 11 shows mean
subjet multiplicity (ng,;) as a function of y,,, at each radius.
It is seen that mean subjet multiplicity decreases rapidly
with increase in value of y,. It can be coherently observed
that for a given y,,, value, mean subjet multiplicity (ng;)
reduces slightly as the jet radius R increases. The figure
also shows a comparison of the data at /s = 300 GeV
from the ZEUS experiment [17] with the data simulated
from PYTHIA 8 and RAPGAP. A good agreement is observed.
Figure 12 presents mean subjet multiplicity as a function of
jet transverse energy Erjq at ye, = 1072, Average subjet
multiplicity is observed to decrease as Er j increases for
each center of mass energy. Similar observation was also
made with data at /s = 300 GeV which agrees very well
with the simulated data with jet of radius = 1 in the paper
[16,49]. In this paper, jet shape was used to study jet
substructure with conclusion that jets become narrower
as Erjy increases, resulting in lower values of subjet
multiplicity.

B. Comparison of subjets from ky
and anti-k; algorithms

Comparison of k; and anti-k; algorithms is studied on
the production of jets and subjets for DIS e p events with
E7min > 10 GeV and Q% > 125 GeV2. In both the cases
when jets are produced by k; or anti-k; algorithm for
R =1, subjets are produced through the k; algorithm for
Erje > 15 GeV and —1 < i <2 and the subjet multi-
plicity is measured. The results are shown in Fig. 13 for
/s = 141 GeV and it is found that in both the cases for the
chosen jet radius and y,,, values are nearly the same for

10°f y =5x10* y =10°

cut cut

_ 2 _ 10"
Cu|—5><10 ycm—10
[J PYTHIA 8
- --- RAPGAP
2 4 6 8 10 12 2 4 6 8 10 12
Ny (R = 0.6)
10°F You = 5x10*

ycui = 1071
[J PYTHIA 8
--- RAPGAP
8 10 12

y =5x10%f y =10°

T Ly Ty T

_ -2 41
ycu\_5><10 ycui_10
{ [] PYTHIA 8
P --- RAPGAP
2 4 6 8 10 12

012 2 4 6 8
ng (R=1)

—

sbj

FIG. 9. Subjet multiplicity for EIC at /s = 104.9 GeV for
R =0.6, 0.8, and 1 from top to bottom.
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FIG. 10. Subjet multiplicity for EIC at /s = 141 GeV for
R = 0.6, 0.8, and 1 from top to bottom.

TABLE II. Number of subjets within a jet with a minimum
Er o cut for multiple values of y., and jet radius R. 107 events
are generated at each /s. Statistical errors are found to be
negligible and excluded from the table.

(ngy) for \/s = 63.2 GeV
R=0..6 R=0.38
Yeut PYTHIA RAPGAP PYTHIA RAPGAP PYTHIA RAPGAP

0.0005 4.32 4.46 4.26 4.37 4.16 4.25
0.001 3.67 3.78 3.53 3.64 3.40 3.49
0.003 2.69 2.79 2.51 2.60 2.38 2.45
0.005 2.29 2.38 2.12 2.20 2.00 2.06
0.01 1.82 1.90 1.68 1.74 1.58 1.63
0.03 1.28 1.32 1.21 1.23 1.18 1.19
0.05 1.14 1.16 1.10 1.11 1.09 1.09
0.1 1.03 1.04 1.03 1.03 1.03 1.02

R=1

(ng) for /s = 104.9 GeV
R=0.38

R =06
Yeut PYTHIA RAPGAP PYTHIA RAPGAP PYTHIA RAPGAP

0.0005 4.39 4.50 4.28 4.38 4.15 4.24
0.001 3.70 3.79 3.53 3.62 3.38 3.46
0.003 2.69 2.717 2.50 2.58 2.35 242
0.005 2.28 2.36 2.11 2.17 1.98 2.03
0.01 1.82 1.88 1.67 1.72 1.57 1.61
0.03 1.28 1.31 1.21 1.23 1.18 1.19
0.05 1.14 1.15 1.11 1.11 1.09 1.09
0.1 1.04 1.04 1.03 1.03 1.03 1.03

R=1

<nsbj> for \/E = 141 GeV
R=08

Yeut PYTHIA RAPGAP PYTHIA RAPGAP PYTHIA RAPGAP

0.0005 4.41 4.52 4.30 4.40 4.17 4.26
0.001 3.70 3.80 3.54 3.63 3.39 3.47
0.003 2.68 2.76 2.50 2.57 2.36 242
0.005 2.28 2.35 2.11 2.17 1.98 2.04
0.01 1.81 1.87 1.67 1.72 1.57 1.61
0.03 1.29 1.31 1.22 1.23 1.19 1.20
0.05 1.14 1.15 1.11 1.11 1.10 1.10
0.1 1.04 1.04 1.03 1.03 1.03 1.03

both PYTHIA and RAPGAP. A similar study is also presented
in Fig. 14 for /s = 300 GeV and compared to the data
from the ZEUS experiment [17]. It is observed that the
data also agrees well with the predicted values from PYTHIA
and RAPGAP.

In a second study, jets are produced from anti-k;
algorithm and subjets are again produced using anti-ky
algorithm with smaller subjet radius of R, = 0.4 [50]
at both the cms energies. It is observed that the (ng;)
dependence on y,, does not follow the trend as in the case
when subjets are formed from k; algorithm, as evident
from Figs. 13 and 14. It is observed that the (n,;) decreases
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TABLE III.

Number of subjets within a jet with a minimum Ey i cut for different values of y., and jet radius

R = 0.6, 0.8, 1.0 for HERA data at /s = 300 GeV. 107 events are generated for each set. Statistical errors are
found to be < 0.05% for each value. Results from the ZEUS experiment are shown in the last column.

(ngy) for /s =300 GeV

R=0.6 R=038 R=1
Veut PYTHIA RAPGAP PYTHIA RAPGAP PYTHIA RAPGAP Experiment [17]
0.0005 4.41 4.52 4.30 4.40 4.17 4.26 4.30 £ 0.0068
0.001 3.70 3.80 3.54 3.63 3.39 347 3.49 +0.0057
0.003 2.68 2.76 2.50 2.57 2.36 2.42 2.44 +0.0043
0.005 2.28 2.35 2.11 2.17 1.98 2.04 2.06 + 0.0038
0.01 1.81 1.87 1.67 1.72 1.57 1.61 1.63 £ 0.0033
0.03 1.29 1.31 1.22 1.23 1.19 1.20 1.20 + 0.0024
0.05 1.14 1.15 1.11 1.11 1.10 1.10 1.10 £ 0.0018
0.1 1.04 1.04 1.03 1.03 1.03 1.03 1.03 £0.0010
less steeply with y,, in this case. A further investigation in
to this observation reveals that equation (6) is dominated by L fs = 63.2 GeV L. ¥5=104.9 GV
high p for anti-k; algorithm (p = —1) and tends to cluster °
hard radiation first. This assigns majority of energy to one .:&
subjet and the weaker subjet is most likely to get discarded. sl %: f
This leads to the production of imbalanced subjets. But ky ' .
algorithm prefers to cluster soft particles first, which results °
in even distribution of energy between subjets that contain ) T RSP RN T P
final state radiation [51]. The deviation observed is also < .l f =141 Gev o '5=300GeV
reported in [48] which states that anti-k; algorithm prefers N — pymias
to cluster hard particles first, which makes it best at P
resolving jets but is ineffective for producing jet substruc- il
ture due to its inability to decluster. '
1 1 1 1 1 1 PP I P RS T T P

C. Differential jet shape measurements

For differential jet shape measurements, jets are pro-
duced through longitudinally invariant k7 algorithm for jet

/s =63.2 GeV

/s = 104.9 GeV

(s = 300 GeV

— PYTHIAS
@ RAPGAP
A ZEUS data

sl P | PR |
10° 102 107

FIG. 11. Mean subjet multiplicity as a function of y.,. The
errors on the simulated values are less than 0.05% and the errors
on the ZEUS data are very small as shown in Table III.

10 20 30 40 50 60 10 20 30 40 50 60

E, (GeV)

FIG. 12.  Mean subjet multiplicity as a function of E7 .. Solid
lines represent the predictions from PYTHIA and points represent
predictions from RAPGAP for different values of R.

—— PYTHIA 8
i ° ® RAPGAP
4+ —— Jets and subjets from kT algorithm
— Jets from anti-k; and subjets from kT algorithm
o —— Jets and subjets from ami-kT algorithm
-~ B
=
7] L
c
~
2 —
0 | ol ol

102 107"

y

cut

10°°

FIG. 13. The mean subjet multiplicity as a function of y, for
/s =141 GeV for R =1 and R, = 0.4.
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—— PYTHIA 8
r ® RAPGAP
* A ZEUS data of jets and subjets from kT algorithm
41+~ —— Jets and subjets from k__algorithm
—— Jets from anti-k; and subjets from kT algorithm
r —— Jets and subjets from anti-k_r algorithm
Y L
5
c® T
~
2 —
0 111111 1 1 1111111 1 1 1111111

FIG. 14. The mean subjet multiplicity as a function of y, for
/5 =300 GeV for R =1 and Ry, = 0.4. The errors shown in
Table IIT for ZEUS data are negligibly small.

s = 63.2 GeV s = 104.9 GeV

o e e
=
= Is = 141 GeV Is = 300 GeV
~ PYTHIA 8
@ RAPGAP
1k
PRI IR EPRPUP SR SN SN S SRS T R
02 04 06 08 02 04 06 08
/R
FIG. 15. Differential jet shape as the function of annulus radii .

250

250

radius R = 1. Figure 15 shows measurement of differential
jet shape as defined in Eq. (12) at various annulus radii r for
each energy. An apparent peak is observed in differential jet
shape nearby the jet-axis, indicating the presence of high
E region around center of the jet. The differential jet shape
variable p decreases as r increases. For a specific annulus
radius, jet shape is observed to be similar at each center of
mass energy for both PYTHIA and RAPGAP. This leads to the
observation that both the subjet multiplicity and jet shape
are independent of center of mass energy.

D. Experimental outlook

The jet and jet-substructure studies at EIC in e p collisions
would serve as one of the most important calibration tools
for performing eA studies. The jets in the eA collisions
traverse through the nuclear medium. Differences between
the jet-substructure in ep and eA collisions provide
information of how partonic energy is dissipated in the cold
nuclear medium. High P jets are expected to be present
mostly in the region —1 <#5 <2, where the scattered
positron is also present as seen in Fig. 16 which shows
the positron momentum as a function of its pseudorapidity.
It can be seen that for /s = 63.2, 104.9, and 141 GeV the
highest positron momentum reaches around 90, 200, and
180 GeV/c and jet transverse momentum is found up to
30, 50, 65 GeV/c respectively. The positron position in the
detector is Q> dependent and for the Q% > 125 GeV?, it is
found in the barrel and forward endcap region. Higher
center-of-mass energies would be vital to enable the jet
studies at EIC. The precision of jet energy and positron
energy measurements should be better than the earlier
experiments at HERA. As the luminosity increases manifold
at EIC, there is a need to improve the detector related
systematic errors. The increased luminosity and hence the
increased event rate are an asset at the EIC which dictates a
high data rate of ~500 kHz [52]. For the informative jet
substructure studies, the lepton-hadron identification is

35000

45000 250

70000

fs=63.2 GeV s =104.9 GeV 40000 (s =141 GeV

200 30000 200 F- - ss000 200 F 50000
25000 50000

150 - 150 = 000 450 b
0@ 20000 25000 40000
100 15000 100 [ 20000 100 [ 30000

= 10000 15000
3 - S0F 10000 50 F 20000
y 5000 5000 10000
0 -4 -2 0 2 4 0 R 0 2 4 0 0 -4 4 0
n n
80 tecco 80 s s S0 I 16000
s=63.2GeV s=104.9 GeV s =141 GeV

70F \s :izzz 70F isoo0  7OF 14000
oF 12000 st oo 60 12000

_50E E 12000 E
5 ig - o ig ] 2000 ig ] 10000
o 8000 8000 8000
30F oo 30F oo OF 6000
20 4000 20 F booo  20F 4000
10F L . . L 2000 10f ) ) ) 00 10fF | ) ‘ ) 2000

-4 -2 0 2 4 o -4 -2 0 2 4 o -4 -2 0 2 4 0
n n n

FIG. 16. Positron momentum (P,+) and jet transverse momentum (Py j.) as function of their respective pseudorapidity 7, in the events

with ETﬂjet > 15 GeV and —1 < njet < 2.
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crucial in the barrel and forward endcap regions. The positron
measurements are designed using cylindrical symmetric
electromagnetic detectors in the barrel region and block
shaped electromagnetic detectors in the forward region.

The hadron physics can be handled using high granu-
larity electromagnetic and hadronic calorimeters. A
detailed discussion on the optional technologies and the
region covered by them can be found in [52].

VI. CONCLUSION

Predictions for the properties of subjets within jets
produced in neutral current deep inelastic e™ p scattering
at the future EIC are presented using simulated data. The
mean subjet multiplicity at each of the center-of-mass
energies of 63.2, 104.9 and 141 GeV has been found
using jets in the pseudorapidity region, —1 < ;e < 2 and
with each jet having E7j, > 15 GeV. Various combina-
tions of jet clustering algorithms are used and compared. It
is observed that the average number of subjets within a jet
decreases as E7j increases. The observation agrees with
the results from HERA.

It has been shown that for jets, both k; and anti-k;
algorithms give similar results. Multiple values of the jet
radius are used for selecting jets and subjets. It is observed
that the subjet multiplicity decreases as the jet radius
increases. For each radius, subjet multiplicity is measured
for various values of y.., the resolution parameter. Subjet
multiplicity is observed to decrease with the increase

in y.,. The jet shape is studied in terms of differential
jet shape variable p(r), which is observed to decrease as the
annulus radius is increased. It has been shown that both
subjet multiplicity and differential jet shape in a jet of given
transverse energy E7, are independent of the center of mass
energy. When jets and subjets both are produced by kr
algorithm, mean subjet multiplicity tends to decrease as
E7 e 1s increased.

Comparison of k; algorithm and anti-k; algorithm has
been studied for the production of subjets. It is observed
that for the subjets, ky algorithm is much better suited than
anti-k7 algorithm as can be well observed from the Fig. 14
for the data at /s = 300 GeV. It is due to the fact that anti-
kr algorithm prefers to cluster hard particles first, which
makes it best at resolving jets but due to its inability to
decluster, it is ineffective for producing substructure. It is
observed that characteristics of jets and subjets produced in
PYTHIA and RAPGAP are in close agreement.

The upcoming EIC detector can increase the accessible
range in x for a given Q2 due to its reduced cms energy as
compared to the HERA detector. This region is interesting
and not much explored. The improved precision of the
proton parton distributions is foreseen at the EIC detector
due to the promising increase in the luminosity. The jet
and jets’ substructure studies at the EIC would have very
small statistical uncertainties and a deep knowledge of the
detector would be required to pin down the systematic
uncertainties.
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