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Y. TACHIBANA et al.

We present predictions and postdictions for a wide variety of hard jet-substructure observables using a
multistage model within the JETSCAPE framework. The details of the multistage model and the various parameter
choices are described in [Phys. Rev. C 107, 034911 (2023)]. A novel feature of this model is the presence of
two stages of jet modification: a high-virtuality phase [modeled using the modular all twist transverse-scattering
elastic-drag and radiation model (MATTER)], where modified coherence effects diminish medium-induced radi-
ation, and a lower virtuality phase [modeled using the linear Boltzmann transport model (LBT)], where parton
splits are fully resolved by the medium as they endure multiple scattering induced energy loss. Energy-loss
calculations are carried out on event-by-event viscous fluid dynamic backgrounds constrained by experimental
data. The uniform and consistent descriptions of multiple experimental observables demonstrate the essential
role of modified coherence effects and the multistage modeling of jet evolution. Using the best choice of
parameters from [Phys. Rev. C 107, 034911] (2023)], and with no further tuning, we present calculations
for the medium modified jet fragmentation function, the groomed jet momentum fraction z, and angular
separation r, distributions, as well as the nuclear modification factor of groomed jets. These calculations provide
accurate descriptions of published data from experiments at the Large Hadron Collider. Furthermore, we provide
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predictions from the multistage model for future measurements at the BNL Relativistic Heavy Ion Collider.

DOI: 10.1103/PhysRevC.110.044907

I. INTRODUCTION

In high-energy heavy-ion collisions, the high-transverse
momentum (pr) partons (pr £ 10 GeV) are generated almost
at the instant at which the incoming nuclei overlap. Such
high-pr partons are generated in parton-parton exchanges
with large momentum transfers Q > Aqcp. They are typi-
cally produced far from their mass shell and engender multiple
collinear emissions produced over a large time range. In the
case of a heavy-ion collision, the propagation and develop-
ment of these parton showers are strongly affected by the
produced quark gluon plasma (QGP). Studying jet modifi-
cation in nucleus-nucleus collisions relative to proton-proton
collisions, together with constraints from model-to-data com-
parison provides unique opportunities to probe the properties
of the QGP [1-19].

The experimental attempts started at the BNL Relativistic
Heavy Ion Collider (RHIC) with the observation of suppres-
sion in the yield of single inclusive hadrons [20-24] and
associated hadrons (dihadrons) [25-27] produced with high
transverse momentum relative to the yield in proton-proton
collisions. Since 2010, starting at the Large Hadron Collider
(LHC) and later at RHIC, the ability of experiments evolved
from single hadrons and dihadrons to jets [28—30].

Over the last decade, experiments have attained the ability
to not just study the energy-momentum and cross section of a
jet but also to look at modifications of the internal properties
of the jet, often referred to as jet substructure. Based on
current detector improvements and accumulated high statis-
tics data at RHIC and the LHC, it is possible to analyze
a vast variety of observables revealing different aspects of
the jet-medium interaction [31]. For example, the yield sup-
pression and internal structure of fully reconstructed jets,
revealed in observables such as the jet fragmentation function
and jet shape (respectively), provide details on the diffu-
sion of jet energy and momentum in momentum or angular
space due to the interaction with the medium [28-30,32-51].
Even the structural modification of hard partonic branching is
now potentially accessible through groomed jet observables
[52-57].

On the theory side, many studies have attempted to
describe and understand the jet-medium interaction by con-
structing models that reproduce these various observables or
propose predictions and new observables [58—78]. In partic-
ular, to obtain a universal understanding, it is essential to
simultaneously explain multiple observables, ultimately all
observables, with a consistent theoretical picture. Therefore,
Monte Carlo calculations, which can generate experiment-like
events by a single model, are a powerful tool for theoretical
approaches because they enable one to calculate a wide range
of event-by-event defined jet observables [79-113].

Jets evolve dynamically, moving through the expanding
medium and generating more partons from splits and interac-
tions with the dense medium. The original partons start at very
high virtuality, and thus the early splits have a small transverse
size. These splittings from the leading parton and the still
highly virtual daughters are driven by their individual virtuali-
ties, with minor medium correction via the scattering, strongly
suppressed due to their small transverse size. We refer to
these as vacuum-like emissions (VLEs) [114]. To simulate
the VLEs, taking into account the reduction in the effective
interaction rate with scale dependence, an event generator
such as modular all twist transverse-scattering elastic-drag
and radiation (MATTER) [115,116] can be employed.

With repeated splittings, the virtuality of the partons re-
duces to the point that splits are widely separated in time. With
decreasing virtuality, the transverse size of the parton becomes
larger, thereby increasing the rate of interaction with the
medium, which in turn triggers more radiation. Thus, the main
mechanism causing parton splittings changes dynamically in
the medium. The evolution of such partons at lower virtuality
but energy still large enough to treat the medium interaction
perturbatively can be approximated by kinetic theory-based
approaches for on-shell particles, as implemented by genera-
tors such as linear Boltzmann transport (LBT) [89,91,95,96],
or the modular algorithm for relativistic treatment of heavy
ion interactions (MARTINI) [83,110,112]. As partons transition
to energies and virtualities close to those of the QGP, they
begin to undergo strong coupling [88] and thermalization with

044907-2


https://doi.org/10.1103/PhysRevC.107.034911
https://doi.org/10.1103/PhysRevC.107.034911
https://doi.org/10.1103/PhysRevC.110.044907

HARD JET SUBSTRUCTURE IN A MULTISTAGE ...

PHYSICAL REVIEW C 110, 044907 (2024)

the medium [117]. Thus, jets interact with the medium over a
wide range of scales, which requires incorporating multiple
generators at different scales for simulations [16].

JETSCAPE is a general-purpose framework for Monte Carlo
simulations of the complete evolution in high-energy heavy-
ion collisions [118—126]. The framework is designed to be as
general and extensive as possible while modularizing each
physics element involved in a collision event, such as the
generation of geometric initial conditions, hydrodynamic evo-
lution of the soft sector, jet production by hard scattering,
etc. so that users can employ a module based on their fa-
vorite physical description for each. For the in-medium parton
shower evolution, the most distinctive feature of the JETSCAPE
framework is its support for multistage descriptions that, by
stitching multiple models together, cover a broader range of
scales. Depending on the virtuality or energy of a parton, each
model becomes active to handle the parton shower evolution
interactions with the medium.

Recently, we systematically studied the energy loss of
large-transverse momentum particles, jets, and charmed par-
ticles using a multistage model, combining two modules,
MATTER for high-virtual parton shower and LBT for low
virtuality, developed within the JETSCAPE framework in
Refs. [124-126]. Our simulations indicate that the single high-
pr particle spectra are dominated by the large virtuality phase
simulated by the MATTER module. On the other hand, to de-
scribe the suppression of reconstructed jets and D mesons, we
found that the energy loss of soft daughter partons and heavy
quarks is governed by the low-virtuality scattering dominated
phase simulated by the LBT module.

One further important insight from our prior work is that
the reduction of the interaction with the medium at high
virtuality due to modified coherence effects plays a crucial
role in explaining the weak suppression of single charged par-
ticles with pr £ 10 GeV. These modified coherence effects
occur because the partons probing the medium have a small
transverse size when the virtuality is large. A section of QGP
resolved at such a shorter distance scale appears more dilute,
resulting in fewer interactions [127].1

Modified coherence effects implemented in MATTER dras-
tically improve the description of the transverse momentum
dependence of the nuclear modification factor for inclusive
single-charged particles, even at the qualitative functional be-
havior level. In contrast, for reconstructed jets at the currently
available collision energies, modified coherence effects are
not visible in the transverse momentum dependence of the
nuclear modification factor, which only necessitated a read-
justment of the overall medium coupling parameter a?". Thus,
it is essential to search for the role of modified coherence
effects in the evolution of jet showering patterns by examining
further inner jet structure modification.

'In several other models, e.g., those in Refs. [101,102], effects
similar to modified coherence are implicitly introduced when jet
particles tend to have large virtualities. They sharply turn off the
medium effects in the early stages according to virtuality or other
quantities.

In this paper, we systematically analyze the observables
characterizing the internal structure of jets using the results
of the exact same numerical simulations with MATTER +
LBT that were used to study the nuclear modification factors
for reconstructed jets and high-pr single-charged particles in
Ref. [124]. The goal is to explore the details of the interaction
strength at each scale on the internal structure of the jet. In
particular, we examine the groomed jet observables, which
display the effect of jet-medium interactions at the early high-
virtuality stage, and the jet fragmentation function, which
shows the medium effect on partons throughout a wide range
of scales. In this work, we do not retune any parameters and
employ those obtained in our previous work [124].

The paper is organized as follows: In Sec. II, salient charac-
teristics of the underlying model are presented. In Sec. IT A, an
overview of the framework and setup is outlined. Section II B
is devoted to formulating modified coherence effects. This is
followed by an investigation of the medium modification of
jet substructure observables, focusing on modified coherence
effects, by presenting results from our model calculations in
Sec. III. Here, we also make predictions for the upcoming
measurements of the jet substructure observables at RHIC. A
summary of our results and concluding remarks are presented
in Sec. IV. The Appendix is dedicated to the presentation
of our predictions of jet Rq4 at the top RHIC energy for
benchmarking purposes.

II. MODEL

JETSCAPE is a general-purpose event generator framework
where different sub event generators can be included in a mod-
ular fashion, producing an extensive end-to-end simulation
of a heavy-ion collision. In this paper, we use the results of
simulations that were generated in Ref. [124] to calculate all
jet substructure observables. This is not just for convenience
but rather to demonstrate how the exact same simulations
can simultaneously describe both the jet and leading hadron
suppression, as well as several jet substructure observables.

To that end, only a very brief overview of the components
of the simulation will be provided in this section. The reader
may refer to Ref. [124] for specific details of the physics
included in a MATTER + LBT simulation within the JETSCAPE
framework. Computational aspects of the JETSCAPE frame-
work are described in great detail in Ref. [118], while the basic
physics of multistage simulators is described in Ref. [128].

A. Overview

To explore the medium modification of jet substructure,
we perform simulations of jet events in high-energy nucleus-
nucleus collisions utilizing the full framework of JETSCAPE
in two separate steps. First, we calculate the event-by-
event space-time profiles of the QGP medium in nucleus +
nucleus (A + A) collisions for the estimation of the local
medium effect on parton shower evolution. For this part, we
perform simulations of (2 + 1)-dimensional [(2 + 1)-D] free-
streaming pre-equilibrium evolution [129] and subsequent
viscous hydrodynamic evolution by the (2 4 1)-D VISHNU
code package [130] with the initial condition generated by
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TRENTO [131]. Here the maximum a posteriori (MAP) param-
eters obtained by Bayesian calibration in Ref. [132] are used
for the Large Hadron Collider (LHC) energy calculations,
while hand-tuned parameters were used for top RHIC energy.

In the second step, the binary collision distribution from
the same TRENTO initial condition as for the medium is used
to sample the transverse position of a hard scattering. The
hard scattering is produced by PYTHIA 8 [133] with initial-
state radiation (ISR) and multiparton interaction (MPI) turned
on, and final-state radiation (FSR) turned off. The produced
partons in the hard scattering then undergo the multistage
in-medium parton shower evolution within the JETSCAPE
framework. In this study, we use a combination of MATTER
and LBT modules as described in Ref. [124].

The partons produced by hard scattering are first passed
to the MATTER module, which simulates virtuality-ordered
splitting of high-energy partons incorporating medium effects
[115,116]. This description by MATTER is valid for partons
with virtuality sufficiently larger than the accumulated trans-
verse momentum and virtuality generated by scattering from
the medium.

Partons whose virtuality is reduced by showering in MAT-
TER are then transferred to LBT at a transition scale. In
LBT, the kinetic theory for on-shell partons with elastic
and inelastic scatterings with medium constituents is applied
[89,91,134]. The parton splittings under this description are
entirely scattering-driven. In the multistage approach of the
JETSCAPE framework, virtuality-dependent switching between
modules is done bidirectionally on a per-parton basis using a
switching parameter Q2. If the virtuality of the parton Q* =
p"p, —m* falls below Q2,, it is sent from MATTER to LBT.
Conversely, the parton is returned to MATTER if its virtuality
exceeds Q2 again, or it goes out of the dense medium. The
transition from medium-like back to vacuum-like emission
takes place at a boundary with a temperature 7. = 0.16 GeV.
In this study, Q2 is set to 4 GeV>.

After all the partons are outside the QGP medium and
have virtuality smaller than the cutoff scale 02, = 1 GeV?,
they are hadronized via the colorless hadronization module,
in which the Lund string model of PYTHIA 8 is utilized. In
this study, we do not yet consider medium effects on the
hadronization process, such as those modeled by the hybrid
hadronization approach [135-137]. While these effects are
expected to be particularly significant in observables focused
on the medium to low momentum regions, a more systematic
investigation of this is left for future work.

In both MATTER and LBT modules, the medium re-
sponse effect is taken into account via recoil partons
[84,87,96,97,117,138,139]. In the recoil prescription, the
energy-momentum transfer is described by scatterings be-
tween jet partons and medium partons. For each scattering,
a parton is sampled from the thermal medium. Then, the
scattered sampled parton is assumed to be on-shell and passed
to LBT for its in-medium evolution, assuming weak coupling
with the medium. These recoil partons and further accompa-
nying daughter partons are collectively hadronized with the
other jet shower partons. On the other hand, a deficit of energy
and momentum in the medium is left for each recoil pro-
cess, where a parton emanating from the medium is included,

postscattering, as a part of the jet. We treat this deficit as a
free-streaming particle, referred to as a hole parton, and track
it. The hole partons are hadronized separately from other jet
partons, and their energy and momentum within each positive
particle jet cone are subtracted in the jet clustering routine to
ensure energy-momentum conservation [140].

In this study, the description of parton shower evolution
and its interaction with the medium is limited to a perturba-
tive framework. While interactions at nonperturbative scales
would require the inclusion of hydrodynamic responses, as
will be explained shortly, the model does not incorporate
these effects. Therefore, to ensure consistency and facilitate
systematic study, the description of parton shower evolution
is restricted to the perturbative regime.

In the later stages, where the energy of a jet shower par-
ton reaches a comparable scale to the ambient temperature,
the mean-free path is no longer large enough to apply the
kinetic theory-based approach with the recoil prescription.
In principle, such soft components of jets are supposed to
be thermalized and evolve hydrodynamically as part of the
bulk medium fluid [19,141-146]. As in Refs. [147-157],
implementation of models based on such a description is
proposed, and there are some studies of the hydrodynamic
medium response to jets using it [71,73,94,111,117,158-162].
However, with such an implementation of the hydrodynamic
medium response, the computational cost for a systematic and
exhaustive study covering various configurations, as presented
in this paper, is enormously expensive. Thus, in this paper, we
mainly discuss the structure of the hard part of the jet, where
the contributions of such very soft components are relatively
small. A further comprehensive investigation with more de-
tailed modeling of the medium response in jet modification is
left for future work.

To investigate the modification of jet substructures by
medium effects in A + A collisions, the calculations of the
same observables for p 4 p collisions are necessary as ref-
erences. For such calculations, the parton shower evolution
modules are replaced entirely by MATTER with no in-medium
scattering. This setup for p + p collisions of JETSCAPE, re-
ferred to as the JETSCAPE PP19 tune, is equivalent to the limit
of no medium effect in the event and is detailed in Ref. [119].

B. Modified coherence effects at high virtuality

In this study, we focus on modified coherence effects [127].
While these are similar to what is typically referred to as color
coherence effects in the literature [114,163-165], there are
some differences.

In typical color coherence calculations, soft gluons from
the medium cannot resolve the hard antenna formed in VLE
and so cannot affect any energy loss until partons in the
antenna have separated to a resolvable distance. Along with
this, soft, large angle radiations from this small antenna are
suppressed due to destructive interference [166]. As a result,
the color antenna develops in the medium as it does in the
vacuum until colored partons are sufficiently separated even
after the formation time.

By contrast, modified coherence should be taken into ac-
count during the formation time of the highly virtual parton
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that is about to undergo VLE. Short distance color fluctuations
in the medium can resolve this virtual splitting within the
formation time. Indeed, according to the higher twist for-
malism [12,13,167], such interactions between virtual emitted
gluons and the medium constitute the primary contribution to
medium modifications on VLE. However, as the virtuality of
the partons increases, the size of the virtual splitting becomes
smaller and harder to resolve, leading to such interactions
progressively diminishing. We refer to this process, where
the medium effects on virtuality-driven VLE are suppressed
depending on the size of the jet parton’s virtuality, as modified
coherence.

It should be noted that typical color coherence and modi-
fied coherence are not in a relationship where one completely
encompasses the other, while they might consequently lead to
a similar effect under most circumstances. In our JETSCAPE
simulations presented in this paper, whether the setup incor-
porates modified coherence or not, typical color coherence is
not included.

Modified coherence can be incorporated as in Ref. [127].
In that reference, it was demonstrated that a hard parton with
large virtuality resolves the very short-distance structure of
the medium via the exchange of a gluon whose momentum is
much larger than the medium temperature. These modified co-
herence effects are formulated with the continuous evolution
of the medium-resolution scale and give a gradual reduction
of jet parton-medium interaction as a function of the virtuality.

For jet quenching calculations, modified coherence effects
can be effectively implemented by introducing a modulation
factor £(Q?), which diminishes as a function of the parent par-
ton’s virtuality Q?, in the medium-modified splitting function:

+
Tform

d€+CIHTL

cdf(eH2 - 2005( )]
o2 1 )

y(1 =01 + xa)?

In the equation above, P;*(y) is the Altarelli-Parisi vac-
uum splitting function [168] for the parent parton species
a = (g,q,q) with the forward light-cone momentum frac-
tion of the daughter parton y, x, = (84 + 8aq)y2m§/[y(1 —
y)0? — y*m2] with m, being the parent parton mass, and G =
[1 — 3(8aq + 84.9)] — Xall = (1 = $)xa]. The integration in
Eq. (1) is taken over light-cone time £* with the upper bound

Tf-grm =2p*/Q? being the formation time of the radiated

parton, where p* = pt#, /+/2 [with 7, = (1, p/[p|)] is the
forward light-cone momentum of the parent parton. The for-
mulation of 2,(y, Q%) in Eq. (1) is obtained using soft collinear
effective theory within the higher twist scheme [169,170].

The parametrization of the virtuality-dependent modula-
tion factor is given as [124,171]

Py, 0% = P;“%y){l + fo

1+101n* (Q2,)+1001n* (0%,)
(@) = : 110102 (Q?)+1001n" (Q2)

e 2 2
o =0
if 0° <

As presented in Ref. [124], this function sharply decreases

as the virtuality increases, e.g., f(Q” = (5 GeV)?) &~ 0.0359,
f(Q* = (10 GeV)?) ~ 0.008 62, and f(Q? = (50 GeV)?) ~

0.001 04. When this explicit virtuality dependence is elimi-
nated, the strength of the medium effect is controlled solely by
the conventional transport coefficient for a low-virtuality (near
on shell) parton from the hard-thermal-loop (HTL) calculation
[89,172],

42§ 3)

29T
i, = Ca m"(ZpOT)a;“"(m%)T3ln|: 4 ] 3)

mD
Here, C, is the Casimir color factor for the hard parent parton,
¢(3) ~ 1.20205 is Apéry’s constant, p° is the energy of the

hard parent parton, 7 is the local temperature, and m,zj =

4 o™ (mp)T* (N, + %) /3 is the Debye screening mass for a
QCD plasma with N, = 3 colors and Ny = 3 fermion flavors.
The running coupling constant is

4 . 2
a(u2) = {11 2711Vf/3 ln(uz/A) if = > g

ofix if u? < u%, @
with A being chosen such that o™ (u2)=a™ at ul =
1 GeV2. A similar implementation of the running coupling
that appears in Eq. (3) can be found, for example, in the case
of 2-2 scattering in Ref. [173]. For most temperature regions
accessible at RHIC and LHC collision energies, m3 < 13 =
1 GeV?, and therefore ay(m?) = a™. In this framework,
o is the free parameter controlling the overall interaction
strength and chosen to give the best fit to the experimental
data of inclusive jet Ra4 [124].

In this paper, we compare results from two different se-
tups: with the virtuality-dependent modified coherence effects
and without any coherence effects (referred to as Type-3 and
Type-2 in Ref. [124], respectively). For the case with modified
coherence, P,(y, Q%) in Eq. (1), with the virtuality-dependent
modulation factor from Eq. (2), is employed in the high-
virtuality phase by MATTER, with & = 0.3.2 In the setup
without coherence effects, the modulation factor is fixed to
unity [f(Q?) = 1] for any Q7 to eliminate the explicit vir-
tuality dependence. The best fit with leading hadron and jet
data is obtained with ™ = 0.25 for this case. We present
results for jet substructure using events generated with the
above parametrizations, for both setups.

III. RESULTS

In this section, we present the results for jet substructure
observables in Pb + Pb collisions at ,/syy = 5.02 TeV based
on the multistage (MATTER + LBT) jet quenching model de-
scribed in the previous section. A complementary study of
the nuclear modification factor R44 for reconstructed jets and
charged particles using the same model has been presented in
Ref. [124]. Moreover, this same formalism has been applied
to study the heavy-flavor observables and has been presented
in Refs. [125,126].

To show the capability of the JETSCAPE framework, we
also provide predictions of the groomed jet observables,

>This configuration for MATTER + LBT with modified coherence
effects is referred to as JETSACPEv3.5 AA22 tune, and its results
are provided as defaults for comparisons with experimental and other
data.
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pp, v/s = 5.02 TeV @ ALICE [PRL 128, no.10, 102001 (2022)]
Charged Jets, anti-fy — JETSCAPE [MATTER J/
6| Soft Drop 2 =02, 5 =0 [T EseArER el JETSCAPE
5 a0
ds -
S|
—| .2
€ 3 | .
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FIG. 1. Distributions of jet splitting momentum fraction z, for charged jets in p + p collisions at /s = 5.02 TeV and the ratios for different

. . h,jet
jet cone size R, and p7*°

range. The Soft Drop parameters are z.,, = 0.2 and 8 = 0. The solid lines and circles with statistical error bars show

the results from JETSCAPE and the experimental data from the ALICE Collaboration [56], respectively. The bands indicate the systematic

uncertainties of the experimental data.

fragmentation function, and jet cone size dependence of inclu-
sive jets and charged jets for the upcoming jet measurements
at RHIC. Throughout this work, the jet reconstruction and
Soft Drop grooming are performed using the FASTIET package
[174,175] with FASTIET-CONTRIB [176].

A. Groomed jet observables

In this section, we present the observables obtained via Soft
Drop grooming algorithm [177-179]. The Soft Drop proce-
dure removes the contributions from soft wide-angle radiation
and enables access to the hard parton splittings during the
jet evolution. In this algorithm, first, jets are constructed by
a standard jet finding algorithm such as the anti-k, algorithm
[180] with a definite jet cone size R. Then, the constituents of
an anti-k, jet are again reclustered by the Cambridge-Aachen
(C/A) algorithm [181,182] to form a pairwise clustering tree.
The next step is to trace back the C/A tree. Here, one declus-
ters the C/A jet by undoing the last step of the C/A clustering
and selecting the resulting two prongs. The two prongs are
checked to see if they satisfy the Soft Drop condition, given
as

&)

min (pr,1, pr,2) (ARlz)ﬁ
> cut )
pr+ pro R

where pr | and pr are the transverse momenta of the prongs,
ARy = [(n1 — 1) + (¢1 — ¢2)?1/? is the radial distance
between the prongs in the rapidity-azimuthal angle plane, 7y
and B are parameters controlling the grooming procedure. If
the condition is failed, the prong with the larger pr of the
pair is further declustered into a pair of prongs. This process
is repeated until one finds a pair of prongs satisfying the
Soft Drop condition. The resulting pair of prongs are used to
compute the groomed jet observables. It is worth noting that
there may exist cases in which no prong pair passing the Soft

Drop condition is eventually found even if the C/A tree is
traversed back to the end; such cases are referred to as “Soft
Drop fail.”

1. Jet splitting momentum fraction

Here, we study the medium modification of the jet splitting
momentum fraction z,, which is defined as the left-hand side
of Eq. (5) in the case with the prong pair passing the Soft Drop
condition.

Figure 1 shows z, distributions for charged jets in p+ p
collisions at /s = 5.02 TeV defined as

1 dospjer 1 dNspjer

Ojet ng ]Vjet ng

; (6)

where Nj, is the number of inclusive jets, Nsp je; is the number
of jets passing the Soft Drop condition, and oje, 0sp je; are the
corresponding cross sections. The Soft Drop parameters are
set as zey = 0.2 and B = 0. The results from the JETSCAPE
PP19 tune for different pCTh'JEI ranges and jet cone sizes are
compared with the experimental data from ALICE. Some
small discrepancies can be seen, but they are mostly compati-
ble within uncertainty.

In Fig. 2, the modification of the z, distribution for charged
jets is presented as the ratio of the distribution in Pb 4 Pb
to p+ p collisions at /sy = 5.02 TeV. Both results, with
and without consideration of modified coherence effects, do
not exhibit significant modification and are consistent with
the experimental data. This indicates that the medium effects
on the functional form for the momentum fraction y of the
splitting function are small in hard partonic splittings. To be
clear, the entire ensemble of jets in Pb + Pb that are included
in this analysis is indeed modified by the medium. However,
most modifications occur at softer momenta in jets, leaving
the hard splittings unaffected.
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FIG. 2. Ratios of z, distributions for charged jets between Pb + Pb and p + p collisions at ,/syn = 5.02 TeV for different centrality, jet

. ch,jet
cone size R, and p*

range. The Soft Drop parameters are z.,, = 0.2 and 8 = 0. The solid and dashed lines with statistical error bars show the

results from MATTER + LBT of JETSCAPE with modified coherence effects and without any coherence effects, respectively. For comparison, the
experimental data from the ALICE Collaboration [56] are shown by squares with statistical errors (bars) and systematic uncertainties (bands).

Next, for upcoming measurements at RHIC, we present the
prediction of the modification of the z, distribution for charged
jets in 0%—-10% Au + Au collisions at ,/syy = 200 GeV from
MATTER + LBT with modified coherence effects in Fig. 3. The
trend is similar to the results observed at the LHC collision
energy and does not show any significant nuclear effects for
the kinematic configurations considered.

2. Jet splitting radius

Next, we study the medium modification of jet splitting
radius rg, defined as the radial distance AR;, of the prong
pair passing the Soft Drop condition. In Fig. 4, r, distributions
defined as

1 dospjec 1 dNspje
Ojet d(rg/R)  Niet d(rg/R)

(N

are shown for charged jets in p+ p collisions at /s =
5.02 TeV. The results from the JETSCAPE PP19 tune show good

agreement with the ALICE data, particularly for the cases
with zepe = 0.2.

Figure 5 shows the modification of r, distribution for
charged jets in Pb 4 Pb collisions at /sxy = 5.02 TeV. Our
full results with modified coherence effects capture the trend
observed in experimental data: Enhancement at small r, and
suppression at large r,. In particular, the agreements within
uncertainties can be seen for the case with z.,, = 0.2. For the
case with zq, = 0.4, it is acknowledged that the description
by the results with modified coherence may be somewhat
inadequate, as the modification pattern is likely underesti-
mated. However, it is also important to note that the condition
with zo, = 0.4 involves a very small phase-space region,
making the analysis more stringent, and the experimental
data currently have larger error bars. With experimental re-
sults with smaller uncertainty in the future, more quantitative
discussions can be conducted, allowing for a more detailed
investigation.

2.0
7 _ JETSCAPE
AuAu 0-10%, y sy =200 GeV MATTER+LBT (w/ mod. coh.) M
Charged Jets, anti-k; — 10< pCTh,Jet <30 GeV \I/ A\
g | 1 Soft Doz =02, 5=0 P 30 <P < 50 Gev JETSERAPE
SR
Z|<
= =
| & 10FTFTo——pr—+—t==f=x = — 1 prerm ===
| IS
z
2,
S| 05} L
<
R:(J.Q, |”]ch,jet‘ <0.7 R:U.47 |7]ch,jet| <0.5

0'%.2 0.3 0.4

Zg

0.2 0.3 0.4 0.5
2g

FIG. 3. Ratios of z, distributions for charged jets with R = 0.2 and | jec| < 0.7 (left), and R = 0.4|ncp jec| < 0.5 (right) between 0%—
10% Au + Au and p + p collisions at /sy = 200 GeV from MATTER + LBT of JETSCAPE with modified coherence effects. The Soft Drop
parameters are zo,, = 0.2 and B = 0. The solid and dashed lines with statistical error bars show the results for 10 < pCTh’Jel < 30 GeV and

30 < p‘}h’jel < 50 GeV, respectively.

044907-7



Y. TACHIBANA et al.

PHYSICAL REVIEW C 110, 044907 (2024)

6
pp, V5 = 5.02 TeV @ ALICE [PRL 128, no.10, 102001 (2022)] M
5 Charged Jets, anti-k; [ — JETSCAPE [MATTER (vacuum)] ' \l/ i
JETICAPE
o= 4F L .
2
g% F 5 Soft Drop zewt = 0.2, =10 Soft Drop zew = 0.2, 3 =0 Soft Drop zewt = 0.4, 3 =10
S %: R=0.2, |nenjet| <0.7 R=0.4, |fenjet| <0.5 R=0.4, |fenjer| <0.5
B NS 60 < pHit <80 GeV 60 < pHit <80 GeV 60 < pHit <80 GeV
1 A .
0 . . . . . . h J
% 15F F
2 o0k r=mr.— - selers o 1L e | 'y
@)
= 05F a ]
0.00 0.05 0.10 0.15 0.0 0.1 0.2 0.3 0.00 0.05 0.10 0.15 0.20
Tg Tg g

FIG. 4. Distributions of jet splitting radius r, for charged jets in p 4 p collisions at /s = 5.02 TeV and the ratios for different jet cone size

Jet
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range. The Soft Drop parameters are z.,, = 0.2 and 8 = 0. The solid lines and circles with statistical error bars show the results

from JETSCAPE and the experimental data from the ALICE Collaboration [56], respectively. The bands indicate the systematic uncertainties of

the experimental data.

For the 0%—-10% most central bin, the result without co-
herence effects is shown for comparison. It gives a slightly
smaller slope, but no conclusion can be drawn within the
current uncertainties. Combined with the results for the z,
distribution, we obtain the clear conclusion that these jets
passing the Soft Drop condition are indeed modified, but
predominantly in their softer components rather than in the
hard partonic splittings. For jets originally having a larger
hard-splitting angle, the soft component diffusing due to the
medium effect is more likely to leave the jet cone, resulting
in more considerable energy loss. Thus, jets with larger hard

Motivated by the recent analysis by ATLAS [57], we also
calculated the nuclear modification factor Ry4 for full jets with
different r,. Figures 6 and 7 show the Ry results as a function

of p';t and r,, respectively. Here, Ry4 is defined as

1 d*ospju
<Ncoll> dr, dpjm AA

d?0sp jer
jet
drgdp’T

AA

pp

for jets passing the Soft Drop condition with a finite value of
7g, and

splitting angles are less likely to be triggered, and the narrow- | o
ing is observed as the yield ratio of jets with smaller splitting Rur— (Neon) — dplt 144 )
angles increases. AL = do =
dpy! |pp
2.0
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FIG. 5. Ratios of r, distributions for charged jets between Pb + Pb and p + p collisions at /sxn = 5.02 TeV for different centrality, jet

. hjet
cone size R, soft drop parameter zey, and py*°

range. The solid and dashed lines with statistical error bars show the results from MATTER +

LBT of JETSCAPE with modified coherence effects and without any coherence effects, respectively. For comparison, the experimental data from
the ALICE Collaboration [56] are shown by squares with statistical errors (bars) and systematic uncertainties (bands).
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FIG. 6. Nuclear modification factor Rs4 as a function of p‘Tet for inclusive jets, jets failing the Soft Drop condition (r, = 0), and groomed
jets with different splitting radius r, in 0%—10% Pb + Pb collisions at ,/sxy = 5.02 TeV. Jets are reconstructed with R = 0.4 at midrapidity
[Viet| < 2.1. The Soft Drop parameters are z, = 0.2 and 8 = 0. The solid and dashed lines with statistical error bars show the results from
MATTER + LBT of JETSCAPE with modified coherence effects and without any coherence effects, respectively. The results are compared with
ATLAS data [57] (squares) and CMS data for || < 2.0 [38] (triangles) are shown with statistical errors (bars) and systematic uncertainties
(bands).
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FIG. 7. Nuclear modification factor R4 as a function of r, for jets with different p’;t in 0%—-10% Pb + Pb collisions at ,/syy = 5.02 TeV.
Jets are reconstructed with R = 0.4 at midrapidity |yj| < 2.1. The Soft Drop parameters are z.,, = 0.2 and 8 = 0. The solid and dashed lines
with statistical error bars show the results from MATTER + LBT of JETSCAPE with modified coherence effects and without any coherence effects,
respectively. For comparison, the experimental data from the ATLAS Collaboration [57] are shown by squares with statistical errors (bars) and
systematic uncertainties (bands). The yellow-shaded regions are the bin areas, including the regime where the perturbation approach does not
apply (see text for details).
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for inclusive jets and jets failing the Soft Drop condition
(rg = 0), where amd/ =0 is the cross section of jets for each

condition. The dene(t)minator is calculated for p 4 p collisions,
and the numerator is for a given centrality class of A + A
collisions, where (N.on) is the average number of binary
nucleon-nucleon collisions in the given centrality class.

Figure 6 shows jet R4 as a function of p';t for dif-
ferent r, intervals. As already described in Ref. [124], for
the case of inclusive jets (top-left plot in Fig. 6), no clear
differences due to modified coherence effects are observed
in the jet Ryy. Note that the overall medium coupling pa-
rameter ozf" is adjusted separately for each setup (ozf" =0.3
for the case with modified coherence effects, and 0.25 for
the case without coherence effects). It should also be noted
that our full simulations, which do not incorporate nuclear
parton distribution function (NPDF) for nuclear shadowing
effects, show a sharper increase than the ATLAS data and
slightly larger than the CMS data. Upon incorporation of
the NPDF effects, as demonstrated in preceding studies such
as Refs. [100,183], an additional suppression of the Rs4 for
pr > 300 GeV, which could consequently align the results
more closely with the experimental data, is anticipated. We in-
tend to conduct future research within this more realistic setup
systematically.

Moving to the case of Soft Drop fail (top-middle plot in
Fig. 6), one notices that the data clearly prefer the simulation
with modified coherence as opposed to that without coher-
ence. The reduced suppression for the case with modified
coherence can be understood under the assumption that the
prong structure is established in the high-virtuality or MAT-
TER stage. In this stage, the effective jet quenching strength
with the virtuality dependence et = Gur f(Q?) is smaller
for the case with modified coherence effects compared with
that without. For the case without coherence, the larger value
of gerr in the MATTER stage leads to the formation of wider
prongs, leading to a reduction in the number of jets that fail
the Soft Drop condition.

It bears repeating yet again: The comparisons of simu-
lations to data presented in this paper do not include any
parameter tuning to fit any substructure data. All parameter
tuning was carried out in the calculation of the single high-pr
particle and jet suppressions in Ref. [124]. All simulation
results presented in this paper are predictions.

Figure 7 shows jet Rss as a function of r, for different

p'Tet intervals. The yellow-shaded regions in the figure indicate
the areas of bins containing contributions from jets with a
transverse scale | = p';trg g 1 GeV, where the perturbative
description of parton splitting in the model is not valid. To
regulate the infrared singularity in the splitting function, the
model needs to specify a minimum cutoff scale for resolvable
splitting [184], which here is Qnin = 1 GeV.

In other words, the jet structure of the yellow-shaded
region is governed by the effects from nonperturbative dynam-
ics, namely, hydrodynamic evolution of the soft thermalized
portion of jets (not modeled in this study), hadronization and
subsequent dynamics, rather than the perturbative parton-level
dynamics. Note that one needs to examine the results shown
in Figs. 5 and 6 with the same considerations for regions with

small r, or small p';ft In this regard, it should also be noted
that the results in Fig. 5 are for charged jets.

The enhancement or sharp rise of R44 in the nonperturba-
tively low-r, region, indicated by the yellow band in Fig. 7,
is primarily attributed to the cutoff for splittings with the
scale Qnin. For a parent parton with energy E, the mini-
mum splitting angle, below which partonic splitting is vetoed,
is approximated as Onyin = Omin/E. Given that the value of
Omin = 1 GeV is fixed in the model, 8, is smaller for jets
with a larger initial energy of a parent parton.

In the presence of jet energy loss due to medium effects,
jets with larger initial energies are triggered compared with
the vacuum case. As a result, jets are triggered even in the an-
gular region prohibited for the vacuum case, directly leading
to enhancement in that region at the parton level. In reality,
there is a nonperturbative process involved in hadronization,
even in our model calculations. Therefore, this enhancement
is slightly blurred, particularly for the region where p’Tet is not
sufficiently large enough to preserve the parton jet substruc-
ture. Furthermore, in such a small angle region, where the
virtuality is sufficiently small, the case with modified coher-
ence effects a more frequent occurrence of feed-down into the
vetoed region due to the larger value of a?x. Thus, the solid red
lines (R44 with modified coherence) always slightly exceed
the dashed green lines (R44 calculated without coherence) in
the yellow-shaded region.

At very large r,, with r, > 0.2, the prong structure as the
transverse scale of the split exceeds p1; < 158 GeV x 0.2 ~
32 GeV can be completely dominated by the virtuality ac-
quired by a parent parton at its production in the initial hard
scattering. This is because, in this region, the initial virtuality
is quite large, and furthermore, the formation time for the
splitting is very short:

< 2(158 GeV)

< 2 x03GeV! ~0.06 fm.
tom % 732 GeV)? ¢ m

Thus, even without the interaction reduction due to modified
coherence, no amount of scattering from the medium has
much of an effect on the hard splitting. As a result, the Raa
as a function of pl' for the case of 0.2642 < r, < 0.4 shows
no difference between the cases with modified coherence and
without coherence, as shown in the bottom panel of Fig. 6.
This is also the case for r, £ 0.2 in all the plots of Fig. 7.

We finally address the region with 0.022 < r, < 0.26.
Perturbative QCD should be applicable in this region. Calcu-
lations without coherence effects (dashed green line) include a
deff = gurL, that has a large value, even in the high-virtuality
MATTER stage, given by Eq. (3). In this case, multiple scat-
terings before the hard split, in the high-virtuality stage, that
leads to the two prongs, provide additional contributions that
significantly broaden the prong structure, leading to depletion
at lower r, and an enhancement in the range 0.02 < r, < 0.06,
which gradually diminishes at large r, < 0.1.

To estimate this excess momentum broadening, we con-
sider the relation between the virtuality of the parent hard
parton, and the transverse momentum of the two daugh-
ter partons. If the parent parton with momentum p =
[p*, 0%?/(2p™),0.] decays into two daughter partons with
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pr=lzpt. k3 /(2zp). kil and pr = [(1 —2)p*. k1 /{2(1 -
2)pt}, —k1]1, we obtain the simple relation
__K

ozl -2)

To be clear, the k| above is not the final transverse momentum
of the prongs. It is one contribution to the total transverse
momentum of each prong. The maximum value of this contri-

bution takes place when the split has a transverse momentum
comparable to the medium generated scale:

Kt = gy, an

0° (10)

where 17 = 2E/Q? is the formation time of the two hard
partons that seed the prongs. We remind the reader that k; in
the equation above is not the transverse momentum exchanged
with the medium, but the transverse momentum of the radiated
partons that will seed the prongs, even though the formula
above is typical of the multiple-scattering low-virtuality stage.
The reason that scatterings before the hard split have their
largest contribution at k3 ~ gt is because the medium mod-
ified portion of the splitting function in Eq. (1) reaches its
largest value at this point.
Including all terms together, we obtain

kT = /z(1 — 2)24E. (12)

Taking the simple case that z = 1 — z = 1/2, we obtain, k? =
+/QE /4. This yields the simple expression for the peak angle
of the bump of the dashed green line as
Ve ke ke 2V2(9)0
Omax = Gmax + emax =—+ ~ 3 .
£ (1 —2F Ei
In the above equation, the § would vary with the path taken
by the hard parton, and thus its appearance in the expression
above is meant to indicate an approximate averaged value of
4. As such, we cannot use the above equation to deduce the
exact value of 6,,,x. However, one can deduce the approximate
dependence of 6,,,x on the energy E.

Using the above equation, one would obtain that if the
energy of the jet were to double, the angle of the bump in
the dashed green line in Fig. 7 would move down in 7, by a
factor of 2°/4 &~ 1.6. One notes that this is indeed the case in
the 2" and 4" panels of Fig. 7. The energy range between
these doubles, and the position of the bump in the green curve
shifts down in r, by about a factor of 1.5-2. This different
behavior, depending on the presence or absence of modified
coherence effects, is also evident when shown as a function of
Py from intermediate ranges of r,, as in Fig. 6.

In contrast, when modified coherence effects are present
(solid red line), a clear bump structure is not readily appar-
ent. The distortion of the r, distributions driven by the small
momentum broadening, significantly suppressed by modified
coherence, can occur at very small r,. In these small r, re-
gions, another enhancement attributed to jet energy loss, as
discussed earlier, comes into play and makes the structure of
the modification, possibly a bump, due to the broadening less
noticeable.

In the modification of the jet r, distribution, multiple fac-
tors contribute and compete with each other. Moreover, in

13)

practice, these factors originate from the same jet-medium
interaction, making it impossible, even in theoretical simu-
lations, to eliminate just one of them. Thus, conducting an
analysis to distinguish between these multiple contributing
factors is quite challenging with the event setup used in this
study. However, it might be feasible to a certain extent, for
example, by using photon-tagged jet events. By triggering jets
using the pr of photons that tag them-thereby inheriting the
initial p];l—we can have better control over the energy-loss
effects on jets. We leave this in-depth study for future work.
The bump structure in the jet Rua, as a function of r,,
which our results without modified coherence effects show,
can also be seen in the results from other models (with differ-
ent assumptions and implementations) [75,101,114,183]. In
contrast, the data from ATLAS exhibit an almost monotoni-
cally decreasing trend with no such clear bump structure for
all p];’t intervals. This agrees with the MATTER + LBT result
with modified coherence. This reveals that the medium effect
for the hard splitting modification is strongly suppressed.
Figure 8 presents our prediction for the modification of 7,
distribution for charged jets in 0%—10% Au + Au collisions at
+/SNN = 200 GeV from MATTER + LBT with modified coher-
ence effects. Similar to the LHC case, one finds enhancement
at small r, and slight suppression at large rg, which is more
pronounced for jets with larger transverse momentum.

B. Jet fragmentation function

We now turn to the last jet substructure observable: the jet
fragmentation function. Jet fragmentation functions are mea-
sured as a function of the track-particle transverse momentum
¥ or longitudinal momentum fraction relative to the jet,

_ piEcos(Ar)
- jet ’
T
where Ar = [(ux — Mje)* + (Puk — Pjer)*]/%. The fragmen-
tation functions are defined as

(14)

D(z) = — Nk (15)
]Vjet dz
1 dNyx
D trk — _[r, ]6
(pT ) Njet dpt;k (16

where Njg is the number of triggered jets and Ny is the num-
ber of charged track particles detected inside the jet cones,
Ar < R. Our JETSCAPE PP19 results for the fragmentation
functions are compared with the experimental data by ATLAS
in Fig. 9. For all available p’;t ranges, the discrepancies from
the data are generally within 20% at most.

In Fig. 10, we present the modification of the jet fragmen-
tation functions for full jets in 0%—10% Pb 4 Pb collisions
at /sy = 5.02 TeV. Results from the MATTER + LBT sim-
ulations, both with modified coherence effects and without
any coherence effects, are compared with the experimental
data from ATLAS. All the simulation results and the data
show qualitatively the same trends. While the track particles
at intermediate z are suppressed by the interactions with the
medium and give the enhancement at small z, the large-z part
is enhanced due to the less-affected hard part of jets.

044907-11



Y. TACHIBANA et al. PHYSICAL REVIEW C 110, 044907 (2024)

2.0
AuAu 0-10%, /sy = 200 GeV
Charged Jets, anti-k; M
. Soft Drop zews = 0.2, 8 =0 .
B2 15} cut = -4 - JETSCAPE
als
Sls R=0.2, |Nenjet| <0.7 R=0.4, [Nanjet| <0.5
— & 10F~77% == [
1
= 1
JETSCAPE e efem———
<S & 0.5F r MATTER+LBT (w/ mod. coh.)
< — 10 < p < 30 GeV
=== 30 < i < 50 GeV
0,0 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.0 0.1 0.2 0.3 0.4

Tg Tg

FIG. 8. Ratios of r, distributions for charged jets with R = 0.2 and |nehjei| < 0.7 (left), and R = 0.4, [ncpjer| < 0.5 (right) between
0%-10% Au + Au and p + p collisions at /sy = 200 GeV, from MATTER + LBT simulations within JETSCAPE, including modified coherence
effects. The Soft Drop parameters are z., = 0.2 and 8 = 0. The solid and dashed lines with statistical error bars show the results for
10 < M < 30 GeV and 30 < p™® < 50 GeV, respectively.
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[49], respectively. The bands indicate the systematic uncertainties of the experimental data.
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In jet fragmentation functions, modified coherence effects
are quantitatively visible as more prominent enhancements in
the large-z region dominated by hadrons from leading partons
of jets. Since the leading parton has the largest virtuality at
the early stage in the jet shower evolution, the interaction
reduction due to modified coherence affects this parton the
most. As a result, the modification of large-z jet hadrons is
further lessened, and the enhancement becomes more substan-
tial than the case without coherence effects. This is consistent
with the weak energy loss of inclusive charged particles at
high pr explained by modified coherence effects presented in
Refs. [124-126].

Both results with modified coherence effects and without
any coherence effects show a sizable enhancement at low-
z mainly due to the medium response via recoils but still
underestimate the data. In the presence of the modified coher-
ence effect, the enhancement in the low-z region is slightly
less prominent than in the absence of the modified coher-
ence effect, in conjunction with the stronger enhancement
in the high-z region. For the underestimation at low-z, one
possible cause is the visible discrepancy in the suppression
at mid-z. Furthermore, for some very soft components of jets
giving contribution in the low-z region, the recoil prescription
may not provide an entirely reasonable description once their
energies become close to the typical scale for the medium con-
stituents. More comprehensive momentum structures of jet
constituents, including such soft regions where hydrodynamic
medium response needs to be considered, will be explored in
a future effort.

With the current uncertainties, it is not yet possible to
conclude the presence of modified coherence effects from

comparisons with only the experimental data on modified jet
fragmentation functions. However, when taken in conjunction
with the results on the 7, distribution, a stronger case can be
made for the existence of modified coherence effects at high
virtuality. Our results also indicate that the medium effects
over different scales can be discernible by future measure-
ments with high precision.

In Fig. 11, we present our results of the modification of
jet fragmentation functions for charged jets in 0%—10% Au +
Au collisions at ,/sny = 200 GeV from MATTER + LBT with
modified coherence effects. Compared with the results for the
top LHC energy, the modifications are quite small.

IV. SUMMARY AND OUTLOOK

This paper explored the medium modification of jet sub-
structure in high-energy heavy-ion collisions, employing a
multistage jet evolution model, MATTER + LBT, with the con-
figuration and parameters established within the JETSCAPE
framework by comparison with leading hadron and jet data.
All parameters were taken from our previous efforts [124] and
were not retuned for this study. In fact, no new simulations
were run for this paper. The presented results were calculated
from the simulations carried out for Ref. [124].

To investigate the contribution of modified coherence ef-
fects based on the ability of the medium to resolve the
partons radiated from splits at high energy and virtuality, we
performed numerical simulations for two cases, with mod-
ified coherence effects and without any coherence effects.
These modified coherence effects are implemented as the Q-
dependent modulation factor in the medium-modified splitting
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FIG. 11. Ratios of jet fragmentation functions for charged jets with R = 0.4 and |nchjc| < 1.0 between 0%—10% Au + Au and p + p
collisions at ,/sxy = 200 GeV as a function of z (left) and p* (right) from MATTER + LBT of JETSCAPE with modified coherence effects. The
solid and dashed lines with statistical error bars show the results for 10 GeV < p5™® < 30 GeV and 30 Gev < pi'™* < 50 GeV, respectively.

function and give a drastic reduction of the interaction with the
medium with increasing parton virtuality.

The distribution of the jet splitting momentum fraction
Zg shows almost no visible modification due to the medium
effects for any kinematic configurations in both cases with
modified coherence effects and without coherence effects.
This extremely small sensitivity to the medium effects is
consistent with the experimental data taken by ALICE at the
LHC. Our predictions for future RHIC measurements also
show no significant modification.

Then, we presented the observables related to the jet split-
ting radius r,. In comparison with the ALICE data, both
results with modified coherence effects and without coherence
effects satisfactorily capture the monotonically decreasing be-
havior with increasing radius and give good agreement. Here,
no conclusions about coherent effects could be drawn from
this analysis in comparison with the data from ALICE. We
reiterate again that our simulations reduce to and reproduce
the z, and r, distributions in the absence of the medium, in
comparison with data from p + p collisions.

In comparison with data from ATLAS [57], we demon-
strated that modified coherence effects manifest, even at the
qualitative behavior level, in 7,-dependent R44 with finer bin-

ning. In both the Ry4 as a function of ply' for different bins of
the angle r, as well as the Ry4 as a function of r, in different
p';’t bins, there is a clear difference between simulations with
modified coherence and without coherence. The experimen-
tal data clearly prefer simulations with modified coherence
effects. This indicates that the scattering with the medium
constituents at high virtuality is reduced due to the finer scale
of the medium probed by the jet parton.

Finally, we found that modified coherence effects may also
be visible as a more prominent enhancement at large z in
the modification pattern of the jet fragmentation functions.
The energy loss of hard leading partons, which form the jet
core components with large transverse momentum, is highly
suppressed by modified coherence effects due to their large
virtualities. The data have a slight preference for simulations
with modified coherence if one restricts attention to particles

with z £ 0.1. For both cases with modified coherence and
without coherence, the simulations produce fewer particles
at very small z (z 5 0.02), with the case without coherence
performing marginally better.

This paper constitutes the third installment of jet and
hadron-based observables from the MATTER + LBT simula-
tions in the JETSCAPE framework [124—126]. In all three of
these papers, including the current effort, we have demon-
strated wide-ranging agreement for the hard sector of jets,
between simulations, typically with modified coherence and
experimental data. The only remaining issues within the hard
sector of the jet are related to coincidence measurements.
These will be presented in a future effort.

In terms of physics included within these simulations, the
one remaining component is the very soft sector of jets. In
the current effort, this was pointed out in the discussion of
the low-r, section of the r,-dependent R44, and the low-z
and low-pr sector of the jet fragmentation function. This
requires incorporating an energy deposition scheme in which
partons with energy comparable to the ambient temperature
are converted into an energy-momentum source term and then
included back in the hydrodynamic calculation. As may be
obvious, these simulations require close to a single hydro
run per hard event and, as such, are very computationally
demanding. Various schemes to approximately incorporate
soft physics without the need for full hydrodynamic simula-
tion are currently underway. The analysis of certain jet-based
observables predominantly sensitive to the soft sector of jets
will be carried out after these efforts are complete.
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APPENDIX: JET SUPPRESSION AT RHIC

For the benchmarking purposes for our jet substructure
results in Au + Au collisions at /sy = 200 GeV presented
in the main body of the paper, we also show the predictions
of Ruy for inclusive full and charged jets from the same event
generation by MATTER + LBT with modified coherence effects
in Fig. 12.

[1] J. D. Bjorken, Energy loss of energetic partons in quark-gluon
plasma: Possible extinction of high p(z) jets in hadron-hadron
collisions, Fermilab, Report No. FERMILAB-PUB-82-059-
THY (unpublished).

[2] D. A. Appel, Jets as a probe of quark-gluon plasmas, Phys.
Rev. D 33, 717 (1986).

[3] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne, and D.
Schiff, Radiative energy loss of high energy quarks and gluons
in a finite-volume quark-gluon plasma, Nucl. Phys. B 483, 291
(1997).

[4] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne, and
D. Schiff, Radiative energy loss and p, -broadening of high
energy partons in nuclei, Nucl. Phys. B 484, 265 (1997).

[5] B. G. Zakharov, Fully quantum treatment of the Landau-
Pomeranchuk-Migdal effect in QED and QCD, JETP Lett. 63,
952 (1996).

[6] M. Gyulassy, P. Levai, and I. Vitev, Jet quenching in thin quark
gluon plasmas. 1. Formalism, Nucl. Phys. B 571, 197 (2000).

[7] M. Gyulassy, P. Levai, and I. Vitev, Non-Abelian energy loss
at finite opacity, Phys. Rev. Lett. 85, 5535 (2000).

[8] M. Gyulassy, P. Levai, and 1. Vitev, Reaction operator ap-
proach to non-Abelian energy loss, Nucl. Phys. B 594, 371
(2001).

[9] U. A. Wiedemann, Gluon radiation off hard quarks in a nu-
clear environment: Opacity expansion, Nucl. Phys. B 588, 303
(2000).

044907-15


https://doi.org/10.1103/PhysRevD.33.717
https://doi.org/10.1016/S0550-3213(96)00553-6
https://doi.org/10.1016/S0550-3213(96)00581-0
https://doi.org/10.1134/1.567126
https://doi.org/10.1016/S0550-3213(99)00713-0
https://doi.org/10.1103/PhysRevLett.85.5535
https://doi.org/10.1016/S0550-3213(00)00652-0
https://doi.org/10.1016/S0550-3213(00)00457-0

Y. TACHIBANA et al.

PHYSICAL REVIEW C 110, 044907 (2024)

[10] U. A. Wiedemann, Jet quenching versus jet enhancement: A
quantitative study of the BDMPS-Z gluon radiation spectrum,
Nucl. Phys. A 690, 731 (2001).

[11] X.-f. Guo and X.-N. Wang, Multiple scattering, parton energy
loss and modified fragmentation functions in deeply inelastic
€A scattering, Phys. Rev. Lett. 85, 3591 (2000).

[12] X.-N. Wang and X.-f. Guo, Multiple parton scattering in nu-
clei: Parton energy loss, Nucl. Phys. A 696, 788 (2001).

[13] A. Majumder, Hard collinear gluon radiation and multiple
scattering in a medium, Phys. Rev. D 85, 014023 (2012).

[14] P. B. Arnold, G. D. Moore, and L. G. Yaffe, Photon emission
from ultrarelativistic plasmas, J. High Energy Phys. 11 (2001)
057.

[15] P. B. Arnold, G. D. Moore, and L. G. Yaffe, Photon and
gluon emission in relativistic plasmas, J. High Energy Phys.
06 (2002) 030.

[16] A. Majumder and M. Van Leeuwen, The theory and phe-
nomenology of perturbative QCD based jet quenching, Prog.
Part. Nucl. Phys. 66, 41 (2011).

[17] J.-P. Blaizot and Y. Mehtar-Tani, Jet structure in heavy ion
collisions, Int. J. Mod. Phys. E 24, 1530012 (2015).

[18] G.-Y. Qin and X.-N. Wang, Jet quenching in high-energy
heavy-ion collisions, Int. J. Mod. Phys. E 24, 1530014
(2015).

[19] S. Cao and X.-N. Wang, Jet quenching and medium response
in high-energy heavy-ion collisions: a review, Rep. Prog. Phys.
84, 024301 (2021).

[20] K. Adcox et al. (PHENIX Collaboration), Suppression of
hadrons with large transverse momentum in central Au + Au
collisions at /syy = 130 GeV, Phys. Rev. Lett. 88, 022301
(2001).

[21] S. S. Adler et al. (PHENIX Collaboration), High-pr charged
hadron suppression in Au + Au collisions at +/syy =
200 GeV, Phys. Rev. C 69, 034910 (2004).

[22] S. S. Adler et al. (PHENIX Collaboration), Suppressed 70
production at large transverse momentum in central Au + Au
collisions at +/Syy = 200 GeV, Phys. Rev. Lett. 91, 072301
(2003).

[23] C. Adler et al. (STAR Collaboration), Centrality dependence
of high-pr hadron suppression in Au + Au collisions at
/Syy = 130 GeV, Phys. Rev. Lett. 89, 202301 (2002).

[24] J. Adams et al. (STAR Collaboration), Transverse momentum
and collision energy dependence of high-pr hadron suppres-
sion in Au + Au collisions at ultrarelativistic energies, Phys.
Rev. Lett. 91, 172302 (2003).

[25] C. Adler ef al. (STAR Collaboration), Disappearance of back-
to-back high pr hadron correlations in central Au + Au
collisions at ,/syy = 200 GeV, Phys. Rev. Lett. 90, 082302
(2003).

[26] J. Adams et al. (STAR Collaboration), Distributions of charged
hadrons associated with high transverse momentum particles
in pp and Au + Au collisions at ,/syy = 200 GeV, Phys. Rev.
Lett. 95, 152301 (2005).

[27] A. Adare et al. (PHENIX Collaboration), Transverse momen-
tum and centrality dependence of dihadron correlations in
Au + Au collisions at /syy = 200 GeV: Jet-quenching and
the response of partonic matter, Phys. Rev. C 77, 011901
(2008).

[28] B. Abelev et al. (ALICE Collaboration), Measurement of
charged jet suppression in Pb-Pb collisions at ,/syy = 2.76
TeV, J. High Energy Phys. 03 (2014) 013.

[29] G. Aad et al. (ATLAS Collaboration), Observation of a
centrality-dependent dijet asymmetry in lead-lead collisions at
/Svy = 2.77 TeV with the ATLAS detector at the LHC, Phys.
Rev. Lett. 105, 252303 (2010).

[30] S. Chatrchyan et al. (CMS Collaboration), Observation and
studies of jet quenching in PbPb collisions at nucleon-nucleon
center-of-mass energy = 2.76 TeV, Phys. Rev. C 84, 024906
(2011).

[31] M. Connors, C. Nattrass, R. Reed, and S. Salur, Jet mea-
surements in heavy ion physics, Rev. Mod. Phys. 90, 025005
(2018).

[32] G. Aad et al. (ATLAS Collaboration), Measurement of the jet
radius and transverse momentum dependence of inclusive jet
suppression in lead-lead collisions at ,/syy= 2.76 TeV with
the ATLAS detector, Phys. Lett. B 719, 220 (2013).

[33] G. Aad et al. (ATLAS Collaboration), Measurements of the
nuclear modification factor for jets in Pb + Pb collisions at
/SN = 2.76 TeV with the atlas detector, Phys. Rev. Lett. 114,
072302 (2015).

[34] V. Khachatryan et al. (CMS Collaboration), Measurement
of inclusive jet cross sections in pp and PbPb collisions at
/syn = 2.76 TeV, Phys. Rev. C 96, 015202 (2017).

[35] L. Adamczyk et al. (STAR Collaboration), Dijet imbalance
measurements in Au+ Au and pp collisions at ,/syy =
200 GeV at STAR, Phys. Rev. Lett. 119, 062301 (2017).

[36] M. Aaboud Jr. et al. (ATLAS Collaboration), Measurement
of the nuclear modification factor for inclusive jets in Pb +
Pb collisions at ,/syy = 5.02 TeV with the ATLAS detector,
Phys. Lett. B 790, 108 (2019).

[37] S. Acharya et al. (ALICE Collaboration), Measurements of
inclusive jet spectra in pp and central Pb-Pb collisions at
/S8 = 5.02 TeV, Phys. Rev. C 101, 034911 (2020).

[38] A. M. Sirunyan et al. (CMS Collaboration), First measurement
of large area jet transverse momentum spectra in heavy-ion
collisions, J. High Energy Phys. 05 (2021) 284.

[39] J. Adam er al. (STAR Collaboration), Measurement of
inclusive charged-particle jet production in Au + Au col-
lisions at /syy =200 GeV, Phys. Rev. C 102, 054913
(2020).

[40] S. Chatrchyan et al. (CMS Collaboration), Modification of jet
shapes in PbPb collisions at ,/syy = 2.76 TeV, Phys. Lett. B
730, 243 (2014).

[41] V. Khachatryan et al. (CMS Collaboration), Decomposing
transverse momentum balance contributions for quenched jets
in PbPb collisions at /sy n = 2.76 TeV, J. High Energy Phys.
11 (2016) 055.

[42] A. M. Sirunyan et al. (CMS Collaboration), Jet properties in
PbPb and pp collisions at /syn = 5.02 TeV, J. High Energy
Phys. 05 (2018) 006.

[43] A. M. Sirunyan et al. (CMS Collaboration), Jet shapes of iso-
lated photon-tagged jets in Pb-Pb and pp collisions at /sy =
5.02 TeV, Phys. Rev. Lett. 122, 152001 (2019).

[44] S. Acharya et al. (ALICE Collaboration), Measurement of jet
radial profiles in Pb-Pb collisions at /sy = 2.76 TeV, Phys.
Lett. B 796, 204 (2019).

[45] A. M. Sirunyan et al. (CMS Collaboration), In-medium mod-
ification of dijets in PbPb collisions at /sy = 5.02 TeV, J.
High Energy Phys. 05 (2021) 116.

[46] S. Chatrchyan et al. (CMS Collaboration), Measurement of jet
fragmentation in PbPb and pp collisions at /syy = 2.76 TeV,
Phys. Rev. C 90, 024908 (2014).

044907-16


https://doi.org/10.1016/S0375-9474(01)00362-1
https://doi.org/10.1103/PhysRevLett.85.3591
https://doi.org/10.1016/S0375-9474(01)01130-7
https://doi.org/10.1103/PhysRevD.85.014023
https://doi.org/10.1088/1126-6708/2001/11/057
https://doi.org/10.1088/1126-6708/2002/06/030
https://doi.org/10.1016/j.ppnp.2010.09.001
https://doi.org/10.1142/S021830131530012X
https://doi.org/10.1142/S0218301315300143
https://doi.org/10.1088/1361-6633/abc22b
https://doi.org/10.1103/PhysRevLett.88.022301
https://doi.org/10.1103/PhysRevC.69.034910
https://doi.org/10.1103/PhysRevLett.91.072301
https://doi.org/10.1103/PhysRevLett.89.202301
https://doi.org/10.1103/PhysRevLett.91.172302
https://doi.org/10.1103/PhysRevLett.90.082302
https://doi.org/10.1103/PhysRevLett.95.152301
https://doi.org/10.1103/PhysRevC.77.011901
https://doi.org/10.1007/JHEP03(2014)013
https://doi.org/10.1103/PhysRevLett.105.252303
https://doi.org/10.1103/PhysRevC.84.024906
https://doi.org/10.1103/RevModPhys.90.025005
https://doi.org/10.1016/j.physletb.2013.01.024
https://doi.org/10.1103/PhysRevLett.114.072302
https://doi.org/10.1103/PhysRevC.96.015202
https://doi.org/10.1103/PhysRevLett.119.062301
https://doi.org/10.1016/j.physletb.2018.10.076
https://doi.org/10.1103/PhysRevC.101.034911
https://doi.org/10.1007/JHEP05(2021)284
https://doi.org/10.1103/PhysRevC.102.054913
https://doi.org/10.1016/j.physletb.2014.01.042
https://doi.org/10.1007/JHEP11(2016)055
https://doi.org/10.1007/JHEP05(2018)006
https://doi.org/10.1103/PhysRevLett.122.152001
https://doi.org/10.1016/j.physletb.2019.07.020
https://doi.org/10.1007/JHEP05(2021)116
https://doi.org/10.1103/PhysRevC.90.024908

HARD JET SUBSTRUCTURE IN A MULTISTAGE ...

PHYSICAL REVIEW C 110, 044907 (2024)

[47] G. Aad et al. (ATLAS Collaboration), Measurement of in-
clusive jet charged-particle fragmentation functions in Pb +
Pb collisions at ,/syy = 2.76 TeV with the ATLAS detector,
Phys. Lett. B 739, 320 (2014).

[48] M. Aaboud et al. (ATLAS Collaboration), Measurement of jet
fragmentation in Pb 4+ Pb and pp collisions at /sy = 2.76
TeV with the ATLAS detector at the LHC, Eur. Phys. J. C 77,
379 (2017).

[49] M. Aaboud et al. (ATLAS Collaboration), Measurement of
jet fragmentation in Pb 4+ Pb and pp collisions at ,/syy =
5.02 TeV with the ATLAS detector, Phys. Rev. C 98, 024908
(2018).

[50] M. Aaboud er al. (ATLAS Collaboration), Comparison of
fragmentation functions for jets dominated by light quarks and
gluons from pp and Pb + Pb collisions in ATLAS, Phys. Rev.
Lett. 123, 042001 (2019).

[51] G. Aad et al. (ATLAS Collaboration), Measurement of angular
and momentum distributions of charged particles within and
around jets in Pb + Pb and pp collisions at /syy = 5.02 TeV
with the ATLAS detector, Phys. Rev. C 100, 064901 (2019);
Erratum: Measurement of angular and momentum distribu-
tions of charged particles within and around jets in Pb + Pb
and collisions at \/syy = 5.02 TeV with the ATLAS detector
[Phys. Rev. C 100, 064901 (2019)], 101, 059903 (2020).

[52] A. M. Sirunyan et al. (CMS Collaboration), Measurement of
the splitting function in pp and Pb-Pb collisions at /5 =
5.02 TeV, Phys. Rev. Lett. 120, 142302 (2018).

[53] K. Kauder (STAR Collaboration), Measurement of the shared
momentum fraction z, using jet reconstruction in p + p and
Au + Au collisions with star, Nucl. Part. Phys. Proc. 289-290,
137 (2017).

[54] A. M. Sirunyan et al. (CMS Collaboration), Measurement of
the groomed jet mass in PbPb and pp collisions at /syny =
5.02 TeV, J. High Energy Phys. 10 (2018) 161.

[55] S. Acharya et al. (ALICE Collaboration), Exploration of
jet substructure using iterative declustering in pp and Pb-—
Pb collisions at LHC energies, Phys. Lett. B 802, 135227
(2020).

[56] S. Acharya et al. (ALICE Collaboration), Measurement of the
groomed jet radius and momentum splitting fraction in pp and
Pb-Pb collisions at ,/syy = 5.02 TeV, Phys. Rev. Lett. 128,
102001 (2022).

[57] G. Aad et al. (ATLAS Collaboration), Measurement of
substructure-dependent jet suppression in Pb + Pb collisions
at 5.02 TeV with the ATLAS detector, Phys. Rev. C 107,
054909 (2023).

[58] I. Vitev and B.-W. Zhang, Jet tomography of high-energy
nucleus-nucleus collisions at next-to-leading order, Phys. Rev.
Lett. 104, 132001 (2010).

[59] G.-Y. Qin and B. Muller, Explanation of Di-jet asymmetry
in Pb 4 Pb collisions at the Large Hadron Collider, Phys.
Rev. Lett. 106, 162302 (2011); Erratum: Explanation of Di-
jet Asymmetry in Pb — Pb Collisions at the Large Hadron
Collider [Phys. Rev. Lett. 106, 162302 (2011)], 108, 189904
(2012).

[60] J. Casalderrey-Solana, J. G. Milhano, and U. Wiedemann,
Jet quenching via jet collimation, J. Phys. G 38, 124086
(2011).

[61] Y. He, 1. Vitev, and B.-W. Zhang, O(af) analysis of inclusive
jet and di-jet production in heavy ion reactions at the Large
Hadron Collider, Phys. Lett. B 713, 224 (2012).

[62] G.-Y. Qin, Parton shower evolution in medium and nuclear
modification of photon-tagged jets in Pb + Pb collisions at
the LHC, Eur. Phys. J. C 74, 2959 (2014).

[63] J.-P. Blaizot, Y. Mehtar-Tani, and M. A. C. Torres, Angular
structure of the in-medium QCD cascade, Phys. Rev. Lett. 114,
222002 (2015).

[64] Y.-T. Chien and I. Vitev, Towards the understanding of jet
shapes and cross sections in heavy ion collisions using soft-
collinear effective theory, J. High Energy Phys. 05 (2016) 023.

[65] N.-B. Chang and G.-Y. Qin, Full jet evolution in quark-
gluon plasma and nuclear modification of jet production
and jet shape in Pb 4+ Pb collisions at 2.76A TeV at the
CERN Large Hadron Collider, Phys. Rev. C 94, 024902
(2016).

[66] Y. Mehtar-Tani and K. Tywoniuk, Groomed jets in heavy-ion
collisions: Sensitivity to medium-induced bremsstrahlung, J.
High Energy Phys. 04 (2017) 125.

[67] L. Chen, G.-Y. Qin, S.-Y. Wei, B.-W. Xiao, and H.-Z. Zhang,
Probing transverse momentum broadening via dihadron and
hadron-jet angular correlations in relativistic heavy-ion colli-
sions, Phys. Lett. B 773, 672 (2017).

[68] Y.-T. Chien and I. Vitev, Probing the hardest branching within
jets in heavy-ion collisions, Phys. Rev. Lett. 119, 112301
(2017).

[69] Y. Mehtar-Tani and K. Tywoniuk, Sudakov suppression of jets
in QCD media, Phys. Rev. D 98, 051501(R) (2018).

[70] N.-B. Chang, S. Cao, and G.-Y. Qin, Probing medium-induced
jet splitting and energy loss in heavy-ion collisions, Phys. Lett.
B 781, 423 (2018).

[71] Y. Tachibana, N.-B. Chang, and G.-Y. Qin, Full jet in quark-
gluon plasma with hydrodynamic medium response, Phys.
Rev. C 95, 044909 (2017).

[72] H. T. Li and I. Vitev, Inclusive heavy flavor jet production
with semi-inclusive jet functions: from proton to heavy-ion
collisions, J. High Energy Phys. 07 (2019) 148.

[73] N.-B. Chang, Y. Tachibana, and G.-Y. Qin, Nuclear modifi-
cation of jet shape for inclusive jets and y-jets at the LHC
energies, Phys. Lett. B 801, 135181 (2020).

[74] J.-W. Qiu, E. Ringer, N. Sato, and P. Zurita, Factorization of
jet cross sections in heavy-ion collisions, Phys. Rev. Lett. 122,
252301 (2019).

[75] E. Ringer, B.-W. Xiao, and F. Yuan, Can we observe jet Pr-
broadening in heavy-ion collisions at the LHC? Phys. Lett. B
808, 135634 (2020).

[76] S. Cao, C. Sirimanna, and A. Majumder, The medium modifi-
cation of high-virtuality partons, arXiv:2101.03681.

[77] Y. Mehtar-Tani, D. Pablos, and K. Tywoniuk, Cone-size de-
pendence of jet suppression in heavy-ion collisions, Phys. Rev.
Lett. 127, 252301 (2021).

[78] C. Sirimanna, I. Soudi, G. Vujanovic, W.-J. Xing, S. Cao, and
A. Majumder, Quenching jets increases their flavor, Phys. Rev.
C 108, 014911 (2023).

[79] 1. P. Lokhtin and A. M. Snigirev, A model of jet quenching
in ultrarelativistic heavy ion collisions and high-py hadron
spectra at RHIC, Eur. Phys. J. C 45, 211 (2006).

[80] K. Zapp, G. Ingelman, J. Rathsman, J. Stachel, and U. A.
Wiedemann, A Monte Carlo model for ‘jet quenching’, Eur.
Phys. J. C 60, 617 (2009).

[81] T. Renk, Angular variation of hard back-to-back hadron sup-
pression in heavy-ion collisions, Phys. Rev. C 78, 034904
(2008).

044907-17


https://doi.org/10.1016/j.physletb.2014.10.065
https://doi.org/10.1140/epjc/s10052-017-4915-5
https://doi.org/10.1103/PhysRevC.98.024908
https://doi.org/10.1103/PhysRevLett.123.042001
https://doi.org/10.1103/PhysRevC.100.064901
https://doi.org/10.1103/PhysRevC.101.059903
https://doi.org/10.1103/PhysRevLett.120.142302
https://doi.org/10.1016/j.nuclphysbps.2017.05.028
https://doi.org/10.1007/JHEP10(2018)161
https://doi.org/10.1016/j.physletb.2020.135227
https://doi.org/10.1103/PhysRevLett.128.102001
https://doi.org/10.1103/PhysRevC.107.054909
https://doi.org/10.1103/PhysRevLett.104.132001
https://doi.org/10.1103/PhysRevLett.106.162302
https://doi.org/10.1103/PhysRevLett.108.189904
https://doi.org/10.1088/0954-3899/38/12/124086
https://doi.org/10.1016/j.physletb.2012.05.054
https://doi.org/10.1140/epjc/s10052-014-2959-3
https://doi.org/10.1103/PhysRevLett.114.222002
https://doi.org/10.1007/JHEP05(2016)023
https://doi.org/10.1103/PhysRevC.94.024902
https://doi.org/10.1007/JHEP04(2017)125
https://doi.org/10.1016/j.physletb.2017.09.031
https://doi.org/10.1103/PhysRevLett.119.112301
https://doi.org/10.1103/PhysRevD.98.051501
https://doi.org/10.1016/j.physletb.2018.04.019
https://doi.org/10.1103/PhysRevC.95.044909
https://doi.org/10.1007/JHEP07(2019)148
https://doi.org/10.1016/j.physletb.2019.135181
https://doi.org/10.1103/PhysRevLett.122.252301
https://doi.org/10.1016/j.physletb.2020.135634
https://arxiv.org/abs/2101.03681
https://doi.org/10.1103/PhysRevLett.127.252301
https://doi.org/10.1103/PhysRevC.108.014911
https://doi.org/10.1140/epjc/s2005-02426-3
https://doi.org/10.1140/epjc/s10052-009-0941-2
https://doi.org/10.1103/PhysRevC.78.034904

Y. TACHIBANA et al.

PHYSICAL REVIEW C 110, 044907 (2024)

[82] N. Armesto, L. Cunqueiro, and C. A. Salgado, Q-PYTHIA: a
medium-modified implementation of final state radiation, Eur.
Phys. J. C 63, 679 (2009).

[83] B. Schenke, C. Gale, and S. Jeon, MARTINI: An event gen-
erator for relativistic heavy-ion collisions, Phys. Rev. C 80,
054913 (2009).

[84] H.Li, F. Liu, G.-1. Ma, X.-N. Wang, and Y. Zhu, Mach cone in-
duced by y-triggered jets in high-energy heavy-ion collisions,
Phys. Rev. Lett. 106, 012301 (2011).

[85] C. Young, B. Schenke, S. Jeon, and C. Gale, Dijet asymmetry
at the energies available at the CERN Large Hadron Collider,
Phys. Rev. C 84, 024907 (2011).

[86] I. P. Lokhtin, A. V. Belyaev, and A. M. Snigirev, Jet quenching
pattern at LHC in PYQUEN model, Eur. Phys. J. C 71, 1650
(2011).

[87] K. C. Zapp, JEWEL 2.0.0: directions for use, Eur. Phys. J. C
74,2762 (2014).

[88] J. Casalderrey-Solana, D. C. Gulhan, J. G. Milhano, D. Pablos,
and K. Rajagopal, A hybrid strong/weak coupling approach to
jet quenching, J. High Energy Phys. 10 (2015) 019; Erratum
to: A hybrid strong/weak coupling approach to jet quenching,
09 (2015) 175.

[89] Y. He, T. Luo, X.-N. Wang, and Y. Zhu, Linear Boltzmann
transport for jet propagation in the quark-gluon plasma: Elastic
processes and medium recoil, Phys. Rev. C 91, 054908 (2015);
Erratum: Linear Boltzmann transport for jet propagation in
the quark-gluon plasma: Elastic processes and medium recoil
[Phys. Rev. C 91, 054908 (2015)], 97, 019902 (2018).

[90] J. Casalderrey-Solana, D. Gulhan, G. Milhano, D. Pablos, and
K. Rajagopal, Angular structure of jet quenching within a
hybrid strong/weak coupling model, J. High Energy Phys. 03
(2017) 135.

[91] S. Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, Linearized Boltz-
mann transport model for jet propagation in the quark-gluon
plasma: Heavy quark evolution, Phys. Rev. C 94, 014909
(2016).

[92] R. Kunnawalkam Elayavalli and K. C. Zapp, Medium response
in JEWEL and its impact on jet shape observables in heavy ion
collisions, J. High Energy Phys. 07 (2017) 141.

[93] G. Milhano, U. A. Wiedemann, and K. C. Zapp, Sensitivity of
jet substructure to jet-induced medium response, Phys. Lett. B
779, 409 (2018).

[94] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang, Effects
of jet-induced medium excitation in y-hadron correlation in
A + A collisions, Phys. Lett. B 777, 86 (2018).

[95] Y. He, S. Cao, W. Chen, T. Luo, L.-G. Pang, and X.-N. Wang,
Interplaying mechanisms behind single inclusive jet suppres-
sion in heavy-ion collisions, Phys. Rev. C 99, 054911 (2019).

[96] T.Luo, S. Cao, Y. He, and X.-N. Wang, Multiple jets and y-jet
correlation in high-energy heavy-ion collisions, Phys. Lett. B
782,707 (2018).

[97] C. Park, S. Jeon, and C. Gale, Jet modification with medium
recoil in quark-gluon plasma, Nucl. Phys. A 982, 643 (2019).

[98] W. Ke, Y. Xu, and S. A. Bass, Modified Boltzmann approach
for modeling the splitting vertices induced by the hot QCD
medium in the deep Landau-Pomeranchuk-Migdal region,
Phys. Rev. C 100, 064911 (2019).

[99] J. Casalderrey-Solana, G. Milhano, D. Pablos, and K.
Rajagopal, Modification of jet substructure in heavy ion col-
lisions as a probe of the resolution length of quark-gluon
plasma, J. High Energy Phys. 01 (2020) 044.

[100] D. Pablos, Jet suppression from a small to intermediate to large
radius, Phys. Rev. Lett. 124, 052301 (2020).

[101] P. Caucal, E. Iancu, and G. Soyez, Deciphering the z, distri-
bution in ultrarelativistic heavy ion collisions, J. High Energy
Phys. 10 (2019) 273.

[102] W. Ke and X.-N. Wang, QGP modification to single inclusive
jets in a calibrated transport model, J. High Energy Phys. 05
(2021) 041.

[103] T. Dai, J.-F. Paquet, D. Teaney, and S. A. Bass, Parton energy
loss in a hard-soft factorized approach, Phys. Rev. C 105,
034905 (2022).

[104] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,
Medium modification of y-jet fragmentation functions in
Pb + Pb collisions at LHC, Phys. Lett. B 810, 135783 (2020).

[105] W. Zhao, W. Ke, W. Chen, T. Luo, and X.-N. Wang, From
hydrodynamics to jet quenching, coalescence, and hadron cas-
cade: A coupled approach to solving the Ry4 ® v, puzzle,
Phys. Rev. Lett. 128, 022302 (2022).

[106] E-L. Liu, W.-J. Xing, X.-Y. Wu, G.-Y. Qin, S. Cao, and X.-N.
Wang, QLBT: A linear Boltzmann transport model for heavy
quarks in a quark-gluon plasma of quasi-particles, Eur. Phys.
J. C 82,350 (2022).

[107] A. Luo, Y.-X. Mao, G.-Y. Qin, E.-K. Wang, and H.-Z. Zhang,
Jet shape and redistribution of the lost energy from jets in Pb
+ Pb collisions at the LHC in a multiphase transport model,
Eur. Phys. J. C 82, 156 (2022).

[108] A. Luo, Y.-X. Mao, G.-Y. Qin, E.-K. Wang, and H.-Z. Zhang,
Enhancement of baryon-to-meson ratios around jets as a sig-
nature of medium response, Phys. Lett. B 837, 137638 (2023).

[109] P. Caucal, A. Soto-Ontoso, and A. Takacs, Dynamically
groomed jet radius in heavy-ion collisions, Phys. Rev. D 105,
114046 (2022).

[110] R. M. Yazdi, S. Shi, C. Gale, and S. Jeon, Leading order, next-
to-leading order, and nonperturbative parton collision kernels:
Effects in static and evolving media, Phys. Rev. C 106, 064902
(2022).

[111] Z. Yang, T. Luo, W. Chen, L.-G. Pang, and X.-N. Wang, 3D
structure of jet-induced diffusion wake in an expanding quark-
gluon plasma, Phys. Rev. Lett. 130, 052301 (2023).

[112] S. Shi, R. Modarresi Yazdi, C. Gale, and S. Jeon, Comparing
the MARTINI and CUJET models for jet quenching: Medium
modification of jets and jet substructure, Phys. Rev. C 107,
034908 (2023).

[113] S. Cao, A. Majumder, R. Modarresi-Yazdi, I. Soudi, and
Y. Tachibana, Jet quenching: From theory to simulation,
arXiv:2401.10026.

[114] P. Caucal, E. Iancu, A. H. Mueller, and G. Soyez, Vacuum-like
jet fragmentation in a dense QCD medium, Phys. Rev. Lett.
120, 232001 (2018).

[115] S. Cao and A. Majumder, Nuclear modification of leading
hadrons and jets within a virtuality ordered parton shower,
Phys. Rev. C 101, 024903 (2020).

[116] A. Majumder, Incorporating space-time within medium-
modified jet event generators, Phys. Rev. C 88, 014909 (2013).

[117] Y. Tachibana, C. Shen, and A. Majumder, Bulk medium evo-
lution has considerable effects on jet observables, Phys. Rev.
C 106, L021902 (2022).

[118] J. H. Putschke et al,
arXiv:1903.07706.

[119] A. Kumar et al. (JETSCAPE Collaboration), JETSCAPE
framework: p + p results, Phys. Rev. C 102, 054906 (2020).

The JETSCAPE framework,

044907-18


https://doi.org/10.1140/epjc/s10052-009-1133-9
https://doi.org/10.1103/PhysRevC.80.054913
https://doi.org/10.1103/PhysRevLett.106.012301
https://doi.org/10.1103/PhysRevC.84.024907
https://doi.org/10.1140/epjc/s10052-011-1650-1
https://doi.org/10.1140/epjc/s10052-014-2762-1
https://doi.org/10.1007/JHEP10(2014)019
https://doi.org/10.1007/JHEP09(2015)175
https://doi.org/10.1103/PhysRevC.91.054908
https://doi.org/10.1103/PhysRevC.97.019902
https://doi.org/10.1007/JHEP03(2017)135
https://doi.org/10.1103/PhysRevC.94.014909
https://doi.org/10.1007/JHEP07(2017)141
https://doi.org/10.1016/j.physletb.2018.01.029
https://doi.org/10.1016/j.physletb.2017.12.015
https://doi.org/10.1103/PhysRevC.99.054911
https://doi.org/10.1016/j.physletb.2018.06.025
https://doi.org/10.1016/j.nuclphysa.2018.10.057
https://doi.org/10.1103/PhysRevC.100.064911
https://doi.org/10.1007/JHEP01(2020)044
https://doi.org/10.1103/PhysRevLett.124.052301
https://doi.org/10.1007/JHEP10(2019)273
https://doi.org/10.1007/JHEP05(2021)041
https://doi.org/10.1103/PhysRevC.105.034905
https://doi.org/10.1016/j.physletb.2020.135783
https://doi.org/10.1103/PhysRevLett.128.022302
https://doi.org/10.1140/epjc/s10052-022-10308-x
https://doi.org/10.1140/epjc/s10052-022-10110-9
https://doi.org/10.1016/j.physletb.2022.137638
https://doi.org/10.1103/PhysRevD.105.114046
https://doi.org/10.1103/PhysRevC.106.064902
https://doi.org/10.1103/PhysRevLett.130.052301
https://doi.org/10.1103/PhysRevC.107.034908
https://arxiv.org/abs/2401.10026
https://doi.org/10.1103/PhysRevLett.120.232001
https://doi.org/10.1103/PhysRevC.101.024903
https://doi.org/10.1103/PhysRevC.88.014909
https://doi.org/10.1103/PhysRevC.106.L021902
https://arxiv.org/abs/1903.07706
https://doi.org/10.1103/PhysRevC.102.054906

HARD JET SUBSTRUCTURE IN A MULTISTAGE ...

PHYSICAL REVIEW C 110, 044907 (2024)

[120] D. Everett et al. (JETSCAPE Collaboration), Phenomenologi-
cal constraints on the transport properties of QCD matter with
data-driven model averaging, Phys. Rev. Lett. 126, 242301
(2021).

[121] D. Everett et al. (JETSCAPE Collaboration), Multisystem
Bayesian constraints on the transport coefficients of QCD
matter, Phys. Rev. C 103, 054904 (2021).

[122] S. Cao et al. JETSCAPE Collaboration), Determining the jet
transport coefficient § from inclusive hadron suppression mea-
surements using Bayesian parameter estimation, Phys. Rev. C
104, 024905 (2021).

[123] D. Everett et al. (JETSCAPE Collaboration), Role of bulk
viscosity in deuteron production in ultrarelativistic nuclear
collisions, Phys. Rev. C 106, 064901 (2022).

[124] A. Kumar et al. JETSCAPE Collaboration), Inclusive jet and
hadron suppression in a multistage approach, Phys. Rev. C
107, 034911 (2023).

[125] W. Fan et al. JETSCAPE Collaboration), Multiscale evolution
of charmed particles in a nuclear medium, Phys. Rev. C 107,
054901 (2023).

[126] W. Fan et al. JETSCAPE Collaboration), New metric improv-
ing Bayesian calibration of a multistage approach studying
hadron and inclusive jet suppression, Phys. Rev. C 109,
064903 (2024).

[127] A. Kumar, A. Majumder, and C. Shen, Energy and scale de-
pendence of § and the “JET puzzle,” Phys. Rev. C 101, 034908
(2020).

[128] S. Cao et al. JETSCAPE Collaboration), Multistage Monte
Carlo simulation of jet modification in a static medium, Phys.
Rev. C 96, 024909 (2017).

[129] J. Liu, C. Shen, and U. Heinz, Pre-equilibrium evolution ef-
fects on heavy-ion collision observables, Phys. Rev. C 91,
064906 (2015); Erratum: Pre-equilibrium evolution effects on
heavy-ion collision observables [Phys. Rev. C 91, 064906
(2015)], 92, 049904 (2015).

[130] C. Shen, Z. Qiu, H. Song, J. Bernhard, S. Bass, and U. Heinz,
The iEBE-VISHNU code package for relativistic heavy-ion
collisions, Comput. Phys. Commun. 199, 61 (2016).

[131] J. S. Moreland, J. E. Bernhard, and S. A. Bass, Alternative
ansatz to wounded nucleon and binary collision scaling in
high-energy nuclear collisions, Phys. Rev. C 92, 011901(R)
(2015).

[132] J. E. Bernhard, J. S. Moreland, and S. A. Bass, Bayesian esti-
mation of the specific shear and bulk viscosity of quark—gluon
plasma, Nat. Phys. 15, 1113 (2019).

[133] T. Sjostrand, The PYTHIA event generator: Past, present and
future, Comput. Phys. Commun. 246, 106910 (2020).

[134] X.-N. Wang and Y. Zhu, Medium modification of y jets
in high-energy heavy-ion collisions, Phys. Rev. Lett. 111,
062301 (2013).

[135] K. C. Han, R. J. Fries, and C. M. Ko, Jet fragmentation via
recombination of parton showers, Phys. Rev. C 93, 045207
(2016).

[136] R. J. Fries and M. Kordell, Hybrid hadronization, PoS Hard-
Probes2018, 046 (2019).

[137] A. Angerami et al. (JETSCAPE Collaboration), Hybrid
hadronization of jet showers from et + ¢~ to A+ A with
JETSCAPE, PoS HardProbes2023, 166 (2024).

[138] K. C. Zapp, F. Krauss, and U. A. Wiedemann, A perturbative
framework for jet quenching, J. High Energy Phys. 03 (2013)
080.

[139] S. Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, Heavy and light
flavor jet quenching at RHIC and LHC energies, Phys. Lett. B
777, 255 (2018).

[140] T. Luo, Y. He, S. Cao, and X.-N. Wang, Linear Boltzmann
transport for jet propagation in the quark-gluon plasma: Inelas-
tic processes and jet modification, Phys. Rev. C 109, 034919
(2024).

[141] J. Casalderrey-Solana, E. V. Shuryak, and D. Teaney, Conical
flow induced by quenched QCD jets, J. Phys.: Conf. Ser. 27,
22 (2005).

[142] H. Stocker, Collective flow signals the quark gluon plasma,
Nucl. Phys. A 750, 121 (2005).

[143] Y. Tachibana, Medium response to jet-induced excitation: the-
ory overview, Nucl. Phys. A 982, 156 (2019).

[144] S. Schlichting and 1. Soudi, Medium-induced fragmentation
and equilibration of highly energetic partons, J. High Energy
Phys. 07 (2021) 077.

[145] T. Luo, Medium response in jet quenching, Nucl. Phys. A
1005, 121992 (2021).

[146] Y. Mehtar-Tani, S. Schlichting, and 1. Soudi, Jet thermaliza-
tion in QCD kinetic theory, J. High Energy Phys. 05 (2023)
91.

[147] A. K. Chaudhuri and U. Heinz, Effect of jet quenching on
the hydrodynamical evolution of QGP, Phys. Rev. Lett. 97,
062301 (2006).

[148] T. Renk and J. Ruppert, Mach cones in an evolving medium,
Phys. Rev. C 73, 011901(R) (2006).

[149] L. M. Satarov, H. Stoecker, and 1. N. Mishustin, Mach shocks
induced by partonic jets in expanding quark-gluon plasma,
Phys. Lett. B 627, 64 (2005).

[150] R. B. Neufeld, B. Muller, and J. Ruppert, Sonic Mach cones
induced by fast partons in a perturbative quark-gluon plasma,
Phys. Rev. C 78, 041901(R) (2008).

[151] J. Noronha, M. Gyulassy, and G. Torrieri, Di-jet conical cor-
relations associated with heavy quark jets in anti-de Sitter
space/conformal field theory correspondence, Phys. Rev. Lett.
102, 102301 (2009).

[152] G. Y. Qin, A. Majumder, H. Song, and U. Heinz, Energy and
momentum deposited into a QCD medium by a jet shower,
Phys. Rev. Lett. 103, 152303 (2009).

[153] B. Betz, J. Noronha, G. Torrieri, M. Gyulassy, and D. H.
Rischke, Universal flow-driven conical emission in ultrarel-
ativistic heavy-ion collisions, Phys. Rev. Lett. 105, 222301
(2010).

[154] R. B. Neufeld and I. Vitev, Parton showers as sources of
energy-momentum deposition in the QGP and their implica-
tion for shockwave formation at RHIC and at the LHC, Phys.
Rev. C 86, 024905 (2012).

[155] M. Schulc and B. Tomdsik, Anisotropic flow of the fireball fed
by hard partons, Phys. Rev. C 90, 064910 (2014).

[156] Y. Tachibana and T. Hirano, Momentum transport away from
a jet in an expanding nuclear medium, Phys. Rev. C 90,
021902(R) (2014).

[1571 Y. Tachibana et al. (JETSCAPE Collaboration),
Hydrodynamic response to jets with a source based
on causal diffusion, Nucl. Phys. A 1005, 121920
(2021).

[158] M. Okai, K. Kawaguchi, Y. Tachibana, and T. Hirano, New
approach to initializing hydrodynamic fields and mini-jet
propagation in quark-gluon fluids, Phys. Rev. C 95, 054914
(2017).

044907-19


https://doi.org/10.1103/PhysRevLett.126.242301
https://doi.org/10.1103/PhysRevC.103.054904
https://doi.org/10.1103/PhysRevC.104.024905
https://doi.org/10.1103/PhysRevC.106.064901
https://doi.org/10.1103/PhysRevC.107.034911
https://doi.org/10.1103/PhysRevC.107.054901
https://doi.org/10.1103/PhysRevC.109.064903
https://doi.org/10.1103/PhysRevC.101.034908
https://doi.org/10.1103/PhysRevC.96.024909
https://doi.org/10.1103/PhysRevC.91.064906
https://doi.org/10.1103/PhysRevC.92.049904
https://doi.org/10.1016/j.cpc.2015.08.039
https://doi.org/10.1103/PhysRevC.92.011901
https://doi.org/10.1038/s41567-019-0611-8
https://doi.org/10.1016/j.cpc.2019.106910
https://doi.org/10.1103/PhysRevLett.111.062301
https://doi.org/10.1103/PhysRevC.93.045207
https://doi.org/10.22323/1.345.0046
https://doi.org/10.22323/1.438.0166
https://doi.org/10.1007/JHEP03(2013)080
https://doi.org/10.1016/j.physletb.2017.12.023
https://doi.org/10.1103/PhysRevC.109.034919
https://doi.org/10.1088/1742-6596/27/1/003
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1016/j.nuclphysa.2018.10.074
https://doi.org/10.1007/JHEP07(2021)077
https://doi.org/10.1016/j.nuclphysa.2020.121992
https://doi.org/10.1007/JHEP05(2023)091
https://doi.org/10.1103/PhysRevLett.97.062301
https://doi.org/10.1103/PhysRevC.73.011901
https://doi.org/10.1016/j.physletb.2005.08.102
https://doi.org/10.1103/PhysRevC.78.041901
https://doi.org/10.1103/PhysRevLett.102.102301
https://doi.org/10.1103/PhysRevLett.103.152303
https://doi.org/10.1103/PhysRevLett.105.222301
https://doi.org/10.1103/PhysRevC.86.024905
https://doi.org/10.1103/PhysRevC.90.064910
https://doi.org/10.1103/PhysRevC.90.021902
https://doi.org/10.1016/j.nuclphysa.2020.121920
https://doi.org/10.1103/PhysRevC.95.054914

Y. TACHIBANA et al.

PHYSICAL REVIEW C 110, 044907 (2024)

[159] J. Casalderrey-Solana, J. G. Milhano, D. Pablos, K. Rajagopal,
and X. Yao, Jet wake from linearized hydrodynamics, J. High
Energy Phys. 05 (2021) 230.

[160] W. Chen, Z. Yang, W. Chen, Y. He, W. Ke, L. Pang, and
X.-N. Wang, Search for the elusive jet-induced diffusion wake
in Z/y-jets with 2D jet tomography in high-energy heavy-ion
collisions, Phys. Rev. Lett. 127, 082301 (2021).

[161] D. Pablos, M. Singh, S. Jeon, and C. Gale, Minijet quenching
in a concurrent jet + hydro evolution and the nonequilibrium
quark-gluon plasma, Phys. Rev. C 106, 034901 (2022).

[162] Z. Yang, Y. He, W. Chen, W.-Y. Ke, L.-G. Pang, and X.-N.
Wang, Deep learning assisted jet tomography for the study of
Mach cones in QGP, Eur. Phys. J. C 83, 652 (2023).

[163] Y. Mehtar-Tani, C. A. Salgado, and K. Tywoniuk, Anti-angular
ordering of gluon radiation in QCD media, Phys. Rev. Lett.
106, 122002 (2011).

[164] Y. Mehtar-Tani, C. A. Salgado, and K. Tywoniuk, Jets in QCD
media: From color coherence to decoherence, Phys. Lett. B
707, 156 (2012).

[165] J. Casalderrey-Solana and E. Iancu, Interference effects in
medium-induced gluon radiation, J. High Energy Phys. 08
(2011) 015.

[166] Y. L. Dokshitzer, V. A. Khoze, S. I. Troian, and A. H. Mueller,
QCD coherence in high-energy reactions, Rev. Mod. Phys. 60,
373 (1988).

[167] G.-Y. Qin and A. Majumder, Perturbative QCD description
of heavy and light flavor jet quenching, Phys. Rev. Lett. 105,
262301 (2010).

[168] G. Altarelli and G. Parisi, Asymptotic freedom in parton lan-
guage, Nucl. Phys. B 126, 298 (1977).

[169] R. Abir, G. D. Kaur, and A. Majumder, Multiple scattering of
heavy-quarks in dense matter and the parametric prominence
of drag, Phys. Rev. D 90, 114026 (2014).

[170] R. Abir and A. Majumder, Drag-induced radiative energy loss
from semihard heavy quarks, Phys. Rev. C 94, 054902 (2016).

[171] A. Kumar, Exploring jet transport coefficients in the quark-
gluon plasma, Ph.D. thesis, Wayne State University, 2020,
https://digitalcommons.wayne.edu/oa_dissertations/2493.

[172] S. Caron-Huot and C. Gale, Finite-size effects on the ra-
diative energy loss of a fast parton in hot and dense

strongly interacting matter, Phys. Rev. C 82, 064902
(2010).

[173] S. Peigne and A. Peshier, Collisional energy loss of a fast
heavy quark in a quark-gluon plasma, Phys. Rev. D 77, 114017
(2008).

[174] M. Cacciari and G. P. Salam, Dispelling the N* myth for the k;
jet-finder, Phys. Lett. B 641, 57 (2006).

[175] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[176] https://fastjet.hepforge.org/contrib/.

[177] A.J. Larkoski, S. Marzani, G. Soyez, and J. Thaler, Soft drop,
J. High Energy Phys. 05 (2014) 146.

[178] M. Dasgupta, A. Fregoso, S. Marzani, and G. P. Salam, To-
wards an understanding of jet substructure, J. High Energy
Phys. 09 (2013) 029.

[179] A.J. Larkoski, S. Marzani, and J. Thaler, Sudakov safety in
perturbative QCD, Phys. Rev. D 91, 111501(R) (2015).

[180] M. Cacciari, G. P. Salam, and G. Soyez, The anti-k; jet clus-
tering algorithm, J. High Energy Phys. 04 (2008) 063.

[181] Y. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber,
Better jet clustering algorithms, J. High Energy Phys. 08
(1997) 001.

[182] M. Wobisch and T. Wengler, Hadronization corrections to jet
cross-sections in deep inelastic scattering, in Workshop on
Monte Carlo Generators for HERA Physics (Plenary Starting
Meeting) (1998), pp. 270-279, arXiv:hep-ph/9907280.

[183] P. Caucal, E. Iancu, and G. Soyez, Jet radiation in a longitu-
dinally expanding medium, J. High Energy Phys. 04 (2021)
209.

[184] R. K. Ellis, W. J. Stirling, and B. R. Webber, QCD and Collider
Physics (Cambridge University Press, Cambridge, UK, 2011),
Vol. 8.

[185] R. Pordes et al., The open science grid, J. Phys.: Conf. Ser. 78,
012057 (2007).

[186] I. Sfiligoi, D. C. Bradley, B. Holzman, P. Mhashilkar, S. Padhi,
and F. Wurthwrin, The pilot way to Grid resources using
glideinWMS, WRI World Congress 2, 428 (2009).

Correction: A grant number in the Acknowledgments con-
tained an error and has been fixed.

044907-20


https://doi.org/10.1007/JHEP05(2021)230
https://doi.org/10.1103/PhysRevLett.127.082301
https://doi.org/10.1103/PhysRevC.106.034901
https://doi.org/10.1140/epjc/s10052-023-11807-1
https://doi.org/10.1103/PhysRevLett.106.122002
https://doi.org/10.1016/j.physletb.2011.12.042
https://doi.org/10.1007/JHEP08(2011)015
https://doi.org/10.1103/RevModPhys.60.373
https://doi.org/10.1103/PhysRevLett.105.262301
https://doi.org/10.1016/0550-3213(77)90384-4
https://doi.org/10.1103/PhysRevD.90.114026
https://doi.org/10.1103/PhysRevC.94.054902
https://digitalcommons.wayne.edu/oa_dissertations/2493
https://doi.org/10.1103/PhysRevC.82.064902
https://doi.org/10.1103/PhysRevD.77.114017
https://doi.org/10.1016/j.physletb.2006.08.037
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://fastjet.hepforge.org/contrib/
https://doi.org/10.1007/JHEP05(2014)146
https://doi.org/10.1007/JHEP09(2013)029
https://doi.org/10.1103/PhysRevD.91.111501
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/1997/08/001
https://arxiv.org/abs/hep-ph/9907280
https://doi.org/10.1007/JHEP04(2021)209
https://doi.org/10.1088/1742-6596/78/1/012057
https://doi.org/10.1109/CSIE.2009.950

