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ARTICLE INFO ABSTRACT

Editor: F. Gelis We combine, for the first time, event-by-event TyENTo initial conditions with the relativistic
viscous hydrodynamic model v-USPhydro and the Monte Carlo event generator JEWEL to make predictions for
the nuclear modification factor R, , and jet azimuthal anisotropies v, {2} in \/m =5.02 TeV PbPD collisions for
multiple centralities and values of the jet cone radius R. The R-dependence of R, , and v, {2} strongly depends
on the presence of recoiling scattering centers. We find a small jet v; {2} in mid-central collisions and consistent

results in wide jet p, regions and centralities with ATLAS data.
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1. Introduction

Two key signatures of the Quark-Gluon Plasma (QGP), energy loss
and collective flow, have been shown to be intertwined in recent years
due to the sensitivity of all charged single particle high p; azimuthal
anisotropies, v,, [1-3] to event-by-event fluctuations [4-6]. The smok-
ing gun signature has been a finite value of v; at p;y > 10 GeV from
[7-12] that is only possible through event-by-event fluctuations of the
initial conditions [13,4,5]. However, the impact of these fluctuations on
jet measurements remains an emerging and promising field of study, as
recent works [14-18] have begun to explore the dynamics of jets and
event-by-event hydrodynamic backgrounds, improving the description
of LHC and RHIC jet data, and new approaches to the jet-medium cou-
pling are now available [19,20].

The interplay between jet and hydrodynamic evolution can be fur-
ther explored by the sensitivity of jet measurements to the jet cone
radius R [21-23], i.e. the anti-k jet resolution parameter [24], since jet
distributions are expected to be more affected by the medium response
mechanism for increasing R (a clear trend of model-to-data comparisons
in [25,26]). Nevertheless, other phenomena, such as color coherence
[27-30] and partonic mass effects [31-34], are also crucial to the un-
derstanding of the complex R-dependence. Therefore, a wide R analysis
that includes small and large jets is of direct phenomenological interest
for understanding the partonic evolution within the QGP.
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Experimental studies have observed the R-dependence of various
observables, namely Rqp [35], A,,.,i; [36], and recently the nuclear
modification factor R4, by CMS [25] and ALICE [26], the latter has
applied novel tools to better reconstruct large radii jets with low trans-
verse momentum [37,38]. Theoretical calculations have made a number
of predictions with simplistic or smoothed hydrodynamic backgrounds
[39,21,40,41,23,42], mainly the nuclear modification factor and jet
spectra. In addition, [43,44] studied the R, of R <0.5 jets and [45]
calculated v, of small jets using event-by-event hydrodynamic back-
grounds. However, theoretical studies that simultaneously investigate
the dependence of R, and v, with R using state-of-the-art event-by-
event fluctuating viscous hydrodynamic backgrounds are still lacking.

In this work we couple the well-known Monte Carlo parton shower
generator JEWEL (Jet Evolution with Energy Loss) [46-48] to an
event-by-event relativistic viscous hydrodynamic model TxENTo+v-
USPhydro [49-52] to investigate R,, and v, as functions of R for
the first time. The more realistic medium approach to the default
Bjorken-only expanding smooth medium in JEWEL allows for corre-
lation jet-soft studies, not possible in averaged-out media, and improves
significantly jet spectra in non-central collisions. Studying PbPb colli-
sions at /sy =5.02TeV, we find that the R-dependence of R,, and
v, strongly depends on the consideration of weakly-coupled medium
response as recoiling scattering centers in the simulations. With re-
coils enabled, R,  increases and v, {2} decreases with increasing R,
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while the opposite is found without the recoiling option, showing the
expected anti-correlation between these observables [4]. Additionally,
we calculate v; {2} for the first time within the JEWEL framework and
a positive triangular flow for R = 0.2 and 71 < p; < 398 GeV jets in
mid-central collisions was found, presented with comparisons to ATLAS
results [53].

2. Theoretical framework

We run a modified JEWEL 2.2.0 [46-48] on top of thousands of
realistic event-by-event hydrodynamic backgrounds capable of describ-
ing soft sector observables [52]. JEWEL is a Monte Carlo model that
describes the double differential cross-section for the radiation that a
parton emits while traversing the medium created in relativistic heavy-
ion collisions, thus simulating the parton shower evolution with medium
interactions, consistent with the BDMPS-Z formalism [54,55]. The ini-
tial scattering and hadronization processes are performed by PYTHIA
6.4 [56], while the set of nuclear parton distribution functions EPSO9LO
[57] used is provided by the LHAPDF 5 interface [58]. JEWEL was
designed specifically to interpolate between the analytically known lim-
its of totally coherent and totally incoherent energy loss regimes, by
implementing the destructive interference effect caused by subsequent
scatterings in a dense medium [59,60]. The scatterings themselves are
treated through a 2 — 2 elastic cross-section. The radiation is imple-
mented through both initial and final state radiation using the DGLAP
formalism of splitting functions. We note that JEWEL is still under ac-
tive development and the most recent updates [61] are not applied in
this study.

JEWEL has successfully described several jet quenching data [47,41,
62,48] from LHC in the 2.76 TeV run. Particularly, it has described the
charged hadron R,, quite well from both ALICE and CMS collabora-
tions for 0-5% collisions. The jet R-p predicted by JEWEL only describes
central data and is consistently below the ATLAS results, an effect that
becomes more acute in peripheral collisions for R = 0.4 jets. The A;
distributions agree with CMS data, which indicates a good quantitative
description of jet quenching effects. Furthermore, the JEWEL authors
suggest that smaller jet cone results are more reliable than larger ones
within their framework due to the experimental treatment of the back-
ground, which cannot be directly compared to Monte Carlo simulations.

Default JEWEL relies on an ideal Bjorken (0+1D) expanding medium
with simplistic transverse profiles given by smooth Glauber initial con-
ditions [48], it models the medium as a collection of scattering centers
based only on the local temperature and an ideal gas equation of state.
This simplified model cannot describe spectra and collective flow ob-
servables, for which one requires 2+1 or 3+1D event-by-event relativis-
tic viscous hydrodynamics simulations [63-71]. Hence, even though
out-of-the-box JEWEL allows for event-by-event simulations of the jet
evolution, it does not incorporate event-by-event fluctuations of the
medium as well, which limits its ability to simultaneously describe soft
and hard heavy-ion observables. In this work, we improve this situation
by coupling JEWEL to a modern and realistic approach to the medium
description.

In order to couple JEWEL to an arbitrary hydrodynamic event, the
following modifications were implemented [72,73]:

« Initial vertex choice: The original algorithm implemented in JEWEL
limited the hard scattering vertex to be picked from the calculation
of the Glauber overlap region between colliding nuclei, consider-
ing a probability proportional to the density of nucleon-nucleon
binary collisions n,,; [48], which is not compatible with an ex-
ternal medium. Instead, we sampled the vertex using n,,; in the
transverse plane given the medium profile at the start of the hy-
drodynamic evolution 7. By applying a realistic lattice QCD based
equation of state and T ENTo entropy deposition mechanism (both
as used in the hydro calculations), a map between initial tempera-
ture and n,,;;, thus vertex position probability, is created.
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* Local fluid velocity: The description of the scattering centers’ mo-
menta was changed to consider the local transverse velocity, pro-
vided by the v-USPhydro calculations, instead of JEWEL original
thermal-only one. Moreover, the rate of interactions between the
evolving parton and scattering centers, modeled as an effective

"
medium density, had to be updated with the factor %, where

pt is the parton 4-momentum and u* is the medium (:l-velocity
[74,75]. In agreement with [76], which showed how flow from hy-
drodynamic backgrounds can affect jet observables, the presented
implementation resulted in, approximately, a 7% (most periph-
eral) to 30% (most central) increase of v,{2} and a less intense
R-dependence of R 4 , when compared to previous simulations with
the same media without local flow effects.

JEWEL implements the possibility of recoiling scattering centers as
a weakly-coupled approach to medium response [41]. This option, re-
ferred to as with recoils, enables the scattering center to be removed
from the medium due to the interaction with a parton, changing its 4-
momentum. The recoiled parton free-streams until hadronization and
its initial 4-momentum is subtracted directly from the jet constituents
following the Constituents Subtraction prescription [77], since thermal
contributions are expected to be removed as background in experimen-
tal analyses. We present the results of simulations with and without
the recoil methodology, as they both were successful in describing dif-
ferent observables [41,77], although inconsistent conclusions regarding
experimental data predictability were observed [78,79], and display di-
vergent R-dependence behavior [25,26,80].

For simulations of the medium, we use the standard TRENTo ini-
tial condition parameters p =0, k = 1.6, and ¢ = 0.51 fm found using
a Bayesian analysis [81]. Hydrodynamics begins at 7 = 0.6 fm/c where
only a constant 7/s ~ 0.05 is used. The lattice QCD based equation of
state PDG16+/2+1[WB] from [82] is used. This framework successfully
fits (and has made successful predictions for) data from RHIC and the
LHC [82,66,83,84] but ultracentral collisions are still slightly off [85]
(this remains as an unresolved issue in the field [86]).

3. Experimental observables

Given the differential jet yield N;,, in N
and differential jet cross section o,
modification factor [87] is defined as

v heavy-ions (AA) collisions
for pp interactions, the nuclear

1 dzNj(,,
1 Ney dprdylaa
3 ,

Tphp) 40

dprdy

Ryulpr) = {

op

where the ratio is scaled by the nuclear thickness function (T,,) =
(N_oi1)/ 0N N> With oy as the total inelastic nucleon-nucleon cross sec-
tion, and yields are normalized considering the simulated sampling cross
section [88]. Within the JEWEL framework, the average number of bi-
nary nucleon collisions (N, ) is set to one for all centrality classes, as it
only simulates one dijet production per event [89]. Moreover, pp results
were calculated evolving JEWEL parton shower in vacuum.

Expanding on JEWEL original tuning methodology [47,90], both the
scaling factor of the Debye mass s, ! and the decoupling temperature of
the QGP T were chosen minimizing the y? of anti-k; R =0.4 jet R, ,
data in central 0-10% PbPb collisions compared to ATLAS results [91]
for each of the models with or without recoils. In contrast to JEWEL
default s, = 0.9 and T = 170MeV [89], the best values obtained to
fit the experiment using realistic medium profiles were s, = 1.1 and
Tc =170MeV for both recoil options. The tuning parameters are kept
constant throughout all simulations, including peripheral systems and
different (pseudo-)rapidity cuts. We treat each of the models indepen-
dently in the tuning process to eliminate any bias in their predictabil-
ity of experimental measurements, as the addition of recoiled partons
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changes the underlying physics of the calculated jet spectra and, conse-
quently, its description of the tuning data. This differs from the original
JEWEL tuning, in which the parameters were set without considering
recoils.

For anisotropic flow coefficients v,, we assemble histograms de-
scribing the azimuthal distribution for each py-centrality bin. Following
the calculations for high-py [4,5] and heavy-flavor [92] hadrons, the
R, 4(pr, ) distribution can be calculated as

Raa(pr. )

R ) 1+2 ;1 v (pr) cos(n(p — P (pr))),

where ‘P{,et(pT) is the reconstructed jet symmetry plane angle

2r .

. d Ryu(pr

W (pr) = %tan_1 < /02” $sinCPIR 14 9) >
Jo  decos(nd)R 44 (pr. )

and
2r
o) = 5 / depcos(n( — W/ (pr)))

0

Rys(pr.$)
Raalpr)

As pointed out in [93], experimentally, only expected values of ( U;? Uf)
can be measured (where A and B denote different objects or kinemat-
ics). Therefore, each jet ¢ — y, in the histogram is weighted by the
soft v, coming from the hydro calculations and the experimental results

should be compared to [4,5]

(T () cos(n(®y = Wi (pr)))
(2} (pp) = : ,
("))

for the jet-soft correlation, which follows the same form of the 2-particle

2,- M;R 4 4(p7)i(..)
Zi MiRp4(p7);i

hydrodynamic event i with multiplicity M,. We emphasize that this

observable requires information about soft sector quantities which the
JEWEL original treatment of the medium cannot not provide and, thus,
the modifications presented in this letter are essential for performing
event-by-event studies of jet anisotropies in this model.

The R, , was calculated oversampling 1000 Ty ENTo+v-USPhydro
medium profiles per centrality class with 500 simulated hard scatterings
each. Differently, 100 media per centrality with, approximately, 1.5-10°
hard scatterings each were used for the simulations of v,, due to the
convergence of ¥/ (p;) demanding highly populated histograms. Only
the statistical uncertainty of the observables were considered and the
jackknife resampling technique was used to estimate the errors of v, and
its ratios (see [88,47] for discussions on uncertainties in the model).

The kinematic cuts and centrality classes were chosen to better suit
the comparison to ATLAS results for each observable. The nuclear modi-
fication factor was calculated for jets with | y;,,| < 2.8 and transverse mo-
menta between 50 and 630GeV for 0-10%, 10-20%, 20-30%, 30-40%,
40-50%, and 50-60% centralities, following [91]. The elliptic and trian-
gular anisotropic flow coefficients, expanding on [53], were analyzed
for |y;,,| < 1.2 and py in the range of 71 to 650 GeV, with integrated py
bins of 71 to 398 GeV and 200 to 650GeV, for 0-5%, 5-10%, 10-20%,
20-40%, and 40-60% centralities. Additionally, ratios of R 4, were com-
puted for |;,,| <2.0 and 400 < p; < 500 GeV, centralities of 0-10%, 10-
30% and 30-50%, to compare with CMS R-varying measurements [25].
The anti-k; jet algorithm was applied with R =0.2,0.3,0.4,0.6,0.8,1.0
for all observables without changes in the (pseudo-)rapidity cuts. We
used FastJet [94] for constructing the anti-k; jets and Rivet [95] for
developing the presented analyses.

correlation, with (...) = being the average over each

4. Results

With the significant upgrades we made to JEWEL to run event-by-
event hydrodynamic backgrounds, our first consistency check is the
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Fig. 1. Jet nuclear modification factor for jets with R =0.2 (top) and 0.4 (bot-
tom) compared to ATLAS results [91] for multiple centralities from left to right:
10-20%, 30-40% and 50-60%.
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Fig. 2. Jet nuclear modification factor for large jets in 0-10% centrality com-
pared to CMS results [25] for multiple radii from left to right: 0.6, 0.8 and 1.0.

calculation of R, 4. In Fig. 1 our model predictions are shown com-
pared to ATLAS R = 0.4 data at 5.02TeV, complemented with R =
0.2 results. We find that for central collisions of 10-20%, TR ENTo+v-
USPhydro+JEWEL works well compared to experimental data. For more
peripheral collisions (30-40% and 50-60%), the model predicts signifi-
cantly more suppression than is measured experimentally when recoils
are included, but can reasonably reproduce R ,, without recoils.

Calculations of the model for large-radius jets R = 0.6, 0.8 and 1.0 in
central 0-10% collisions against CMS data are presented in Fig. 2. Unlike
small jets, the inclusion of recoils is necessary for the description of the
experimental results and implies in a slight increase in R 4, with the jet
resolution parameter whereas the opposite is observed when medium
response is not considered. Although the qualitative trend is consistent
with the unmodified JEWEL results in [25], the hydrodynamic approach
yields in a milder R-dependence of large jet R, 4.

Moreover, the calculations for R =0.2 and 0.4 show a stronger sup-
pression when recoils are considered. This effect contrasts the expec-
tations of the parton shower model, as the jets should recover part of
energy lost with interactions with the medium by the addition of re-
coiling scattering centers [17,41,43], thus resulting in a higher R, .
The inversion is not observed for calculations with partonic jets with
subtracted thermal momenta, in which the hadronization process is
skipped, for any jet R and collision centrality presented in this letter
for both TR ENTo+v-USPhydro and the default Bjorken-only expanding
medium. The effect is caused by the addition of recoils, i.e. medium
partons, in the Lund string formation as part of the usual hadronization
mechanism within JEWEL [41] after the shower evolution and implies
a non-monotonic relation between shower parton-medium interactions
and jet suppression that is more prevalent in smaller jets, as seen in the
first row of Fig. 1, which shall be explored in further work. Large R > 0.6
jets exhibit no inversion in Fig. 2 as the expected increase in R4 4 result-
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Fig. 3. Elliptic flow v, {2} for jets with R = 0.2 (top) and 0.4 (bottom) compared
to ATLAS results [53] for multiple centralities from left to right: 10-20%, 20-
40% and 40-60%.

ing from medium response dominates, due to larger jet area enclosing
more of the energy recovered by recoils.

We emphasize that the phenomenon is not exclusive to the hydro-
dynamic modifications and can be replicated in the default medium
approach! but it is accentuated by media with characteristics that result
in lower average number of interactions, such as TRENTo+v-USPhydro
profiles, lower initial temperatures, or peripheral collisions.

In Fig. 3, we compare calculations of v, {2} (p) in 10-20%, 20-40%,
40-60% centralities with ATLAS R = 0.2 data, in addition to R = 0.4
results. Our simulations manage to reproduce the ATLAS measurements
reasonably well for the most peripheral centrality across all p;. Central
and mid-central collisions are lower than data below p; <150 GeV but
can reasonably reproduce v, {2} for p; 2 150 GeV. Both models display
only a minor change when comparing the R =0.2 and 0.4 curves.

Regarding the impact of medium response, the jet-soft correlated
elliptic flow displays a mild dependence on the description of recoils
with increasing R, which is aligned with the expectation for small jets
but contrasts with the R, , in Fig. 1. The addition of recoils implies
in a lower or equivalent v, {2}, except in the 40-60% centrality, that
was not observed in [45] and may be caused by the finer details of
JEWEL recoil implementation, such as the no re-interaction of recoiling
scattering centers after their removal from the medium or the lack of
hydrodynamic propagation of their holes.

In Fig. 4, we now consider the integrated values of both v, {2} and
v3 {2} across centrality compared to the ATLAS data. In our simulations,
we find that the event-by-event fluctuations lead to a finite, positive, but
small v3 {2} (~ 0.003) except for the most central data, in which the re-
sult is consistent with zero. The integrated v, {2} does well compared to
the most central and the most peripheral experimental results, but fails
to describe the experimental centrality dependence. For mid-central we
obtain slightly lower values for both v, {2} and v; {2}. Again, we find
that these observables generally do not depend strongly on the recoil
assumptions, as expected of R =0.2 jets.

Finally, we study the dependence of R,, and v, with R, in the
context of the so-called Ry, to v, puzzle [96-98]. Thus, we use the
centralities 10 — 30% and 30 — 50% and plot ratios of R, and v, {2}
vs R in Fig. 5. Note that for R4, we use the p; cuts consistent with
CMS from [25] whereas, for v, {2}, we use the cuts consistent with AT-
LAS [53]. Our primary motivation for this is to ease comparisons with
potential experimental data (other kinematic cuts are available upon re-

! For JEWEL 2.4.0 using the usual initial temperature parameter T, =
590MeV, the inversion occurs around the 10-20%, 40-50% and 70-80% cen-
tralities classes for, respectively, R =0.2, 0.3 and 0.4. The effect becomes more

noticeable the more peripheral the system is or lower 7;.
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quest). With recoils, regardless of the centrality class, we find that R, ,
increases with increasing R while v, {2} decreases with increasing R.
In contrast, the exact opposite effect for our simulations without recoils
is observed. The behavior is more acute in central collisions, as jets are
more modified by the medium. Currently the only existing data for full
jets comes from CMS [25], which appears to be consistent with our re-
sults with recoils.?

We note that the results from Figs. 2 and 5 appear to be in ten-
sion with our previous comparisons to data in Figs. 1, 3, and 4. For
R=0.2,0.3 and 0.4 values, i.e. jets with small cones, the option without
recoils provides the best fit to experimental data across all centralities
and py while R > 0.6 results’ indicate a preference for the descrip-
tion with recoils for p; > 400 GeV in central collisions. However, for
the R-dependence, there is a clear preference for the results with re-
coils. That being said, the R-dependent quantities are normalized by
the R = 0.2 values, which implies that while simulations with recoils
cannot correctly capture the R = 0.4 measurements as consistently as
without recoils, the current recoiling methodology can correctly deter-
mine the R-dependence of the jet. Thus, it may be that the medium
response mechanism is important for jets with wide radii but is not
needed for describing the small-jets’ distributions, in agreement with
[41,44,45,21,23].

We have checked the R-dependence of both default JEWEL (see
[25]) and the realistic medium of Tgx ENTo+v-USPhydro only incorpo-
rating the temperature dependence of the profiles [73]. The general
R-dependence has the same qualitative behavior as Fig. 5 but default
JEWEL largely misses the quantitative dependence with R that our
full simulations from Tg ENTo+v-USPhydro, including temperature and
flow dependence alongside the improved initial vertex selection, are
able to capture. Thus, our results indicate that the simultaneous in-
vestigation of the R-dependence of R, , and v, {2} provides nontrivial
information that can shed light on the complex multiscale processes un-
derlying jet-medium interactions.

5. Conclusions

We have performed significant upgrades to the JEWEL jet event
generator that allowed for the first calculations of JEWEL coupled to
realistic event-by-event relativistic viscous hydrodynamic backgrounds.
This new framework is used to make predictions for the dependence
of Ry, and v, {2} with the jet cone radius. The model describes the

2 Recent ALICE results [26] for charged jets in a lower p; interval indicate a
decreasing trend in the R, , ratio, but the presented calculations are not directly
comparable to them.



L. Barreto, F.M. Canedo, M.G. Munhoz et al.

JEWEL+PYTHIA TENTo+v-USPhydro
10-30%

1.5F 30-50%

4 CMS 10-30%

LA e < 2.0 1

1.6

#F# w/ recoils

w/o recoils b

S sl 400 < pr < 500 GeV |

=

g 1.2t .
s L

R

~ ]

1L1r
1.0F

0.9} . .

0.4 0.6 08 1.0
Jet R

Physics Letters B 860 (2025) 139217
PbPb /syn = 5.02 TeV

1.6 T T
ne ‘yj(it‘ <12 |
L 200 < pr < 650 GeV
I 12f g
I —
T 10F m ]
=
=
= 2

0.4 /////

0.2F b

0.4 0.6 0.8 1.0
Jet R

Fig. 5. Integrated R, , (left), compared to CMS data [25], and v,{2} (right) dependence on the jet cone radius for 10-30% and 30-50% centralities. Kinematic cuts
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R,4, v2{2}, and v3 {2} experimental data across pr and centralities
from ATLAS reasonably well, especially without using the recoil option.
We find that integrated flow harmonics are slightly below the data in
mid-central collisions and the results with recoils for the R, , are too
low in non-central collisions. At first glance, this would appear to imply
that including realistic media decreases the need for recoils in JEWEL.
However, we note that the R-dependence measurements of R, from
CMS are in tension with that statement, since we find that recoils en-
hance R,, with increasing R that is consistent with CMS data. The
model-to-experiment comparison demonstrates the need of the intro-
duced modifications and Ty ENTo+v-USPhydro realistic hydrodynamic
profiles to describe the observable. In contrast, simulations without re-
coils decrease R4, with increasing R.

Our results for the R-dependence of the observables are always nor-
malized by the corresponding R = 0.2 result such that it appears that
a wide jet R > 0.6 requires the physics of recoils but smaller R < 0.4
does not. One potential solution to this tension may be that medium
response is required for large-area jets’ calculations of observables. The
v, {2} has the opposite behavior as R 4 , when scaling with R, regardless
of the inclusion of recoils or not. Our study highlights the importance
of further R measurements (including v, {2} measurements at large R)
to understand if recoils are required and also to see if experiments find
the opposite behavior with R displayed by R, 4 and v, {2}.

The v-USPhydro interface code for JEWEL and presented Rivet
analyses are publicly available at, respectively, github.com/leo-
barreto/USP-JEWEL and github.com/leo-barreto/USPJWL-
rivetanalyses.
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