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Abstract: We present a systematic investigation of flavor-dependent jet quenching using energy-energy correlators
(EEC) in 4/s =5.02 TeV Pb+Pb collisions. Employing the improved SHELL model, which incorporates collisional
and radiative energy loss, as well as medium response, we quantify distinct quenching signatures for quark and
gluon jets. Key findings include: (1) Pure quark jets exhibit strong EEC enhancement at large angular scales, while
gluon jets show a bimodal enhancement pattern at small and large scales; (2) Dual-shift decomposition in the EEC
ratio reveals shifts toward large angles is primarily driven by energy loss, while small-Ry shifts extend beyond se-
lection bias and indicate intrinsic enhancement of the gluon-initiated jets; (3) Quark jets experience global suppres-
sion of averaged energy weight (weight)(Ry), whereas gluon jets exhibit concentration toward small Ry ; (4) Mech-
anism decomposition identifies elastic energy loss concentrating (weight)(Ry ) toward small Ry, radiative loss dom-
inating quark jet modification, and medium response amplifying large Ry enhancement via soft hadrons. The ob-
served flavor dependence in EEC modifications is dominantly driven by intrinsic jet structure differences rather than
medium-induced mechanisms. We propose photon-tagged jets as quark proxies and inclusive charged-hadron jets as
gluon proxies, demonstrating that they reproduce the respective flavor-specific quenching patterns. Our work estab-
lishes the EEC as a precision probe of color-charge-dependent jet-medium interactions, providing new constraints
for the detailed § extraction and QGP tomography, while highlighting the critical role of pre-quenching flavor asym-
metries.
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I. INTRODUCTION

The creation of a deconfined quark-gluon plasma
(QGP) in relativistic heavy-ion collisions provides a
unique opportunity to study quantum chromodynamics
(QCD) under extreme conditions in a laboratory [1-5].
Highly energetic jet-collimated sprays of particles, result-
ing from the fragmentation of hard-scattered partons pro-
duced in the initial collisions, serve as precision probes to
the novel properties of this QCD medium. The phe-
nomenon of jet quenching, characterized by the signific-
ant suppression of high-transverse momentum (pr) had-
rons and jets relative to scaled proton-proton collisions,

arises primarily from parton energy loss mechanisms
such as medium-induced gluon radiation and elastic colli-
sions [6—8]. Quantifying this energy loss provides critical,
direct insights into the QGP’s transport coefficients. To
dissect the complex space-time evolution of the in-medi-
um parton shower and differentiate between competing
energy loss mechanisms, jet substructure observables
have emerged as indispensable, high-resolution tools
[9-35]. These observables quantify the modification of
the jet’s internal energy flow and fragmentation pattern
caused by interactions with the QGP. Recent significant
advances include detailed measurements of differential
jet shapes [26, 27, 36-38], fragmentation functions
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[39—42], and groomed jet observables [21, 43], which
collectively offer a multi-dimensional tomography of jet-
medium interactions.

Among jet substructure observables, the energy-en-
ergy correlator (EEC) [44—47] is particularly significant
due to its sensitivity to soft and collinear radiation pat-
terns within jets. Defined as the energy-weighted angular
correlation between particle pairs, the EEC probes jet in-
ternal structure in elementary collisions and has emerged
as a powerful tool for studying QCD dynamics [48-74].
In heavy-ion collisions, it elucidates the onset of color co-
herence in medium-induced splittings [75-82], reveals
the medium response effect, mass hierarchy in heavy-fla-
vor jets [83—86], and exposes cold nuclear matter effects
in small systems [87—89]. The impact of selection bias on
the modification of the EEC is also discussed in [90, 91].
Moreover, EEC has also garnered significant attention
among experimentalists [92-95], with STAR, CMS, and
ALICE collaborations conducting dedicated measure-
ments of this observable in heavy-ion collisions.

Flavor-dependent parton energy loss is a fundamental
aspect governing jet evolution within the QGP [7, 96].
Distinct Casimir color factors not only lead to differ-
ences in the magnitude of energy loss between quarks and
gluons but also subject them to differential in-medium
splitting [97—100]. This inherent difference in energy loss
rates manifests directly as distinct medium modifications
in jet substructure observables such as jet charge [29,
101, 102] and jet shape [32, 36, 37, 103]. However, a de-

1 RL+3AR
Zepc(Ry) = N AR/ 1 E
jet® AR
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where all final state particle pairs (i, j) inside each jet are
summed up. The angular distance between each pair is
defined in the n—¢ plane as Ry ;; = \/(¢;— )+, —m:)?,
where AR is the angular bin width and N, is the total
number of jets. It corresponds to a distribution observ-
able defined in a jet.

We begin by calculating the defined EEC distribu-
tions of inclusive jets in p+p collisions to provide a
baseline for further studies. In the work, we use a Monte
Carlo (MC) event generator PYTHIA v8.309 [104] with
Monash 2013 tune [105] to simulate jet productions in
ptp collisions. To compare our calculated results with ex-
perimental data, we use the same kinematic cuts of events
as adopted by the ALICE measurements [94]. All jets are
reconstructed by the anti-kr algorithm with radius para-
meter R = 0.4 from charged particles with pp > 1 GeV us-
ing the FASTJET v3.4.0 package [106]. The reconstruc-
ted jets are accepted in the transverse momentum range

tailed understanding of how quark-gluon differences
manifest in the in-medium radiation pattern of jet sub-
structure observables in heavy-ion collisions is absent.
Therefore, it is compelling to investigate the flavor-de-
pendent jet quenching patterns within finer in-jet sub-
structure using the EEC.

The remainder of the paper is organized as follows. In
Sec. II, we introduce the definition of the EEC used for
the ALICE experimental study, and the p+p baseline of
the EEC distributions for inclusive jets in three different
jet transverse momentum intervals is calculated to com-
pare with the experimental data. In Sec. III we calculate
and compare the EEC distributions for inclusive jets in
Pb+Pb and p+p at +/s =5.02 TeV for the transverse mo-
mentum interval 40— 60 GeV, to derive medium modific-
ation ratios (A+A/p+p). The in-depth phenomenology ex-
ploration of such an observable is also presented and aids
in discussing differences in the jet quenching of quark-
and gluon-initiated jets from the following four aspects:
their respective EEC distributions, the effect of different
jet quenching mechanisms on them, the different modific-
ations of the fine structures revealed by the intra-jet EEC,
and their different selection bias effects. Finally, we
present the summary in Sec. I'V.

II. EEC DISTRIBUTIONS IN P+P COLLISIONS

The ALICE defined EEC describes the energy-
weighted cross-section of particle pairs as functions of
the angular distance between each pair as follows [95]:

P1iPT,j o/ ,
> TSR - Ruy) AR (1)

T,jet

20 GeV < prje < 80 GeV and rapidity range of |n| <0.5.
Our numerical results of Zggc as functions of R, for in-
clusive charged jets and their comparisons with ALICE
data in p+p collisions at +/s =5.02 TeV are shown in
Fig. 1.

We can observe that the Pythia simulation results
show fairly good agreement with experimental measure-
ments in p+p collisions in the three pr intervals, which
will serve as input and baseline for the subsequent study
in Pb+Pb collisions. It is worth mentioning that the mod-
els incorporating high-order corrections can provide an
improved description of the experimental data shown in
[94]. The EEC distributions are shifted to a lower R re-
gion with the increasing jet pr. We can conclude that,
with the increment of jet pr, the EEC distributions shift
to smaller Ry, and the height of the distribution will in-
crease, which is affected by the different number of
particle pairs within one jet in each pr interval. To ex-
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Fig. 1.  (color online) PYTHIA8 simulation results of

defined Zgpc distributions as functions of Ry for inclusive
charged jets with a jet size of R=0.4 in three jet transverse
20 GeV < prjec <40 GeV, 40GeV <
Prjec <60 GeV and 60 GeV < prje < 80 GeV produced in p+p

momentum intervals:

collisions at +/s =5.02 TeV. The results are compared with the
ALICE experimental data [94].

tract such an effect, it is natural to divide the EEC observ-
able into two major parts, rewritten as

total
N, pair AN, pair

Niw  NgslAR

Zepc(Ry) = (RL) - (weight)(Ry), 2

where we average the energy weight term, pripr;/pt e
to each particle pair within each jet in each angular bin
AR, denoted as (weight); therefore, we can simply re-
place the integration and then sum over jets and i, j into a
summed number of pairs within each bin AR, denoted as
AN, Consequently, Eq. (2) appears as the averaged
number of particles within a jet, normalized R, distribu-
tion on the number of pairs, and the averaged energy
weight distribution as a function of Ry . This benefits fur-
ther explorations and discussions.

We plot the R, distributions of the total number of
pairs normalized to every inclusive charged jet produced
in p+p collisions at /s =5.02 TeV for all three prj in-
tervals in the upper panel of Fig. 2, denoted as the
product of the first two terms in Eq. (2). The correspond-
ing Ry distributions of the averaged weight (weight) are
also shown in the bottom panel of Fig. 2.

We find in the upper panel that most of the particle-
pairs are distributed around R; = 0.2, and there is no jet
transverse momentum dependence of the peak position.
The distribution height increases with the enhancement of
prje because the number of constituents within the jets
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Fig. 2.  (color online) Number of jets normalized pair-num-

ber distributions (upper panel) and averaged energy weight
(lower panel) distributions as functions of Ry for inclusive
charged jets in three jet transverse momentum intervals:
20 GeV < prjec <40 GeV, 40 GeV < prje < 60 GeV and 60 GeV <
Prje <80 GeV produced in p+p collisions at /s =5.02 TeV.

increases as a consequence. In the bottom panel, the role
of the (weight) is to shift the distribution of particle pairs
toward smaller R; directions while the heights of the
(weight) distribution are also determined by the jet trans-
verse momentum. Higher jet transverse momentum leads
to more constituent particles within the jet, consequently
resulting in lower (weight) values.

III. EEC DISTRIBUTIONS IN A+A COLLISIONS

A. Improved SHELL model

In relativistic heavy-ion collisions, partons produced
from initial hard scatterings undergo energy loss through
interactions with the QGP. To simulate this process, we
employ the improved SHELL model —a Monte Carlo
framework that concurrently handles both elastic and in-
elastic scattering processes and the medium response dur-
ing jet propagation. The SHELL model has been quantit-
atively validated relative to multiple experimental observ-
ables, thereby establishing its reliability for jet quenching
studies [32, 107—111]. The model initializes parton posi-
tions via sampling from a Glauber-model-based nuclear
geometry [112], and subsequently they transport through
the QGP step-by-step. The radiative energy loss mechan-
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ism is implemented via a stochastic implementation ap-
proach. The probability of a gluon radiation when travers-
ing through the QGP medium during each time step At is
expressed as

Proa(t,Af) = 1 — g~ NEAD) 3)

Here, (N(t,At)) is the averaged number of radiated
gluons, which is calculated from the medium induced ra-
diated gluon spectrum within the Higher-Twist (HT)
method [113-116]:

AN 2a,CP(X)§ . , (z—t,-) ( 2 )4 A
wacd - ok 0 \2r  \ewee) 0 @
where «; is the strong coupling constant, x and k, devote
the energy fraction and the pr of the radiated gluon, M is
the mass of the parent parton. Only the gluon with a
lower xu, =up/E cut-off is allowed to emit, and up is
the Debye screening mass. P(x) is the QCD splitting
function in vacuum, C, denotes the Casimir factor for
gluon (C,) and quark (Cr). 7, = 2Ex(1 - x)/(k* + x¥*M?) is
the formation time of the radiated gluons.
G=qo(T/To)’pu is the jet transport parameter, where
go = 1.5 GeV?/fm, u* is the local velocity of the QGP, and
T, is the initial temperature. The jet transport parameter
is used to control the magnitude of energy loss due to jet-
medium interaction. The number of radiated gluons is
sampled from a Poisson distribution during each inelastic
scattering.

P(ng,t,At) =

(VAP —vasn, (5)

ng

In our calculation, P.4(f,At) is initially evaluated to de-
termine whether the radiation happens during At. If ac-
cepted, the Possion distribution P(n,,?,At) is used to
sample the number of radiated gluons. Finally, the en-
ergy fraction (x) and transverse momentum (k_ ) of the ra-
diated gluon is sampled based on the spectrum shown in
Eq. (4).

To calculate the collisional energy loss of these

showered partons, a Hard Thermal Loop (HTL) formula
dE" " a,Cyty VET

[117] is adopted in the study: ——= — .

The space-time evolution of the expanding fireball is giv-
en by the CLVisc hydrodynamic model [118]. When loc-
al temperature falls below 7,.=165 MeV, all the
showered partons stop their propagation in the QGP me-
dium and fragment into hadrons. In this work, we first
construct strings using the colorless method developed by
the JETSCAPE collaboration [119] and then perform
hadronization and hadron decays using the PYTHIA
Lund string method.

We also include the medium response effect in the
calculation by considering that the lost energy in the col-
lisional process is deposited into the evolved QGP medi-
um. This deposited energy disturbs the medium, exciting
a hydrodynamic wake correlated with the parton’s direc-
tion. Following freeze-out, this wake hadronizes and pro-
duces soft hadrons that can be reconstructed within the jet
cone. To incorporate this medium response effect, we
employ a hybrid approach based on the Cooper-Frye
freeze-out prescription with perturbations [39, 120]. The
resulting distribution of wake particles is given by

dAN 1 mr mr
& = 39n 75 cosh(y—y;)exp [—? cosh(y —yj)]
1
X {pTAPT cos(p—¢;)+ ng AMr cosh(y —yj)}.

(6)

Here, mr, pr, y, and ¢ denote the transverse mass, trans-
verse momentum, rapidity, and azimuthal angle of the
emitted wake hadrons, respectively. The variables y; and
¢; denote rapidity and azimuthal angle of the initiating
energetic parton. T denotes the freeze-out temperature of
the hot QCD medium. AMr = AE/cosh(y;) and APy de-
note the transverse mass and transverse momentum trans-
ferred from the jet to the medium, where AE denotes the
deposited energy.

B. Collisional vs. radiative vs. medium response

The angular distribution of the EEC within a jet inher-
ently reflects medium-induced modifications of jet con-
stituents and offers a direct connection to the scale and
structure of the QGP. This distribution can be used to ex-
plore jet-induced medium response, medium-induced ra-
diation, and transverse momentum broadening. We calcu-
late the distributions as functions of R; for inclusive
charged jets in Pb+Pb collisions at +/s =5.02 TeV to pre-
dict the possible ALICE measurement. Fig. 3 shows the
A+A/ptp ratio of the Zggc distributions as functions of
Ry, with the jet radius of R =0.4 in the jet pr interval of
40-60 GeV shown in the solid blue line. Clear enhance-
ments are observed at R > 0.3 and R <0.06 along with
suppression at Ry of approximately 0.06—0.3. From the
distribution shifting point of view, it implies there are
shifts toward larger R. and smaller R, at the same time.
There have to be two effects competing with each other.
To isolate the contributions and effects from different jet
quenching mechanisms, we also plot in the same figure
the A+A/p+p ratios as functions of Ry : only considering
radiative energy loss, denoted as the dashed dotted line;
only considering collisional energy loss, denoted as the
dotted line; considering both collisional and radiative en-
ergy loss but excluding medium response effect, denoted
as the dashed line. We will apply the same notation in the
following discussion.
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Fig. 3. (color online) A+A/p+p ratios of the Zgpc distribu-

tions as functions of Ry, for inclusive charged jets with a radi-
us of R=0.4 in central (0—10%) Pb+Pb collisions at /s =5.02
TeV in jet pr interval 40-60 GeV calculated considering four
scenarios of jet quenching mechanism: collisional energy loss,
radiative energy loss, collisional+radiative energy loss and
collisional+radiative energy losstmedium response.

First, we find that the pure collisional energy loss pro-
cess leads to a gradual enhancement in the smaller Ry re-
gion and a gradual suppression in the larger Ry region, in-
dicating that the energy loss mechanism, which does not
alter the particle propagation direction, results in a con-
centration of the energy weight distribution toward smal-
ler Ry values. Second, the pure radiative energy loss pro-
cess leads to a rapid enhancement with increasing Ry in
Ry > 0.2 and a slight suppression at Ry < 0.2, indicating a
clear broadening effect toward larger R, values in the dis-
tribution. It is a typical consequence of the medium-in-
duced gluon radiation. The final A+A/p+p ratio is almost
exactly the result of the competition of the two mechan-
isms. The medium response effect is visible and mild in
this specific observable, but it has the same diffusion be-
havior of enhancing the distribution in the larger R;, val-
ues and suppressing that in the smaller R region as the
radiative energy loss process.

To gain deeper insight into the physical implications
of this result, we examine the theoretical predictions from
the following three perspectives: probing finer jet sub-
structures revealed by the EEC observable itself, specific-
ally the distribution of average paired-energy weight
versus R; shown in Fig. 2; impact of selection bias,
which is a common effect in jet substructure observables,
on the EEC measurements; capability of this observable
to distinguish quark-initiated jets from gluon-initiated jets
in jet quenching, along with the underlying mechanisms
for these differences.

C. In-jet finer substructure as revealed by the EEC
By applying the strategy discussed in Eq. (2) and

Fig. 2, we first calculate the ratio of the Ry -distribution of
paired-particle counts normalized to the number of jets in
Pb+Pb collisions to that in p+p collisions shown in the
upper panel of Fig. 4. Elastic energy loss leads to a reduc-
tion in the Ry -distribution of paired-energy counts in
A+A compared to the p+p case, and this reduction be-
comes more pronounced with increasing Ry . The overall
suppression demonstrates a reduction in the number of
particle pairs. The slope of the curve indicates that it
leads to an enhancement of the distribution in the small
Ry region relative to that in the large Ry region. The
dashed-dotted line demonstrates that radiative energy loss
causes the Ry -distribution of paired-energy counts for jets
in A+A collisions to shift towards larger R, . The dashed
line shows the competition between two mechanisms.
The comparison between the total effect represented by
the solid line and dashed line reveals that the effect of
medium response on the R -distribution of paired-particle
counts is manifested as an enhancement in the large R;,
region. Furthermore, the medium response resulting in an
increase in the number of jet constituents contributes en-
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Fig. 4. (color online) Ratio of the Ry distribution of paired-

particle counts normalized to the number of jets in Pb+Pb col-
lisions to that in p+p collisions (upper panel) and the ratio the
Ry -distribution of averaged energy-energy weight in Pb+Pb
collisions to that in p+p collisions (lower panel) for inclusive
charged jets with the size of R =0.4 in the jet transverse mo-
mentum interval of 40 GeV < prj <60 GeV produced at
Vs =5.02 TeV. The results of the four jet quenching scenarios
are also plotted same way as in Fig. 3.
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tirely to the distribution in this specific region.

From the bottom panel of Fig. 4, we observe that all
types of jet quenching mechanisms lead to an elevation of
the averaged energy-energy weights ((weight)s) in the
small R region relative to those in the large Ry region.
This behavior explains why the A+A/p+p ratio of the
EEC shown in Fig. 3 exhibits an enhancement in the
small Ry, region, while its rise, when moving towards the
large R; region, is weaker than that observed in the
paired-particle count distribution in the upper panel. The
ratio value obtained from radiative energy loss is lower
than that from collisional energy loss because radiative
energy loss increases the number of particle pairs, where-
as collisional energy loss reduces it. The inclusion of the
medium response effect, due to the resulting increase in
the number of jet constituents, causes a reduction in the
(weight)s. This creates a stark contrast to the sharp rise it
induces in the paired-particle count distribution within the
large Ry region, leading to a mild overall effect of the
medium response to the A+A/p+p ratio of EEC. There-
fore, we find that the upper and lower parts shown in the
figure exhibit exactly opposite trends in their response to
changes in the number of jet constituents, resulting in a
partial cancellation effect.

D. Quark-initiated jets versus gluon-initiated jets

Nonetheless, we need to examine the reason why the
(weight) distribution in A+A collisions is relatively more
concentrated towards the small R, region. As suggested
by the jet-pr dependence of the EEC distribution shown in
Fig. 1, this phenomenon may be attributed to selection bi-
as. However, does this imply that energy loss mechan-
isms cannot drive the (weight) towards larger R; angles?
Is this phenomenon consistent for both quark- and gluon-
initiated jets? We find that a comprehensive understand-
ing of flavor-dependent jet-quenching effects on the EEC
observable remains elusive. To address this gap, we in-
tend to conduct further discussion focusing on the follow-
ing aspects: initial p+p production, different jet quench-
ing mechanisms, in-jet finer substructure as revealed by
the EEC, selection bias effect, and flavor-dependent attri-
bution. We begin our discussion by comparing purely
quark-initiated jets and purely gluon-initiated jets gener-
ated by PYTHIA.

Initial p+p production - Given the experimental chal-
lenge of identifying or defining quark versus gluon-initi-
ated jets, we adopt a simulation-based approach. Using
PYTHIA 8, we generate events from hard processes con-
strained to produce exclusively quarks or exclusively
gluons. Jets are then reconstructed in these events and
used for our case study.

In Fig. 5 we plot Zggc distributions as functions of R
for inclusive charged jets, pure gluon-initiated and quark
-initiated jets with a size of R =0.4 in the jet transverse

/5 = 5.02 TeV inclusive jets
6 gluon jets
- 40 <P; <60 GeV .
| ! - quark jets
o |
w 4
PN L
2 —
[ L
102 10™
RL
Fig. S. (color online) PYTHIA8 simulation results of

defined Zggc distributions as functions of R for inclusive
charged jets, pure gluon-initiated jets and quark -initiated jets
with a jet size of R =0.4 in the jet transverse momentum inter-
val of 40 GeV < prje <60 GeV produced in p+p collisions at
V5=5.02 TeV.

momentum interval of 40 GeV < prj <60 GeV pro-
duced in p+p collisions at +/s=5.02 TeV simultan-
eously. We observe that gluon-initiated jets peak around
Ry =0.08, while quark-initiated jets exhibit higher distri-
bution values and are more concentrated in the small-R.
region. Inclusive charged jets represent a mixture of the
two, and their distribution closely resembles that of
gluon-initiated jets. Furthermore, this observation reveals
that within this kinematic regime, the charged-hadron jet
sample is predominantly dominated by gluon-initiated
jets. The transition from gluon-initiated to quark-initiated
jets produces an effect similar to what is achieved by in-
creasing the jet pr.

Different jet quenching mechanism - In Fig. 6, with-
in the same kinematic regime, the jet quenching patterns
for different flavor-initiated jets are individually investig-
ated. First, we present the A+A/p+p ratios of the Xgpc
distributions for quark-initiated jets and gluon-initiated
jets in the upper and lower panels, respectively. Below
Ry =0.15, a slight and gradual suppression is observed
for quark-initiated jets in the upper panel, whereas bey-
ond R; =0.15, the ratio exhibits an increasing behavior
with rising Ry . The enhancement observed in the large-
Ry region reveals a distinct diffusion effect induced by jet
quenching for quark-initiated jets. However, the suppres-
sion seen in the small-R; region indicates that the selec-
tion bias effect is not manifested. In the lower panel, we
observe a significant enhancement for gluon-initiated jets
in the small-R; region below 0.07. This enhancement be-
comes more pronounced as Ry decreases. Additionally, a
substantial increase is also observed in the large-R; re-
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Fig. 6. (color online) A+A/p+p ratios of the Zggc distribu-

tions for quark-initiated jets (upper panel) and gluon-initiated
jets (bottom panel) separately calculated in the four jet
quenching scenarios plotted in the same manner and the same
kinetic region as in Fig. 3.

gion beyond 0.4, where the ratio rises monotonically with
increasing Ry .

Figure 1 indicates that jets with higher transverse mo-
mentum tend to populate the distribution in the smaller-
Ry, region. The enhancement observed in the small-R;, re-
gion in this figure likely originates from contributions of
higher-pr jets before significant energy loss occurs. Not-
ably, quark- and gluon-initiated jets exhibit significantly
distinct responses to this mechanism. This difference may
partly be explained by examining Fig. 5: quark-initiated
jets predominantly distribute in intrinsically smaller Ry
regions, whereas gluon-initiated jets favor larger Ry re-
gions. Furthermore, in the large-R region, the observed
enhancement is smaller for gluon jets than for quark jets.
These characteristic differences collectively constitute the
discriminatory power of the EEC observable in distin-
guishing the jet quenching signatures of quark-initiated
versus gluon-initiated jets.

Simultaneously, we also compute the isolated impact
of different jet quenching mechanisms on their respect-
ive A+A/p+p ratios, shown alongside the curve represent-
ing the overall consideration of the jet quenching mech-
anisms, following the methodology employed in Fig. 3.
For the pure elastic energy loss mechanism, we find that
regardless of gluon-initiated or quark-initiated jets, en-

hancement in the small-R;, region and suppression in the
large-R, region are consistently observed. This tends to
increase their relative weighting at small R;. However,
the effect is less pronounced for quark-initiated jets when
compared to gluon-initiated jets, noting that quark jets
already exhibit a stronger tendency to populate the small-
R, region than gluon jets. By contrast, the radiative en-
ergy loss mechanism exhibits significantly greater differ-
ences between quark-jets and gluon-jets than elastic en-
ergy loss. For quark-initiated jets, radiative energy loss
manifests as suppression in the small-R; region and en-
hancement in the large-R; region. Its behavior almost en-
tirely dictates the overall A+A/p+p ratio pattern, render-
ing the contribution from elastic energy loss negligible.
The medium response effect provides only a minor en-
hancing contribution in the large R region. This effect
arises because medium excitations produced by energy
deposition from the jet are preferentially emitted away
from the jet axis, resulting in weaker correlations with the
jet constituents. For gluon-initiated jets, radiative energy
loss manifests as an enhancement in the small and large
Ry, regions. Overall, radiative energy loss still dominates
the A+A/p+p ratio for gluon jets. However, its domin-
ance is more substantially diminished by the opposing ef-
fects of elastic energy loss when compared to the case in
quark-initiated jets, where it holds a stronger position.

Selection bias effect - Through the aforementioned
analysis and comparisons, we recognize the critical need
to further characterize the selection bias effects experi-
enced separately by quark- and gluon-initiated jets, mov-
ing beyond intuitive interpretations based solely on the
pr-dependence observed in Fig. 1. We employ the fol-
lowing methodology: Jets with reconstructed transverse
momentum in the 40 -60 GeV range in A+A collisions
are categorized into two classes: Falldown, jets originat-
ing from partons that, prior to energy loss, would have
produced jets with pr > 60 GeV in the corresponding p+p
collisions. Survival, jets originating from partons that, be-
fore energy loss, would have produced jets with pr in the
40-60 GeV range in the corresponding p+p collisions. In
Fig. 7, we compare the A+A/p+p ratios of the EEC distri-
butions for quark-initiated and gluon-initiated jets, separ-
ately showing the contributions originating from the Fall-
down and Survival components for each flavor.

We observe that the energy loss patterns manifested
by the Falldown and Survival components are dynamic-
ally analogous. The characteristic differences in energy
loss signatures fundamentally originate from the flavor of
the initial partons. Comparatively, the Falldown contribu-
tion consistently exhibits a stronger enhancing effect in
the small-R; region while producing relatively weaker
diffusion in the large-R; region. The combined effect ob-
served in Fig. 3 arises from the mixture of these Fall-
down and Survival components. Examining the Survival
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Fig. 7. (color online) A+A/p+p ratios for EEC distributions

as a function of Ry, for quark- and gluon-initiated jets with two
categories: Survival and Falldown in central (0—10%) Pb+Pb
collisions at /s =5.02 TeV in jet pr interval 40-60 GeV.

component in isolation reveals that in the small-R; re-
gion, even without the amplified selection bias effect in-
trinsic to the Falldown population, gluon-initiated jets in-
herently generate a slight enhancement due to their char-
acteristic energy loss pattern. The selection bias effect
further augments this enhancement. Simultaneously, we
note that the enhancing effect of selection bias in this re-
gion remains insufficient to counteract the suppressing ef-
fect of quark jet energy loss. This leads to the empirical
observation that gluon jets appear more susceptible to se-
lection bias. The underlying physics, however, indicates
that quark and gluon jets experience selection bias. The
observed difference primarily arises from the flavor-de-
pendent characteristics of energy loss imprinted on the
EEC observable.

In-jet finer substructure of EEC - To gain further in-
sight into the aforementioned differences in jet quench-
ing effects between quark- and gluon-initiated jets
through the substructure details revealed by the EEC, we
present the following in Fig. 8. Upper panels: the A+A/
ptp ratios of the normalized paired-particle count R dis-
tributions (normalized per jet) for quark-initiated jets
(left) and gluon-initiated jets (right). Lower panels: the
A+A/p+p ratios of the (weight)s Ry distributions for
quark-initiated jets (left) and gluon-initiated jets (right).
Additionally, results showing the isolated effects of dif-
ferent jet quenching mechanisms are overlaid in each
panel.

Let’s commence with the A+A/p+p ratios of the nor-
malized paired-particle count R;, distributions. For quark-
initiated jets: The angular distribution of paired particles
diffuses toward larger Ry values. Elastic energy loss sup-
presses this trend by inducing suppression at large Ry, but

i coll [ R =04, s=502TeV
af i rad i
r — — CcOll+rad 40 < PT,]et <60 GeV
r = coll+rad+wake
T 3f L
ECL L ANpaif / [ ANpair
Il No AR ‘ No: AR
2:_ quark jets L gluon jets
1:—. .................... —
il
<weight> <weight>
2r r
i quark jets gluon jets
a |
3_1 5 r
< |
T |
R S s T
i mﬂ“‘;‘:
0.5F -
[l M| N Lol
10 10™ 107? 107
R, R
Fig. 8. (color online) A+A/p+p ratios of the number of jets

normalized paired-particle count Ry distributions for quark-
initiated jets (left) and gluon-initiated jets (right) are plotted in
the upper panels; A+A/p+p ratios of the (weight)s Ry, distribu-
tions for quark-initiated jets (left) and gluon-initiated jets
(right) are plotted in the lower panels. The jets are with a jet
size of R=0.4 in the jet transverse momentum interval of
40 GeV < prje <60 GeV produced in Pb+Pb collisions at
V5=5.02 TeV.

the medium response effect compensates for this suppres-
sion. Consequently, the net effect nearly matches that of
radiative energy loss. For gluon-initiated jets: The physic-
al behavior pattern is analogous, although the diffusion
toward larger R occurs to a lesser extent than in quark
jets.

Turning now to the A+A/p+p ratios of the (weight)
Ry distributions: for quark-initiated jets, modifications to
the (weight) are relatively mild overall. A slight enhance-
ment only begins to emerge beyond Ry =0.3. Further-
more, the entire modification remains dominated by radi-
ative energy loss, even though the elastic energy loss
mechanism exhibits opposing behavior, which is consist-
ent with the indication from the upper panel. Similarly,
we observe that the medium response effect provides a
significant suppressing contribution in the large-R_ re-
gion, directly counteracting the enhancement induced by
radiative energy loss. Consequently, this results in an
overall gentle modification, suggesting that the (weight)
distribution experiences no significant shift across the en-
tire R_ range. For gluon-initiated jets, the shift of the
(weight) toward the concentration in the small-R; region
is significantly pronounced. Loss of radiative and elastic
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energies contribute in the same direction (toward this
shift), and the medium response effect further suppresses
the distribution in the large-R;, region.

Building on the two refined aspects of jet substruc-
ture quenching effects, we now analyze the results in
Fig. 6, which reflect their combined impact. For quark-
initiated jets, elastic energy loss contributes negligibly.
Radiative energy loss and medium response increase the
number of jet constituents. This significantly enhances
the paired-particle count Ry distribution while substan-
tially suppressing the (weight). In the small-R; region,
minimal modification to paired-particle counts domin-
ates. The suppression of (weight) thus causes an overall
suppression in the total EEC A+A/p+p ratio. In the large-
Ry region, the strong enhancement in paired-particle
counts is partially counteracted by suppressed (weight).
Nevertheless, a significant net enhancement persists. For
gluon-initiated jets, the enhancement in the paired-
particle count Ry distribution is weaker than in quark jets.
The critical difference lies in modifications to the
(weight) Ry distribution: in the small Ry region, an en-
hancement is observed; in the large R, region, pro-
nounced suppression is observed. Consequently, en-
hanced (weight) drives an overall enhancement in the
total EEC A+A/p+p ratio in the small-R; region, while
suppression of (weight) further diminishes the enhance-
ment of the paired-particle counts in the large-R; region.

IV. ATTRIBUTION AND SUMMARY

We analyzed the differences in A+A/p+p Ry distribu-
tions between quark and gluon jets through four distinct
dimensions: initial production mechanisms, variations in
jet quenching mechanisms, internal substructure details
revealed by EEC, and differential susceptibility to selec-
tion bias. We now investigate the fundamental origins of
the flavor-dependent jet quenching effects observed in the
EEC.

We therefore compute the A+A/p+p ratios of the EEC
distributions under two counterfactual scenarios: pure
gluon jets traversing the medium with quark-like energy
loss characteristics, and pure quark jets subjected to
gluon-like energy loss dynamics. Results are presented in
Fig. 9. These variations arise not only from differences in
the interaction strength between quarks/gluons and the
hot and dense medium but also from distinct radiation
patterns of gluons in radiative energy loss. We quantify
this impact by highlighting the variation range between
the nominal A+A/p+p ratio and our counterfactual ratio
through shaded bands in the figure. For gluon jets with
suppressed energy loss, we observe the expected attenu-
ation of energy loss and selection bias effects. However,
enhancements persist across small and large Ry regions.
Conversely, enhancing quark energy loss to gluon-like
levels dramatically amplifies the EEC distribution in

50 — quark jets AE;=AE,
4 E —— quark jets
o - Y jets
S o
B R=0.4, Vs =5.02 TeV
2f 40 <P <60 GeV
1_—"_'_;;".'.;' """"""""""" SR et e e
- —— gluonjets AE = AE,
2 —— gluon jets
e inclusive jets
o 1.5
< L
t 0
< =
0.5
L1 Ll
1072 107
R,
Fig. 9. (color online) Counterfactual analysis of flavor-de-

pendent jet quenching via EEC distributions. (upper) Quark
jets with energy loss equivalent to gluon jets (AE, = AE,),
compared to yp-tagged quark jets under standard quenching.
(lower) Gluon jets with energy loss equivalent to quark jets
(AE, = AE,), compared to inclusive jets under standard
quenching. All jets reconstructed with R=04 in central
(0-10%) Pb+Pb collisions at +/syy =5.02 TeV with trans-
verse momentum 40 < prj <60 GeV. Shaded bands indicate
the variation range between nominal and counterfactual
A+A/p+p ratios.

A+A collisions at large R, while preserving the charac-
teristic suppression at small Ry .

Consequently, the characteristic differences in the
A+A/ ptp ratios of EEC distributions between quark- and
gluon-initiated jets primarily stem from pre-quenching
distribution disparities, not from flavor-dependent energy
loss mechanisms, and crucially not from divergent gluon
radiation patterns during radiative energy loss.

To experimentally observe and utilize this flavor-de-
pendent difference, we propose photon-tagged jets as
proxies for quark-initiated jets and inclusive charged-had-
ron jets within the same kinematic regime as proxies for
gluon-initiated jets. We compare the photon-tagged jets
and pure quark-initiated jets in the upper panel. The
A+A/p+p ratios of EEC distributions for both jet types
are compared within the same kinematic window. The
photon-tagged jet results show notably closer alignment
with unmodified quark-initiated jets. The inclusive
charged-hadron jets are compared to pure gluon-initiated
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jets in the lower panel. The results for inclusive charged-
hadron jets align closely with those of gluon-initiated jets,
which have been artificially modified to undergo quark-
like energy loss.

In summary, through PYTHIA simulations validated
against ALICE p+p data and an improved SHELL model
incorporating collisional/radiative energy loss in addition
to medium response, we systematically quantify flavor-
dependent jet quenching via energy-energy correlators
(EEC) in +/syy =5.02 TeV Pb+Pb collisions. Key find-
ings include that the flavor-dependent quenching signa-
tures in this study are characterized by pure quark jets ex-
hibiting a strong enhancement at Ry > 0.2, and gluon jets
displaying a bimodal enhancement at small (Ry <0.07)
and large (R > 0.4) angular scales. Dual-shift decompos-
ition is illustrated in the A+A/p+p ratio of the EEC,
where shifts toward large R (> 0.3) primarily stem from
energy loss effects. Shifts toward small R (< 0.06) are
not fully attributable to selection bias. Counterfactual
analysis reveals that intrinsic gluon jet enhancement is
also evident in small- Ry regions. The aspect of the sub-
structure-resolved discrimination is that the quark jets

suffer global suppression of (weight)(R.) and gluon jets
suffer concentration of (weight) toward small R, . Based
on the mechanism decomposition point of view, elastic
energy loss concentrates (weight)(R.) toward small Ry,
radiative energy loss dominates quark jet modifications,
and medium response amplifies large R; enhancement
via soft hadron production. These results indicate that fla-
vor dependence in EEC modifications is predominantly
driven by intrinsic gluon/quark-initiated jet distribution
structure differences rather than medium-induced mech-
anisms. At the end of the manuscript, we propose photon-
tagged jets as proxies for quarks and inclusive charged-
hadron jets as proxies for gluons. y-tagged jets reproduce
the pure quark jet quenching signatures, and inclusive jets
exhibit gluon-like behavior when subjected to quark-like
energy loss. These results establish the EEC as a preci-
sion probe of color-charge-dependent jet-medium interac-
tions, providing new constraints for § extraction and
QGP tomography. Meanwhile, the dominant role of ini-
tial jet structure suggests that future analyses must ac-
count for pre-quenching flavor asymmetries.
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