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Effect of recoils on soft-drop-groomed observables in γ-tagged jets in a multistage approach
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We investigate medium-induced modifications to jet substructure observables that characterize hard compo-
nents in central Pb-Pb collisions at

√
sNN = 5.02 TeV. Using a multistage Monte Carlo simulation of in-medium

jet shower evolution, we explore flavor-dependent medium effects through simulations of inclusive and γ -tagged
jets. The results show that quark jets undergo a nonmonotonic modification compared with gluon jets in
observables such as the Pb-Pb to p-p ratio of the soft drop prong angle rg, the relative prong transverse
momentum kT,g, and the groomed mass mg distributions. Due to this nonmonotonic modification, γ -tagged jets,
enriched in quark jets, provide surprisingly clear signals of medium-induced structural modifications, distinct
from effects dominated by selection bias. Further systematic studies demonstrate that these effects are dominated
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by recoil medium response. This work highlights the potential of hard substructures in γ -tagged jets as powerful
tools for probing the jet-medium interactions in high-energy heavy-ion collisions, in particular by enabling
detailed investigations of jet-medium parton scatterings via their associated medium response. All simulations
for γ -tagged jet analyses carried out in this paper used triggered events containing at least one hard photon,
which highlights the utility of these observables for future Bayesian analysis.

DOI: 10.1103/7qxy-fz41

I. INTRODUCTION

High-energy heavy-ion collision experiments at the BNL
Relativistic Heavy Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC) have established jets as essential tools
to probe the quark-gluon plasma (QGP), a strongly coupled,
deconfined state of matter created in these collisions [1–20].
Large transverse momentum partons generated in the ini-
tial hard scatterings traverse the QGP medium, undergoing
significant interactions that lead to observable modifications
compared with proton-proton (p-p) collisions, where a suffi-
ciently large medium is not formed [21]. Early measurements
at RHIC, such as the suppression of high transverse mo-
mentum hadrons [22–26] and the disappearance of dihadron
correlations [27–29], provided the first experimental evidence
of parton energy loss due to the strong interactions with the
QGP medium. Recent advances at RHIC and LHC have al-
lowed more detailed studies of reconstructed jets [30–33],
providing deeper insights into the fundamental mechanisms
underlying jet-medium interactions, such as medium-induced
radiation, scattering with medium constituents, in-medium
thermalization, the hydrodynamic evolution of energy de-
posited by jets, etc.

The loss of jet transverse momentum (pjet
T ), as revealed by

the nuclear modification factor RAA, has been a central focus
of measurements and analyses, establishing RAA as a primary
observable. However, the extent of pjet

T loss in reconstructed
jets depends only on the energy and momentum that have
been scattered or radiated outside the jet cone. Partons in
hard showers lose energy by scattering and radiation. The
extra scattering in the medium changes not only the energy
radiated outside the cone but also the energy-momentum dis-
tribution within the cone. The latter can only be accessed via
jet substructure observables. Investigating jet substructures
also necessitates triggering on jets based on their pjet

T , mak-
ing an accurate calculation of pjet

T loss essential. To explore
jet-medium interactions effectively, it is crucial to study both
the pjet

T loss, reflected in the RAA, and the internal structure
modifications, captured by substructure observables.

Recent years have seen a proliferation of observables and
analysis techniques referred to as jet substructure, with ex-
amples including the jet fragmentation function, jet mass,
and jet shape. These reveal medium effects on the inter-
nal structure of jets [30–57]. Advanced grooming techniques
[58–64] extract imprints of hard partonic branchings from
final-state hadrons forming reconstructed jets, even though
such branchings cannot be directly observed experimentally.
Understanding these hard branchings, which form the skele-
ton of a jet’s internal structure, is crucial to uncovering how

jet structures are formed and modified by medium effects,
such as modifications of the radiation pattern or scatterings
with medium constituents, ultimately leading to pjet

T loss. In
vacuum, hard branchings are relatively well-described using
perturbative methods, offering robust baselines for studying
medium-induced modifications in heavy-ion collisions. Hard
branchings have also attracted significant theoretical interest,
as they provide a promising avenue to explore jet-medium
interactions [64–75].

Here, it is important to note that, especially in the presence
of medium effects, the notion of a hard branching extracted by
grooming analyses does not necessarily correspond to an ex-
plicit parton radiation. The reconstructed hard branching may
instead be strongly affected by recoil particles in scatterings
with medium constituents [68], contributions from hadroniza-
tion processes, or other effects that, in principle, cannot be
disentangled experimentally. Accordingly, throughout this pa-
per, the term “hard branching” denotes the splitting identified
by the grooming analysis, whereas the hard substructure of the
jet refers to observables characterizing the distribution of the
reconstructed prongs associated with that branching.

Soft drop [62], one of the most widely used grooming
methods in heavy-ion physics, identifies the two hard prongs
with the largest angular separation within a jet while dis-
carding low-momentum prongs, thereby defining the hard
branching. In our previous study [74], we analyzed the
soft-drop observables zg (momentum fraction) and rg (radial
separation) for inclusive jets triggered by their pjet

T , using
Monte Carlo simulations of in-medium jet shower evolution
with the MATTER+LBT multistage model [20,76–82] within
the JETSCAPE framework [21,74,83–93]. The zg distribution
showed negligible medium-induced modifications, consistent
with experiments, while the rg distribution exhibited suppres-
sion that increases monotonically with rg. This monotonic
behavior was reproduced by incorporating modified coher-
ence effects [89,94,95], where high-virtuality partons, due to
finer resolution, perceive the medium as dilute and experience
reduced interactions. As a result, jets with larger rg were
strongly suppressed, with no trace of medium effects on the
actual structure of hard components associated with the parton
shower.

These findings suggest that the suppression of the rg dis-
tribution may arise primarily from selection bias in inclusive
jet analyses, rather than from direct structural modifications of
soft-drop-reconstructed hard branchings. Jets with large-angle
hard branchings are more likely to have lost soft constituents
outside the jet cone, leading to a bias toward triggering on
jets with smaller angular separations and reduced overall en-
ergy. Thus, inclusive jet measurements are less sensitive to
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medium effects, causing the structural modification of the
parton shower, underscoring the need for targeted observables
to probe these effects.

To investigate medium effects in detail through soft-drop-
reconstructed jet substructure, it is essential to mitigate the
selection bias inherent in inclusive jet analyses. This can
be achieved using γ -tagged or Z-tagged jets, produced in
photon-jet or Z-boson-jet pair production events, often re-
ferred to as “golden channels.” Photons and Z bosons do
not interact strongly with the QGP medium. Thus, photons
and Z bosons that are pair-produced with a jet in the initial
hard scattering are measured with transverse momenta (pT )
that closely approximate the initial pT of the partons gen-
erating the jets, at leading order. Triggering on the pT of
the photon or Z boson, instead of the jet, selects jets with
similar initial pT , independent of pjet

T loss, reducing selection
bias and enabling cleaner investigations of medium effects
on jet structures. Additionally, partons paired with photons
or Z bosons are predominantly quarks, minimizing flavor-
dependent selection bias. Comparing these tagged jets with
inclusive jets allows systematic studies of flavor-dependent
effects.

In this paper, we investigate γ -tagged jets as a means
to mitigate the selection bias effect, enabling a clearer ex-
amination of medium modifications to a subset of soft-drop
observables that characterize the hard substructure of jets.
Building on our previous work [74,89,90], which established
a wealth of benchmark results, we employ the MATTER+LBT

multistage model within the JETSCAPE framework to provide
predictions under realistic high-energy heavy-ion collision
configurations. We demonstrate that fixing the photon pT

and triggering on associated jets, even those with lower pjet
T ,

eliminates the suppression of jets with broad hard branchings
observed in inclusive jet measurements. This confirms that
the suppression of inclusive jets arises from selection bias
rather than from intrinsic structural modifications of the hard
component reconstructed as part of a jet. Moreover, we show
that γ -tagged jets exhibit pronounced broadening of soft-
drop-reconstructed hard branchings compared with inclusive
jets, driven by their quark-jet dominance. With simplified
simulations, we reveal that quark jets are more susceptible
to medium-induced modifications, particularly during low-
virtuality evolution, leading to significant modifications in
their soft-drop-reconstructed hard branching structure. These
results establish γ -tagged jets, and similarly Z-tagged jets, as
powerful tools for revealing clear signals of direct medium
effects on the hard component reconstructed as part of
a jet.

The paper is organized as follows. Section II outlines the
simulation framework and methodologies employed, includ-
ing the multistage MATTER+LBT model within the JETSCAPE

framework. In Sec. III, we detail the analysis procedures for
γ -tagged jets as well as inclusive jets, including soft-drop
grooming. Section IV presents the results from the JETSCAPE

simulations, highlighting the flavor-dependent medium effects
and selection biases on rg, kT,g, and mg distributions, as well as
the role of γ -tagged jets in revealing intrinsic medium modifi-
cations. Subsequently, in Sec. V, we compare the results from
the same event sets with available experimental data from

Pb-Pb collisions at the LHC. Finally, Sec. VI concludes with
a summary of our findings.

II. MODEL

In this paper, the JETSCAPE code package is utilized,
which offers a flexible framework for modular integration in
Monte Carlo event generation for heavy-ion collisions. We
specifically employ our current default configuration with
the MATTER+LBT setup referred to as the JETSCAPEv3.5
AA22 tune, as detailed in our previous work [74,89,90], to
perform simulations of jet events. All parameters in the tune
are chosen to fit only the RAA s for single high-pT particles
and reconstructed jets in Ref. [89] and are not retuned for
any other observables, including all the observables presented
in this paper. In this section, we provide a brief overview
of the components that constitute our simulation setup. For
readers interested in delving deeper into the specific physical
elements integrated into the multistage MATTER+LBT sim-
ulation within the JETSCAPE framework, we direct them to
Refs. [74,89,90]. Additional insights into the software compo-
nents of the JETSCAPE framework are detailed in Ref. [83]. The
foundational concept concerning the multistage description of
jet evolution within the medium is explained in Ref. [82].

A. Overview

For the efficient generation of jet events, the JETSCAPE

framework provides an option to embed a single hard scatter-
ing event from a nucleon-nucleon collision into a heavy-ion
collision event using a pregenerated space-time background
profile of the QGP medium. In the JETSCAPEv3.5 AA22
tune, we employ the background medium profile obtained
from event-by-event calculations of (2 + 1)-dimensional
[(2 + 1)-D] free-streaming pre-equilibrium evolution [96],
followed by viscous hydrodynamic evolution using (2 + 1)-
D VISHNU [97] and hadronic scattering and decay simulated
by URQMD [98,99], with fluctuating initial conditions from
TRENTO [100]. Here, the best-fit parametrization, determined
through maximum a posteriori (MAP) from Bayesian meth-
ods [101] applied to observables measured at the LHC, is
used.

In jet simulations, high-energy partons are generated
according to the hard process settings described later in
Sec. II B, and then these partons evolve into parton showers.
In the multistage setup of MATTER+LBT, partons are initially
subjected to splittings driven primarily by their large virtual-
ities, with minor medium effects incorporated in the MATTER

module [76,77]. In MATTER, the splittings are simulated in a
virtuality-ordered manner, while the space-time trajectory of
the shower is constructed by estimating the formation time
via the uncertainty principle and sequentially determining
the splitting locations. The description of the splittings for a
parton in the MATTER module is terminated when its virtu-
ality becomes sufficiently small, approximately on par with
the accumulated transverse momentum gain via scatterings
in the medium. This termination is attributed to the applica-
ble limit of a model that relies on virtuality as the primary
mechanism for partonic splittings. The partons with reduced
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virtuality are then transferred to the LBT module [78,79,102],
which simulates elastic and inelastic scatterings with medium
constituents based on kinetic theory with the on-shell
approximation.

In the JETSCAPE framework, this virtuality-based switch-
ing between the MATTER and LBT modules is performed
bidirectionally at a parton-by-parton level using a switching
parameter denoted as Q2

sw. If the parton’s virtuality Q2 =
pµpµ − m2 drops below Q2

sw, it is transferred from MATTER

to LBT, and it returns to MATTER when the virtuality exceeds
Q2

sw again or when it exits the QGP medium boundary at
a temperature Tc = 0.16 GeV. Below Tc, MATTER performs
vacuum-like splitting down to the cutoff scale Q2

min = 1 GeV2

without any medium effects. Throughout this study, the
switching parameter is set to Q2

sw = 4 GeV2 (Qsw = 2 GeV).
In both the MATTER and LBT phases, the medium effects

are calculated based on the local temperature and flow veloc-
ity from the pregenerated background medium profile. The
medium response is described by following the subsequent
evolution of recoil partons scattered out from the medium
during the in-medium collisions simulated in MATTER and LBT

in the same way as the other showering partons. The recoil
partons are assumed to be on-shell at their generation and
are then passed to LBT for the following elastic and inelastic
processes within the medium. On the other hand, for each
in-medium collision event that generates a recoil parton, a
deficit of energy and momentum is left in the medium. This
deficit is also tracked and treated as a free-streaming particle,
referred to as a hole parton.

All jet partons undergo hadronization via the COLORLESS

HADRONIZATION module, in which the Lund string model of
PYTHIA 8 is utilized after escaping the QGP medium with
T > Tc and reaching the virtuality cutoff scale Q2

min. The
jet shower partons, including the recoils and further accom-
panying daughters, are collectively hadronized, whereas the
hole partons are hadronized separately. Using those hadrons
formed by clustering hole partons, appropriate subtraction is
performed depending on the observable of interest. In this
study, the hole hadrons are tagged for identification and,
together with the other hadrons, sent to a modified anti-
kt jet reconstruction routine, in which the four-momentum
of hole hadrons or reconstructed subjets dominated by hole
hadrons is subtracted during the merging process in the
E -scheme [103].

Incidentally, in the later stages of in-medium jet evolu-
tion, as a jet parton energy becomes close to the scale of
the ambient temperature, the approach based on kinetic the-
ory becomes less practical due to the short mean-free paths.
Such soft components of jets are expected to be thermal-
ized and then transported hydrodynamically through the bulk
medium flow [19,104–109]. The hydrodynamic description of
the evolution of the soft components of jets, as proposed in
Refs. [110–131], can be implemented through a source term
by coupling with the hydrodynamic equation for the bulk evo-
lution. However, this approach necessitates a comprehensive
(3 + 1)-D hydrodynamic simulation for each jet event and
makes the computational cost of conducting a systematic and
exhaustive study, as demonstrated in this paper, outstandingly
expensive. Therefore, this paper primarily focuses on the hard

part of the jets, deferring a detailed study of the effects of the
soft components to future research.

In this paper, to investigate the impact of medium response
effects via recoils and holes, we also present results from
calculations in which both recoils and holes are excluded.
For this setup, the parton shower evolution is carried out
identically to the default simulations with recoils and holes
included; however, at the hadronization stage, all recoil
and hole partons are discarded and do not contribute to
final-state particles. Since all s, t , and u channels contribute
to the jet-medium scatterings, it is in principle impossible to
distinguish whether an outgoing parton originates from the jet
shower or from the medium. In practice, the scattered parton
with the smaller energy is tagged as a recoil. It should also be
noted that calculations without recoils and holes correspond to
an unphysical setup that explicitly violates energy-momentum
conservation and are intended solely for theoretical
assessments.

Calculations for p-p collisions are also necessary to es-
tablish a baseline for the heavy-ion collision simulations.
Our p-p calculations are also performed using the JETSCAPE

framework, with all medium effects turned off, where the
parton shower evolution is managed solely by MATTER with-
out jet-medium coupling. This configuration is known as the
JETSCAPE PP19 tune and is described in detail in Ref. [84].

B. Initial hard process

In this paper, we compare our results from the JETSCAPE

simulations with several different settings for the initial hard
process generation. Below, we explain each setting. With
any setting, the geometric position in the transverse plane at
mid-space-time rapidity [ηs = (1/2) ln[(t + z)/(t − z)] = 0],
where the hard process occurs, is determined by sampling the
Ncoll distribution calculated using the TRENTO initial condition
module for the Pb-Pb collisions.

1. PGun

To serve as a test for systematic studies with minimal
extraneous contributions and simplified settings, we generate
events with just a single high-energy parton and simulate its
jet shower development. Within the JETSCAPE package, such
a setup is enabled by the PGUN module. In PGUN, one spec-
ifies the species of the parton and its initial energy and then
shoots it onto the transverse plane at mid-space-time rapidity
(ηs = 0) with a randomly assigned azimuthal direction. The
generated partons are then passed to a module handling high-
virtuality parton development, MATTER in this study, initiating
the jet shower. In this study, we compare scenarios with either
a gluon or a massless light quark as the initial parent parton.

2. PythiaGun

For the generation of realistic jet events in hadron-hadron
collisions, the JETSCAPE framework provides the PYTHIAGUN

module, which serves as a wrapper for PYTHIA 8 [132]. Within
the PYTHIAGUN module, utilizing the functionalities of PYTHIA

8, hard scatterings are generated based on leading-order
perturbation calculations. Subsequently, final-state radiation

034910-4



EFFECT OF RECOILS ON SOFT-DROP-GROOMED … PHYSICAL REVIEW C 113, 034910 (2026)

(FSR) is disabled by default, and the resulting hard partons
are directly passed to a module responsible for the evolution
of highly virtual partons, MATTER in this study, to facilitate
the development of jet showers. Simultaneously, when initial-
state radiation (ISR) or multiparton interaction (MPI) is turned
on, the partons produced through such a process are also
passed to the jet shower evolution. Throughout this study, both
ISR and MPI are always on for initial scattering generation
using PYTHIAGUN.

Hard γ -jet pair production is a very rare process. In a
fully inclusive event generation scheme, most events are not
triggered, making it extremely challenging to accumulate
sufficient statistics for the differential observables of jet sub-
structure, which are the focus of this study. To address this,
we adopt a strategy that selectively generates only the ini-
tial hard processes with leading-order contributions involving
prompt-photon production, by configuring PYTHIAGUN with
HardQCD:all=off and PromptPhoton:all=on, thereby
enhancing computational efficiency. While this method does
not fully account for the contribution from jet-photon pro-
duction via fragmented photons, our main predictions focus
on the region where these effects are minimal (xJγ < 1, i.e.,
pγ

T > pjet
T ), as demonstrated in our previous study [93]. In

contrast, for the inclusive jet analysis, we generate events by
enabling all hard QCD 2-to-2 processes through the settings
HardQCD:all=on.

In the actual experimental analysis, the isolation cut men-
tioned later in Sec. III B is applied to select γ -tagged jets
to enhance the leading-order contributions in initial hard
scatterings involving prompt photon production. However, in
practice, perfect extraction is not achievable, and contribu-
tions beyond leading-order prompt photons unavoidably seep
in. For example, if a photon is emitted at a large angle from a
parton jet shower, it may pass the isolation cut requirement.

Further discussions concerning the evaluation of the con-
tributions of photons radiated from parton showers to the
γ -tagged jet can be found in our separate study [93]. Ad-
ditionally, the behaviors observed in the γ -tagged jet results
presented in this paper are also expected to appear in Z-tagged
jet measurements, as both are boson-tagged observables that
offer similar advantages: cleaner access to the initial par-
ton kinematics and strong quark-jet dominance. Due to their
large masses, Z-boson radiations from parton showers are
drastically suppressed, making those produced at leading or-
der in the initial hard scatterings completely dominant in
measurements.

III. ANALYSES

This section provides a detailed description of the soft-
drop-grooming procedure used for calculating observables
that characterize the hard component structures of jets, as well
as the method for constructing γ -tagged jets in our Monte
Carlo simulations of high-energy heavy-ion collisions.

A. Soft-drop-grooming procedure

In this study, we focus on observables that characterize the
structure formed by the parton shower and eventually captured

as the hard component of reconstructed jets, as identified
through the soft-drop-grooming algorithm [62]. The soft-drop
grooming identifies the hard splitting, while removing the soft
branchings, at as large an angle as possible.

In the soft-drop-grooming procedure, an angular-ordered
clustering tree is rebuilt using the Cambridge-Aachen (C/A)
algorithm [133,134] for constituents of a triggered jet recon-
structed by a standard jet-finding algorithm, such as the anti-kt

algorithm [135], with a jet cone size R. Next, we traverse back,
i.e., from the branch with the largest angle, through the C/A
tree. At each branching, we check whether the two-prongs of
the branching satisfy the soft-drop condition given by

pT,2

pT,1 + pT,2
> zcut

(
�R12

R

)β

, (1)

where pT,1 and pT,2 (<pT,1) are the transverse momenta of
the prongs, and �R12 = [(η1 − η2)2 + (φ1 − φ2)2]1/2 is the
radial distance between the prongs in the rapidity-azimuthal
angle plane. The soft-drop parameters zcut and β control the
grooming procedure.

If the soft-drop condition is satisfied, we stop the proce-
dure, and the two-prongs of the branching are used to calculate
the groomed jet observables. If the condition is not met, we
continue traversing the tree by following the prong with the
larger pT and repeat the same procedure. It should be noted
that there may be cases where a prong pair satisfying the
soft-drop condition cannot be found eventually. Throughout
this work, the jet reconstruction and soft-drop grooming are
performed using the FASTJET package [136,137] with FASTJET-
CONTRIB-1.045 [138].

B. γ-tagged jet

Photons do not interact strongly with the QGP medium.
This characteristic is particularly notable in the leading-
order contribution to γ -jet pair production in the initial hard
scattering in high-energy heavy-ion collisions. The photons
produced in such events are typically measured with trans-
verse momentum nearly identical to the initial transverse
momentum of the jet’s parent parton. This correlation en-
ables the estimation of the jet’s energy loss due to medium
interactions.

However, experimentally, γ -jet pairs can also arise from
processes other than the initial hard γ -jet pair creation, such
as photon radiation in final-state parton showering. Therefore,
to suppress contamination from such nontargeted processes,
specific cuts are imposed in the experimental analyses: the
isolation requirement for photons and the relative azimuth
angle cut. To enhance quantitative accuracy in our comparison
to experimental data, we impose these cuts on our simulated
events.

The isolation requirement, specifically the selection of
photons with minimal energy emissions in their vicinity,
is introduced to enhance the leading-order contributions.
Photons are isolated based on the accumulated transverse
energy or momentum inside a cone of fixed radius of size Riso

centered on the photon’s direction after subtracting
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background contributions. In this study, they are calculated as
follows:

E iso
T =

⎛
⎜⎜⎝

∑
i∈shower
�ri<Riso

ET,i

⎞
⎟⎟⎠ −

⎛
⎜⎜⎝

∑
i∈holes

�ri<Riso

ET,i

⎞
⎟⎟⎠ − Eγ

T , (2)

piso
T =

⎛
⎜⎜⎝

∑
i∈shower
�ri<Riso

pT,i

⎞
⎟⎟⎠ −

⎛
⎜⎜⎝

∑
i∈holes

�ri<Riso

pT,i

⎞
⎟⎟⎠ − pγ

T , (3)

where �ri = [(ηi − ηγ )2 + (φi − φγ )2]1/2 is the radial dis-
tance from the isolated photon candidate. On the right-hand
sides, the sums are taken over final-state particles from
hadronization of jet shower partons, including the recoils in
the first terms and over particles hadronized from hole partons
in the second terms, respectively. The transverse energy and
momentum of the isolated photon candidate in the last terms
are introduced to eliminate self-contribution. If the candidate
satisfies either E iso

T < E iso,cut
T or piso

T < piso,cut
T , based on the

predetermined cut parameter E iso,cut
T or piso,cut

T , depending on
the analysis method used in the experimental results for com-
parison, it qualifies as an isolated photon.

The relative azimuth angle cut

|φjet − φγ | > �φcut (4)

is introduced to ensure that the photon and jet are back-to-
back in the azimuthal angle plane, thereby enhancing the
leading-order contribution from the initial hard γ -jet pair
production. The cut value most commonly used in various
experiments is �φcut = 7π/8.

IV. RESULTS

This section systematically investigates the modification of
the soft-drop substructures from simulations with simplified
initial events generated by the PGUN module. A single quark
or gluon is generated at one point in the medium and allowed
to propagate outward. Strict control over the flavor and energy
of the parton allows for a detailed investigation of the flavor
and energy dependence of specific substructure observables.

Following this, we present theoretical predictions for
γ -tagged jets using realistic initial events generated by PYTHI-
AGUN. These are compared with the results from inclusive
jets, and novel, experimentally measurable signals of medium
effects in these observables are discussed. To establish the
reliability of the model calculations and provide a baseline for
discussion, comparisons with available experimental results
are presented in the subsequent section, Sec. V.

A. Jet splitting momentum fraction

We begin with the study of the medium modification of the
jet splitting momentum fraction zg, which is defined as

zg = pT,2

pT,1 + pT,2
, (5)

where pT,1 and pT,2 (<pT,1) are transverse momenta of the
pair prongs passing the soft-drop condition.

In Fig. 1, the results for leading jets from PGUN simulations
for the vacuum case are shown. The initial energy of the parent
parton is fixed at Einit = 140 GeV. In the upper panel, the zg

distribution is normalized by the number of all triggered jets,
including those that did not pass the soft-drop condition,

1

Njet

dNSD,jet

dzg
, (6)

is shown, whereas in the lower panel, the one normalized by
the number of jets passing the soft-drop condition,

1

NSD,jet

dNSD,jet

dzg
, (7)

is shown. Here, Njet and NSD,jet are the number of triggered
jets and the number of jets passing the soft-drop condition,
respectively.

Gluon jets pass the soft-drop condition more often than
quark jets, and as a result, for the case of the normalization
by the number of all triggered jets, the gluon jet consistently
exhibits larger values than the quark jet across the entire zg

region. However, when normalized by the number of jets
passing the soft-drop condition, the difference between quark
jets and gluon jets is nearly negligible.

Figure 2 shows the modification of the zg distribution for
jets generated by PGUN as they pass through the medium
created in central (0%–10%) Pb-Pb collisions at

√
sNN = 5.02

TeV. For both quark jets and gluon jets, the modification
pattern of a slight shift from small to large zg behavior is
observed without any clear dependence on the value of the pjet

T
trigger. Thus, there is no modification attributed to the bias,
solely due to energy loss, in the zg distribution, at least when
considering quark jets and gluon jets separately.

Next, we explore the impact of the medium response ef-
fects via recoils and holes. Figure 3 shows the results of the
PGUN simulations with MATTER+LBT, in which the effects of
medium response are artificially excluded by discarding recoil
and hole partons without passing them to the hadronization
module. In this case, for both quark and gluon jets, the modi-
fication of the zg distribution is nearly invisible, indicating that
the modifications observed in the full MATTER+LBT results
are primarily governed by medium response: recoils tend to
populate the smaller momentum-fraction branch of the prong
pair identified as the hard branching by soft drop. This is
consistent with findings reported in studies employing jewel
[68], a Monte Carlo model for in-medium jet shower evolution
that includes medium response effects from recoils.

Then, we delve into the detailed exploration of how the
medium effects at high virtuality and low virtuality, respec-
tively, bring about the hard splitting modification. To achieve
this, we conduct simulations incorporating only the medium
effects of MATTER by turning off the medium effects at low
virtuality (Q < 2 GeV), and present the results of these sim-
ulations with the PGUN initial hard process in Fig. 4. Note
that, in this configuration, recoils and holes from the MATTER

phase are included. In this case, no medium effects are seen
for either quark or gluon jets, and the recoils contributing to
the soft-drop-reconstructed hard branching arise mainly in the
low-virtuality phase, as modeled by the LBT module.
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FIG. 1. Distributions of jet splitting momentum fraction zg normalized by the number of all triggered jets (upper panel) and the number of
jets passing the soft-drop condition (lower panel) for the leading jets in events generated with PGUN. The jet shower evolution is performed
by vacuum MATTER for the parent parton having Einit = 140 GeV. Jets are reconstructed with R = 0.4 at midrapidity |ηjet| < 2.0. The results
are shown for quark jets (solid) and gluon jets (dashed) with different pjet

T triggers, 112, 84, 56, and 28 GeV. The soft-drop parameters are
zcut = 0.2 and β = 0.

FIG. 2. Ratios of zg distributions for the leading jets in events with the parent parton having a fixed initial energy Einit = 140 GeV
generated by PGUN. The jet shower evolution in the QGP medium produced in 0%–10% Pb-Pb collisions at

√
sNN = 5.02 TeV is performed

by MATTER+LBT. The results are shown for quark jets (solid) and gluon jets (dashed) with different pjet
T triggers, 112, 84, 56, and 28 GeV. The

soft-drop parameters are zcut = 0.2 and β = 0.
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FIG. 3. Same as Fig. 2 for MATTER+LBT simulations in which the medium effects from recoils and holes are artificially removed.

Finally, we examine jets in more realistic events involving
hard scattering in p-p collisions at

√
s = 5.02 TeV, generated

using the PYTHIAGUN module. The results for γ -tagged jets
and inclusive jets with the same pjet

T triggers are compared in
Fig. 5. For the γ -tagged jet analysis, only events including
prompt photon production at leading order in the initial hard
processes are selectively generated with the PYTHIA option
HardQCD:all=off along with PromptPhoton:all=on.

The analysis of γ -tagged jets involves first identifying the
leading photon with the highest pT in each event that satisfies
the trigger conditions. All jets associated with this leading
photon and meeting the trigger criteria are then counted.
To mimic the realistic experimental analysis, the isolation
requirement E iso

T < 5 GeV and the relative azimuth angle
cut |φjet − φγ | < 7π/8 are imposed. To further suppress the
unwanted contribution from photon radiation from jets, we
employ the additional cut of pjet

T < pγ

T.
For the inclusive jet analysis, events with initial

scatterings, including all hard QCD 2-to-2 events
(HardQCD:all=on+PromptPhoton:all=on) are used.
In the distributions normalized by the number of all triggered
jets (upper panel), it can be observed that inclusive jets are

slightly more likely to pass the soft-drop condition compared
with γ -triggered jets, due to the larger fraction of gluon jets.
When the normalization is done by the number of jets passing
the soft-drop condition, the difference between γ -triggered
jets and inclusive jets disappear, similar to the erasing of
differences between gluon and quark jets as seen in the PGUN

results.
Figure 6 shows the medium modification for the γ -tagged

and inclusive jets in Pb-Pb collisions at
√

sNN = 5.02 TeV
with the same triggers. For both γ -tagged jets and inclu-
sive jets, the modification becomes less significant as pjet

T

increases. Especially for jets with pjet
T > 300 GeV, almost no

changes in the shape of the zg distribution are observed. In
all zg regions, jets passing the soft-drop condition are almost
uniformly reduced due to medium effects, with the reduction
being slightly more pronounced for inclusive jets.

Figure 7 shows our prediction for the xJγ dependence on
the modification of the zg distribution for γ -tagged jets in
Pb-Pb collisions at

√
sNN = 5.02 TeV. As seen in the PGUN

results, there is no significant pjet
T -selection bias effect on the

zg distribution, and, thus, the modification remains almost
consistent across all presented xJγ ranges.

FIG. 4. Same as Fig. 2 for MATTER alone simulations, where the medium effect is turned off for jet partons with virtuality Q < 2 GeV.
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FIG. 5. Same as Fig. 1 for jets from hard scatterings in p-p collisions at
√

s = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The
results are shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on)
and inclusive jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA

8 and with different pjet
T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet

T < pγ

T

are imposed.

FIG. 6. Same as Fig. 2 for jets from hard scatterings at
√

sNN = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The results are
shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on) and inclusive
jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA 8 with
different pjet

T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet
T < pγ

T are
imposed.
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FIG. 7. Same as Fig. 2 for γ -tagged jets from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on)
generated at leading order by PYTHIA 8 at

√
sNN = 5.02 TeV for different xJγ ranges. The photon of 140 < pγ

T < 160 GeV is triggered with
the isolation requirement, and the relative azimuth angle cut.

B. Jet splitting radius

Next, we investigate the medium modification of the jet
splitting radius rg, which is defined as

rg =
√

(η1 − η2)2 + (φ1 − φ2)2, (8)

where η1, η2, φ1, and φ2 are the rapidities and azimuthal
angles of the pair prongs passing the soft-drop condition.

In Fig. 8, the rg distributions are normalized by Njet ,

1

Njet

dNSD,jet

drg
, (9)

for leading gluon jets and quark jets from the vacuum PGUN

simulations are compared. The gluon jets exhibit much wider
distributions with a peak at larger rg values than quark jets.
This is due to the fact that gluon jets, having a larger Casimir
factor and radiating more, tend to be produced with a larger
virtuality compared with quark jets. For the jet cone size

R = 0.4, almost no pjet
T cut dependence can be observed in

the vacuum case with fixed Einit = 140 GeV.
Figure 9 shows the modification of the rg distribution for

the PGUN jets by the medium created in central Pb-Pb colli-
sions at

√
sNN = 5.02 TeV. For gluon jets, a monotonically

decreasing trend with increasing rg is observed in cases with
a larger pjet

T cut. Then, as the pjet
T cut value is reduced, the de-

crease rate becomes more gentle, and almost no modification
can be seen for pjet

T /Einit > 0.2. Thus, for gluon jets, the modi-
fication pattern is entirely brought by the effect of jet selection
with pjet

T cut: Jets with an originally large splitting radius tend
to have their constituents reach the edge of the jet cone more
easily, making them lose more energy and thus less likely to be
triggered.

The selection bias effect with pjet
T cut can be observed also

for quark jets as large-rg suppression, with the same trend
disappearing as the pjet

T cut value is reduced. Additionally, in

FIG. 8. Distributions of jet splitting momentum radius rg normalized by the number of all triggered jets for the leading jets in events
generated with PGUN. The jet shower evolution is performed by vacuum MATTER for the parent parton having Einit = 140 GeV. Jets are
reconstructed with R = 0.4 at midrapidity |ηjet| < 2.0. The results are shown for quark jets (solid) and gluon jets (dashed) with different pjet

T

triggers, 112, 84, 56, and 28 GeV. The soft-drop parameters are zcut = 0.2 and β = 0.
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FIG. 9. Ratios of rg distributions for the leading jets in events with the parent parton having a fixed initial energy Einit = 140 GeV
generated by PGUN. The jet shower evolution in the QGP medium produced in 0%–10% Pb-Pb collisions at

√
sNN = 5.02 TeV is performed

by MATTER+LBT. All the setups are the same as in Fig. 2.

the case of quark jets, a prominent bump structure accom-
panied by slight suppression at small rg is observed in the
mid-rg region. This feature is significantly different from that
of gluon jets, providing evidence of direct modifications to the
hard-branching structure within quark jets.

In Fig. 10, we show the MATTER+LBT results with the
medium response effects from recoils and holes artificially
disabled. For gluon jets, small recoil contributions to hard
branchings at narrow angles manifest as a minor suppression
at very small rg relative to the full results. In quark jets,
the pronounced bump seen with recoils and holes is largely
diminished, demonstrating that the feature is primarily driven
by medium response, although a slight broadening remains
visible. Since the recoils and holes are discarded, explicitly
violating energy-momentum conservation, the large-rg sup-
pression does not disappear even when the pjet

T cut value is
reduced.

Figure 11 shows the MATTER-only results, in which the
medium effect is turned off for Q < 2 GeV. For both quark
jets and gluon jets, rg distribution modification for any pjet

T cut

is nearly imperceptible. This indicates that the modifications
observed in the full MATTER+LBT results are completely gov-
erned by the medium effect in the low-virtuality LBT phase.

In the case of quark jets, it is conceivable that soft-drop-
reconstructed hard branchings modified by medium effects at
low virtuality, primarily through the contribution of recoils,
occur at larger angles than radiations predominantly driven
by virtuality. This might be attributed to the relatively lower
initial virtuality in quark jets, where the virtuality-driven split-
tings are less likely to have very large angles. Such large-angle
medium-induced branchings can be identified as hard branch-
ings by the soft-drop grooming, subsequently manifesting in
the rg distribution as a shift from smaller rg to moderate rg

(≈0.1), appearing as a bump structure in the full MATTER+LBT

results. Conversely, for gluon jets, despite medium effects at
low virtuality, splittings primarily driven by the initial virtu-
ality are still predominantly identified as hard branchings by
the soft-drop grooming. The medium effects at low virtuality
do not alter the intrinsic hard structure of gluon jets while still
resulting in significant jet energy loss.

FIG. 10. Same as Fig. 9 for MATTER+LBT simulations in which the medium effects from recoils and holes are artificially removed.
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FIG. 11. Same as Fig. 9 for MATTER alone simulations, where the medium effect is turned off for jet partons with virtuality Q < 2 GeV.

In Fig. 12, rg distributions for γ -tagged jets and inclusive
jets in p-p collisions at

√
s = 5.02 TeV are compared. Unlike

the case with zg, both γ -tagged jets and inclusive jets exhibit a
distinct pjet

T dependency: narrowing as pjet
T increases. This can

lead to an additional contribution to the selection bias with
pjet

T cut in the presence of jet energy loss. Even without any
modification on the splitting angle, the energy loss causes jets
from parent partons with higher initial pT , which typically
exhibit narrower splittings, to be triggered more likely. As
a result, narrowing of the rg distribution is expected in the
presence of the medium.

Furthermore, clear differences between γ -tagged jets and
inclusive jets are also observed. Inclusive jets show a broader
distribution since they have a larger fraction of gluon jets.
As pjet

T increases, this difference diminishes, owing to the
decrease in the gluon jet fraction of inclusive jets.

The rg distribution modifications for γ -tagged jets and
inclusive jets in Pb-Pb collisions at

√
sNN = 5.02 TeV are

compared in Fig. 13. Here, it should be noted that two factors
contribute to the energy loss selection bias effect of pjet

T cut,
causing the rg narrowing, irrelevant to the actual structural
modification of hard splittings. First, as confirmed by the
results with a fixed Einit , jets with originally wider splittings
tend to lose more energy, resulting in fewer triggered jets as
rg increases. In addition, as mentioned above for the p-p case,
jets with parent partons with larger initial pT , which possess
the narrower rg distribution, are triggered more likely in the
presence of energy loss.

In the case of γ -tagged jets, at large rg, the suppression
due to the selection bias is evident for all the presented pjet

T
ranges. On the other hand, from small to mid rg (�0.1),
the modification pattern is significantly flattened. This flat
structure can predominantly be attributed to the large frac-
tion of quark jets in γ -tagged jets: balance between the rg

broadening observed in quark jets and the selection bias
effect. As pjet

T increases, the broadening effect starts to

FIG. 12. Same as Fig. 8 for jets from hard scatterings in p-p collisions at
√

s = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The
results are shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on)
and inclusive jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA

8 with different pjet
T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet

T < pγ

T are
imposed.
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FIG. 13. Same as Fig. 9 for jets from hard scatterings at
√

sNN = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The results are
shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on) and inclusive
jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA 8 with
different pjet

T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet
T < pγ

T are
imposed.

slightly dominate, leading to subtle indications of a bump
structure.

In the case of inclusive jets, across all presented pjet
T ranges,

the modification patterns are dominated by the selection bias
effect, exhibiting a monotonically decreasing trend with in-
creasing rg. This monotonic modification pattern in inclusive
jets is consistent with those presented in our previous study
[74], where our results show good agreement with experimen-
tal data from ALICE [139] and ATLAS [140] simultaneously.
Although the overall monotonic decreasing behavior remains,
increasing the jet pjet

T leads to a less steep slope at small rg.
This is attributed to the increase in the quark jet fraction, as
seen in the narrowing of the rg distribution in p-p collisions in
Fig. 12.

Figure 14 shows our prediction for the medium modifica-
tion of the rg distribution for γ -tagged jets in central Pb-Pb

collisions at
√

sNN = 5.02 TeV for different xJγ cuts. Unlike
the zg distribution, the rg distribution exhibits a strong xJγ

dependence. For the case with large xJγ cuts, the selection
bias effect due to the rg dependence of energy loss appears
prominently, resulting in a strong suppression at large rg val-
ues. Here, it should be noted that the effect of the strong
pjet

T dependence on the rg distribution of jets in vacuum is
diminished, since, by setting an upper cut on pγ

T , the feeddown
from jets originating from parent partons with larger initial pT

is suppressed.
The selection bias effect is counterbalanced by the strong

broadening effects, attributable to the large fraction of quark
jets, in the small-to-mid rg range. When the value of the lower
xJγ cut is reduced to weaken the selection bias effect, the large
rg suppression diminishes, and, concurrently, even a bump
structure due to broadening emerges at mid rg (�0.1). This

FIG. 14. Same as Fig. 9 for γ -tagged jets from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on)
generated at leading order by PYTHIA 8 at

√
sNN = 5.02 TeV for different xJγ ranges. The photon of 140 < pγ

T < 160 GeV is triggered with
the isolation requirement and the relative azimuth angle cut.
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FIG. 15. Distributions of relative transverse momentum of jet splittings kT,g normalized by the number of all triggered jets for the leading
jets in events generated with PGUN. The jet shower evolution is performed by vacuum MATTER for the parent parton having Einit = 140 GeV. Jets
are reconstructed with R = 0.4 at midrapidity |ηjet| < 2.0. The results are shown for quark jets (solid) and gluon jets (dashed) with different
pjet

T triggers, 112, 84, 56, and 28 GeV. The soft-drop parameters are zcut = 0.2 and β = 0.

manifestation of the broadening effect in the rg distribution
represents a distinct characteristic of γ -tagged jets, in contrast
with the behavior of inclusive jets, where only a monotonic
pattern entirely dominated by selection bias can be seen. Par-
ticularly, by varying the xJγ cut, one can control the selection
bias effect and study the broadening effect more quantita-
tively. Therefore, γ -tagged jets provide a modification pattern
in the rg distribution that is more suitable for investigating the
structural modifications on the soft-drop-reconstructed hard
branchings.

C. Relative transverse momentum of jet splittings

The relative transverse momentum of jet splittings,

kT,g = pT,2 sin rg, (10)

has recently been measured in experiments to investigate the
transverse structure of hard splittings in jets [141]. We present
the results of the kT,g distributions,

1

Njet

dNSD,jet

dkT,g
, (11)

for the vacuum PGUN jets in Fig. 15. Gluons are produced
with greater virtuality than quarks, and thus, gluon jets exhibit
a broader distribution with slightly larger values of kT,g than
quark jets. Furthermore, no significant pjet

T cut dependence can
be seen in the vacuum case with fixed Einit = 140 GeV for the
jet cone size R = 0.4.

The medium modifications in the kT,g distribution for the
PGUN jets are shown in Fig. 16. In the results for both quark
and gluon jets, suppression at large kT,g values is seen. As seen
in Eq. (10), kT,g increases with increasing rg. Thus, one might
naively think that this suppression is attributed to the same
selection bias effect as in the rg distribution: larger energy
loss in jets with larger kT,g. However, this is not only the
cause, as evinced by the persistence of the suppression at large
kT,g even when the pjet

T cut is lowered to reduce the effect
of hard splitting angle (rg) dependence on energy loss. This

suppression at large kT,g is actually brought also by the loss
of pT,2: large-angle soft radiations in the later stage can be
trimmed by either the jet cone or the soft-drop grooming.

The pT,2 loss effect becomes apparent when focusing on
the gluon jet with the smallest presented pjet

T cut (pjet
T /Einit >

0.2), taking into account the results of the rg modification
shown in Fig. 9. In this instance, whether due to energy-loss
effects or broadening, there is almost no modification ob-
served in the rg distribution of gluon jets. Thus, from Eq. (10),
the modification in the kT,g must be attributed to the change in
pT,2, in particular, for the case with the small pjet

T cut.
In the small-to-mid kT,g (�2 GeV) region, similar to what

was observed in the modification of the rg distribution, a bump
structure indicating broader hard branchings is observed for
quark jets. For the gluon jet case, the modification pattern is
dominated by the effect of pT,2 loss, with the rg dependence
of jet energy loss also exerting a slight influence in cases of
large pjet

T cuts.
Figure 17 shows the MATTER+LBT results without the con-

tributions from recoils and holes. For gluon jets, the results
remain almost unchanged compared with those with the full
medium-response contribution. In contrast, for quark jets, the
bump observed in the full medium-response results disap-
pears, and their qualitative behavior becomes identical to that
of gluon jets, exhibiting a monotonic decrease as a function
of kT . Furthermore, unlike in the case of rg, no residual bump
is visible, indicating that the bump in kT,g originates entirely
from recoils, while the bump in rg observed even without
recoils is caused by soft branchings with small kT,g.

The modification on the kT,g from the MATTER alone simu-
lations is shown in Fig. 18. By turning off the medium effect
in the LBT phase, the loss of energy for the jet itself, as well
as the pT,2 loss, is significantly diminished, resulting in the
disappearance of suppression at large kT,g. Similar to what was
observed in zg and rg distributions, the modification in the kT,g

distribution is entirely governed by the medium effect in the
low-virtuality LBT phase.
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FIG. 16. Ratios of kT,g distributions for the leading jets in events with the parent parton having a fixed initial energy Einit = 140 GeV
generated by PGUN. The jet shower evolution in the QGP medium produced in 0%–10% Pb-Pb collisions at

√
sNN = 5.02 TeV is performed

by MATTER+LBT. All the setups are the same as in Fig. 2.

In Fig. 19, the comparison between the kT,g distributions
for γ -tagged jets and inclusive jets in p-p collisions at

√
s =

5.02 TeV is shown for the same pjet
T cuts. Inclusive jets exhibit

a broader transverse momentum in hard splittings compared
with γ -tagged jets, attributed to a larger gluon jet fraction, but
this difference diminishes as pjet

T increases.
Figure 20 presents the medium modification of the kT,g

distribution for γ -tagged jets and inclusive jets. For both γ -
tagged jets and inclusive jets, the overall modification exhibits
a narrowing pattern mostly dominated by the pT,2 loss of the
prongs. Although no pronounced bump structure is observed,
γ -tagged jets exhibit a subtle indication of broadening in the
hard branchings of quark jets due to recoils generated in the
LBT phase, manifesting as a slight flattening on the small-kT,g

side.
Finally, the prediction for the xJγ -dependent medium mod-

ification of the kT,g distribution for γ -tagged jets in central
Pb-Pb collisions at

√
sNN = 5.02 TeV is shown in Fig. 21.

Given that the suppression at large kT,g persists even with a
reduced xJγ cut (xJγ > 0.2), it is evident that jets with large
kT,g cannot recover, even when jets with significant energy

loss are included, due to the presence of pT,2 loss. On the
small-kT,g side, a very flat pattern appears as a result of the
competition between broad branchings generated by recoils in
quark jets during the LBT phase and other effects that narrow
the distribution.

D. Groomed jet mass

Finally, we investigate the medium modification of the
groomed jet mass distribution,

1

Njet

dNSD,jet

dmg
, (12)

where the groomed jet mass is defined as

mg =
√(

p0
1 + p0

2

)2 − ( �p1 + �p2)2. (13)

In Fig. 22, the mg distributions for the vacuum PGUN jets are
shown. Here, again, due to the larger virtuality at the initial
hard scattering production, gluon jets have a broader distribu-
tion with larger mg than quark jets. For the vacuum case with

FIG. 17. Same as Fig. 16 for MATTER+LBT simulations in which the medium effects from recoils and holes are artificially removed.
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FIG. 18. Same as Fig. 16 for MATTER alone simulations, where the medium effect is turned off for jet partons with virtuality Q < 2 GeV.

FIG. 19. Same as Fig. 15 for jets from hard scatterings in p-p collisions at
√

s = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The
results are shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on)
and inclusive jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA

8 with different pjet
T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet

T < pγ

T are
imposed.

FIG. 20. Same as Fig. 16 for jets from hard scatterings at
√

sNN = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The results are
shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on) and inclusive
jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA 8 with
different pjet

T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet
T < pγ

T are
imposed.
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FIG. 21. Same as Fig. 16 for γ -tagged jets from prompt photon-generating hard processes (HardQCD:all=off+
PromptPhoton:all=on) generated at leading order by PYTHIA 8 at

√
sNN = 5.02 TeV for different xJγ ranges. The photon of 140 < pγ

T < 160
GeV is triggered with the isolation requirement and the relative azimuth angle cut.

fixed Einit = 140 GeV, no significant pjet
T -cut dependence is

seen for the jet cone size R = 0.4.
The medium modification of the mg distribution for jets

from the PGUN simulations with fixed Einit is shown in Fig. 23.
In the case of quark jets, a clear bump structure is observed
due to the shift of small mg to mid mg caused by medium
effects. On the other hand, such behavior is not observed for
gluon jets, which exhibit a monotonic trend. Besides, for both
quark and gluon jets with large pjet

T cuts, suppression at large
mg is observed, attributed to the greater energy loss in jets with
larger masses, which results in wider splittings. Then, with the
small pjet

T cuts, the suppression becomes slightly moderate at
mid mg (≈10–15 GeV), yet still dominates the modification.
This is because, analogous to the case for kT,g, the jet energy
loss—primarily due to large-angle energy emission outside of
the jet cone—results in the loss of mg [142].

Figure 24 shows the results with the contributions from
recoils and holes artificially removed. As in the case of kT,g,
the results for gluon jets remain almost unchanged compared
with those with the full medium response. For quark jets,
however, the bump observed with the full medium response
disappears, and their qualitative behavior becomes identical
to that of gluon jets, exhibiting a monotonic decrease as a
function of mg. The slight recoil-independent broadening seen
in rg originates from soft branchings that do not produce a
bump in mg.

In Fig. 25, the modification by the MATTER alone sim-
ulations is shown. Also, through mg distribution, it can be
confirmed that no significant modification in the structure of
jet hard splittings at high virtuality occurs for both gluon
jets and quark jets. Thus, the modification pattern is entirely
brought about by the evolution at low virtuality.

FIG. 22. Distributions of the relative transverse momentum of jet splittings mg normalized by the number of all triggered jets for the
leading jets in events generated with PGUN. The jet shower evolution is performed by vacuum MATTER for the parent parton having Einit =
140 GeV. Jets are reconstructed with R = 0.4 at midrapidity |ηjet| < 2.0. The results are shown for quark jets (solid) and gluon jets (dashed)
with different pjet

T triggers, 112, 84, 56, and 28 GeV. The soft-drop parameters are zcut = 0.2 and β = 0.
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FIG. 23. Ratios of mg distributions for the leading jets in events with the parent parton having a fixed initial energy Einit = 140 GeV
generated by PGUN. The jet shower evolution in the QGP medium produced in 0%–10% Pb-Pb collisions at

√
sNN = 5.02 TeV is performed

by MATTER+LBT. All the setups are the same as in Fig. 2.

The mg distributions for γ -tagged jets and inclusive jets in
p-p collisions at

√
s = 5.02 TeV are compared in Fig. 26. The

inclusive jet results exhibit a broader distribution in mg due
to the larger gluon jet fraction, but the difference diminishes
as pjet

T increases, similarly to the rg and kT,g distributions.
The medium modification is shown in Fig. 27. For inclusive
jets, the modification pattern is dominated by the shift toward
smaller mg, attributed to larger energy loss with wider angle
profiles. In the case of γ -tagged jets, a bump due to the mass
gain for quark jets via recoils in the LBT phase appears on the
small mg side, while a similar suppression to that of inclusive
jets is observed at large mg.

We present our prediction for the xJγ -dependent medium
modification of the mg distribution for γ -tagged jets in Fig. 28.
A bump structure associated with mass gain via recoils from
the medium at small virtuality is observed in soft-drop-
reconstructed hard branchings. At large mg, jets with larger
masses experience greater energy loss, leading to wider split-
tings and suppression at large xJγ cuts. Reducing the xJγ cut
includes contributions from jets with significant energy loss,

weakening the suppression, but it persists even at the smallest
xJγ cut (xJγ > 0.2). This is attributed to the loss of mg caused
by energy emitted at large angles outside the jet cone or soft
components groomed away by the soft-drop procedure.

V. COMPARISON WITH EXPERIMENTAL DATA

In this section, we compare our analysis results, using the
same event set of JETSCAPE simulations as in the previous
section, with existing experimental data from the LHC for
benchmarking. Additionally, we note that similar comparisons
with experimental results, using the same parameter settings
and configurations, have also been detailed in our previous
work [74].

A. Inclusive jet substructure

In this section, we present the results of groomed observ-
ables for inclusive jets. The initial hard processes for the
simulations were generated using the PYTHIAGUN module with
HardQCD:all=on.

FIG. 24. Same as Fig. 23 for MATTER+LBT simulations in which the medium effects from recoils and holes are artificially removed.
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FIG. 25. Same as Fig. 23 for MATTER alone simulations, where the medium effect is turned off for jet partons with virtuality Q < 2 GeV.

FIG. 26. Same as Fig. 22 for jets from hard scatterings in p-p collisions at
√

s = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The
results are shown for γ -tagged jets (solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on)
and inclusive jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) generated at leading order by PYTHIA

8 with different pjet
T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet

T < pγ

T are
imposed.

FIG. 27. Same as Fig. 23 for jets from hard scatterings at
√

sNN = 5.02 TeV, generated by PYTHIAGUN with ISR and MPI. The results
are shown for the inclusive jets (dashed) from inclusive hard processes (HardQCD:all=on+PromptPhoton:all=on) and γ -tagged jets
(solid) from prompt photon-generating hard processes (HardQCD:all=off+PromptPhoton:all=on) generated at leading order by PYTHIA

8 with different pjet
T triggers. For γ -tagged jets, the isolation requirement, the relative azimuth angle cut, and the additional cut of pjet

T < pγ

T are
imposed.
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FIG. 28. Same as Fig. 23 for γ -tagged jets from prompt photon-generating hard processes (HardQCD:all=off+
PromptPhoton:all=on) generated at leading order by PYTHIA 8 at

√
sNN = 5.02 TeV for different xJγ ranges. The photon of 140 < pγ

T < 160
GeV is triggered with the isolation requirement and the relative azimuth angle cut.

1. Relative transverse momentum of jet splittings

The distributions of kT,g obtained from soft-drop and dy-
namical grooming [64], in p-p collisions, are shown in Fig. 29,
and their modifications in Pb-Pb collisions at

√
sNN = 5.02

TeV are presented in Fig. 30. The results from our JETSCAPE

simulations are compared with the experimental results from
ALICE [56].

The soft-drop and dynamical grooming results from
the JETSCAPE PP19 tune show consistency with exper-
imental data for the kT,g distribution in p-p collisions,

remaining within the uncertainty range. For Pb-Pb colli-
sions, the modification in the distributions aligns with the
inclusive full jet results presented in the main text, demon-
strating a monotonically decreasing behavior as a function
of kT,g, which is primarily governed by selection bias by
the pT cut and the loss of pT,2. They successfully capture
the experimental trends, while dynamical grooming results
exhibit slight over-suppression. Notably, the soft-drop results
are in excellent agreement with experimental data within the
uncertainties.

FIG. 29. Distributions of the relative transverse momentum of jet splittings, kT,g for charged jets with 60 < pch,jet
T < 80 GeV and |ηch,jet| <

0.7, using R = 0.2 in p-p collisions at
√

s = 5.02 TeV, and the ratios for different grooming algorithms: soft drop with zcut = 0.2 and β = 0
(left), and dynamical grooming with a = 1.0 (right). The solid lines and circles with statistical error bars show the results from vacuum MATTER

of JETSCAPE and the experimental data from the ALICE Collaboration [56], respectively. The bands indicate the systematic uncertainties of the
experimental data.
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FIG. 30. Ratios of kT,g distributions between Pb-Pb and p-p collisions at
√

sNN = 5.02 TeV for charged jets with 60 < pch,jet
T < 80 GeV

and |ηch,jet| < 0.7, using R = 0.2 for different centralities, 0%−10% (left) and 30%−50% (right), and grooming algorithms, soft drop with
zcut = 0.2 and β = 0 (upper), and dynamical grooming with a = 1.0 (lower). The solid lines and squares with statistical error bars show the
results from MATTER+LBT of JETSCAPE and the experimental data from the ALICE Collaboration [56], respectively. The bands indicate the
systematic uncertainties of the experimental data.

2. Groomed jet mass

Here, we present a comparison of our results for soft-
drop-groomed jet mass mg with experimental results. The
comparison of the unfolded mg/pT distribution for full jets
with R = 0.4 in p-p collisions from CMS [45] is shown
in Fig. 31, while the comparison of the mg distribution for
charged jets with R = 0.2 in p-p collisions from ALICE [57]
is shown in Fig. 32. The results for p-p collisions are in
agreement with the experimental data within the uncertainty
range, except for regions with significantly low jet counts,
such as the tails of the distributions. It should be noted that,
while our calculations are based on Monte Carlo simulations
[142], the masses of jet constituents were adjusted to align
with experimental methodologies: massless for comparison

with CMS data and the charged pion mass for comparison
with ALICE data. This adjustment, while necessary to match
experimental analysis techniques, has a non-negligible impact
on the results, leading to noticeable changes in the distribu-
tions.

Figure 33 shows the modifications of the soft-drop-
groomed jet mass distributions in 0%−10% Pb-Pb collisions,
compared with the ALICE data [57]. As with the inclusive
full jet results presented in the main text, the behavior is
dominated by the pjet

T cut-induced selection bias and the loss
of prong mass, leading to suppression at large mg. The re-
sults capture the experimental trends and agree with the data
within the uncertainty range across most mg regions. A slight
enhancement observed in some pjet

T ranges for the largest mg
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FIG. 31. Distributions of the ratio of the soft-drop groomed jet mass to the jet transverse momentum, mg/pjet
T , for full jets with 160 < pjet

T <

180 GeV and |ηjet| < 1.3, using R = 0.4 in p-p collisions at
√

s = 5.02 TeV for different grooming parameters: zcut = 0.1 and β = 0 (left),
and zcut = 0.5 and β = 1.5 (right). The solid lines and circles with statistical error bars show the results from vacuum MATTER of JETSCAPE

and the unfolded experimental data from the CMS Collaboration [45], respectively. The bands indicate the systematic uncertainties of the
experimental data.

bin is primarily attributed to the very low jet counts in the tail
of the distribution, particularly in p-p collisions.

B. Jet splitting radius of γ-tagged jet

Here, we present the results for the jet splitting ra-
dius rg of γ -tagged jets from simulations conducted

using the PYTHIAGUN module with HardQCD:all=off and
PromptPhoton:all=on. Figures 34 and 35 present com-
parisons with CMS data [55] for rg distributions in p-p
collisions and their modifications in 0%−30% Pb-Pb col-
lisions, respectively. Results are shown for two lower cuts
on xJγ : 0.8 and 0.4. For p-p collisions, the distribu-
tions obtained from the vacuum MATTER calculations are

FIG. 32. Distributions of the soft-drop-groomed mass, mg for charged jets with R = 0.2 and |ηch,jet| < 0.7 in p-p collisions at
√

s =
5.02 TeV, and the ratios for different pch,jet

T range. The soft-drop parameters are zcut = 0.2 and β = 0. The solid lines and circles with statistical
error bars show the results from vacuum MATTER of JETSCAPE and the experimental data from the ALICE Collaboration [57], respectively. The
bands indicate the systematic uncertainties of the experimental data.
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FIG. 33. Ratios of soft drop mg distributions between 0%−10% Pb-Pb and p-p collisions at
√

sNN = 5.02 TeV for charged jets with R = 0.2
and |ηch,jet| < 0.7 for different pch,jet

T range. The soft-drop parameters are zcut = 0.2 and β = 0. The solid lines and squares with statistical error
bars show the results from MATTER+LBT of JETSCAPE and the experimental data from the ALICE Collaboration [57], respectively. The bands
indicate the systematic uncertainties of the experimental data.

narrower than the experimental data for both xJγ cut val-
ues. This behavior is consistent with the trends observed
in other Monte Carlo model calculations compared in
Ref. [55].

For the Pb-Pb results, at xJγ > 0.8, suppression at large
rg region, attributed to selection bias, is observed, similar
to the inclusive jet results presented in the main text and

in our previous study [74], as well as the γ -tagged jet re-
sults with large xJγ cuts in the main text. While there is
a sizable quantitative difference compared with the experi-
mental data, the results qualitatively reproduce the observed
trends.

On the other hand, for xJγ > 0.4, as investigated in the
xJγ dependence presented in the main text, the effect of

FIG. 34. Distributions of the soft-drop-groomed mass, rg for γ -tagged jets with R = 0.2 in p-p collisions at
√

s = 5.02 TeV, and the
ratios for xJγ > 0.8 (left) and xJγ > 0.4 (right). Leading full jets within |ηjet| < 2 and |φjet − φγ | > 2π/3 are paired with isolated photons
satisfying pγ

T > 100 GeV and |ηγ | < 1.44 as the trigger condition. The soft-drop parameters are zcut = 0.2 and β = 0. The solid lines and
circles with statistical error bars show the results from vacuum MATTER of JETSCAPE and the experimental data from the CMS Collaboration
[55], respectively. The bands indicate the systematic uncertainties of the experimental data.
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FIG. 35. Ratios of soft drop rg distributions between 0%−30% Pb-Pb and p-p collisions at
√

sNN = 5.02 TeV. Full jets of highest pjet
T

within |ηjet| < 2 and |φjet − φγ | > 2π/3 are paired with isolated photons satisfying pγ

T > 100 GeV and |ηγ | < 1.44 as the trigger condition.
The soft-drop parameters are zcut = 0.2 and β = 0. The solid lines and squares with statistical error bars show the results from MATTER+LBT

of JETSCAPE and the experimental data from the CMS Collaboration [55], respectively. The bands indicate the systematic uncertainties of the
experimental data.

selection bias is mitigated, leading to the disappearance of
the suppression in the large-rg region. This behavior closely
matches the experimental observations. Furthermore, as dis-
cussed in the main text, the strong modification in splitting
structures, such as the pronounced bump associated with
the dominance of quark jets, are not clearly visible with
the current binning resolution. Future measurements with
higher precision are anticipated to reveal this feature more
distinctly.

VI. SUMMARY

In this work, we investigated medium modifications in
jet substructure observables from soft-drop grooming, includ-
ing the jet splitting momentum fraction (zg), splitting radius
(rg), relative transverse momentum of splittings (kT,g), and
groomed jet mass (mg), in 0%−10% Pb-Pb collisions at√

sNN = 5.02 TeV. These analyses utilized the MATTER+LBT

multistage jet evolution model within the JETSCAPE frame-
work, using the JETSCAPEv3.5 AA22 tune [89], as employed
in previous studies [74,90]. In particular, this effort should
be compared with the closely related earlier companion paper
Ref. [93], which studied medium effects on γ -triggered jets.
For the initial hard processes, events were generated with
different configurations to isolate specific effects, primarily
from the flavor of the parent partons, energy loss, and the
selection bias introduced by the pT trigger.

The PGUN simulations, in which a single hard parton with
specified initial energy and flavor (light quark or gluon)
evolves through shower development, reveal a clear flavor de-
pendence in medium modifications to rg, kT,g, and mg. Quark
jets exhibit pronounced bump structures absent in gluon jets,
with most of the quark-jet bump originating from prongs

formed by recoil partons from medium scatterings that satisfy
the soft-drop condition and are identified as hard branch-
ings. When recoil effects are artificially disabled, quark jets
show only a slight broadening in rg due to other medium
effects, such as the transverse diffusion via scatterings and
the medium-induced radiation, while the associated branch-
ings remain soft, leading to no visible enhancement in kT,g

or mg and resulting in a modification pattern qualitatively
identical to gluon jets. The clear flavor dependence arises
because quark jets have an intrinsically narrow structure and
relatively fewer radiations, making it easier for medium ef-
fects to modify the hard prong structures reconstructed by the
soft-drop algorithm, whereas the hard, vacuum-like branch-
ings of gluon jets remain largely unaffected. The PGUN results
also highlight the selection bias, which dominates inclusive
jet measurements and suppresses jets with broader structures.
Lowering the pjet

T cut mitigates this effect, fully eliminating
the suppression in rg distributions and partially reducing it
in kT,g and mg distributions. All these medium modifica-
tions were found to originate predominantly at low virtuality
(Q < 2 GeV).

We also presented predictions for γ -tagged jets by per-
forming simulations with the MATTER+LBT setup within the
JETSCAPE framework, incorporating a realistic initial hard pro-
cess generated by PYTHIA 8. These simulations revealed clear
medium-induced modification in rg, kT,g, and mg of soft-drop-
reconstructed hard branchings. Unlike inclusive jets, which
exhibited smooth, monotonic suppression dominated by se-
lection bias, γ -tagged jets displayed a flat structure at small rg

and kT,g and a distinct bump in mg, amplified by their quark-
jet-dominated nature. Further analysis demonstrated that low-
ering the xJγ cut for γ -tagged jets effectively reduced selec-
tion bias, making the intrinsic modifications more apparent.
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This study underscores the utility of γ -tagged jets, and
similarly Z-tagged jets, as powerful probes for disentangling
medium effects on jet substructure and advancing our un-
derstanding of jet-QGP interactions in high-energy heavy-ion
collisions. Once measured with high precision in experi-
ments, incorporating these observables into Bayesian analyses
with theoretical models could provide stringent constraints
on the parameters governing the fundamental mechanisms of
jet-QGP medium interactions. Furthermore, if a bump-like
structure indicating a broadening of the hard substructure
is confirmed experimentally, our findings would support the
interpretation that the most pronounced medium effects arise
primarily from the relatively hard contributions of recoils,
making these observables particularly valuable for detailed
investigations of recoil dynamics [68,143,144].
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