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Abstract: In this study, we investigate the impact of jet quenching on the pr dispersion (prD) of inclusive jets
(R =0.2) in central Pb+Pb (0%-10%) collisions at +/s = 2.76 TeV. The partonic spectrum in the initial hard scatter-
ing of elementary collisions is obtained by an event generator POWHEG+PYTHIA, which matches the next-to-lead-
ing order (NLO) matrix elements with parton showering, and the energy loss of a fast parton traversing through
hot/dense QCD medium is calculated using Monte Carlo simulation within the Higher-Twist formalism of jet
quenching in heavy-ion collisions. We present model calculations of the normalized prD distributions of inclusive
jets in p+p and central Pb+Pb collisions at +/s = 2.76 TeV, which offer good descriptions of ALICE measurements.
It is shown that the p7 D distributions of inclusive jets in central Pb+Pb collisions shift significantly to a higher prD
region relative to those in p+p collisions. Thus, the nuclear modification ratio of the prD distributions of inclusive
jets is smaller than unity in the small prD region and larger than one in the large p7D region. This behavior is
caused by a more uneven pr distribution for jet constituents as well as the fraction alteration of quark/gluon initi-
ated jets in heavy-ion collisions. The difference in p7 D distribution between groomed and ungroomed jets in Pb+Pb
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collisions is also discussed.
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I. INTRODUCTION

Energetic partons created in the early stage of heavy-
ion collisions (HIC) may suffer energy loss owing to their
interaction with quark-gluon plasma (QGP), a novel state
of matter with deconfined quarks and gluons under an ex-
tremely high temperature and energy density. This phe-
nomenon is referred to as jet quenching [1-3], which can
provide powerful tools for studying the creation and
properties of the QCD medium. In the last decade, invest-
igations on jet quenching have been extended from lead-
ing hadron production suppression [4— 16] to medium
modifications of a wealth of reconstructed jet observ-
ables, such as inclusive jet production, di-jet asymmetry,
correlations of gauge bosons and jets, and heavy flavor
jets [17—55]. A fully reconstructed jet is a collimated
spray of hadrons created in e*e™ collisions, p+p reactions,
and nucleus-nucleus collisions with a large momentum
transfer, and the existence of the QCD medium should
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naturally modify the yields and internal structures of full
jets. Thus, the medium modifications of jet observables
could be used in the tomography of QGP formed in HIC.

The nuclear modifications of jet substructures have
received increasing attention in the heavy-ion com-
munity. One interesting jet substructure is jet pr disper-
sion (prD), which characterizes the fragmentation of a jet
[56—60]. The nuclear modification of jet prD distribu-
tions may improve our understanding of jet-medium in-
teractions and offer new insight into how jet substruc-
tures are resolved by the QCD medium. Recently, the
ALICE Collaboration measured the pyD distributions of
small-radius (R =0.2) jets in heavy-ion collisions [57].
This facilitates further studies on pyD in HIC distribu-
tions because the theoretical calculations may be confron-
ted with data directly to infer crucial information on jet
propagation in the QCD medium.

In this paper, we present our study on the normalized
prD distributions of inclusive jets with jet radius R = 0.2
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both in p+p and central Pb+Pb collisions at +/syy =2.76
TeV. We employ POWHEG-+PYTHIA [61-63], a Monte
Carlo model that matches next-to-leading order (NLO)
matrix elements with parton showering (PS), with the
hadronization process to obtain the solid baseline results
of jet prD in p+p collisions, which are then served as in-
puts to simulate parton energy loss within the higher-
twist approach [64—67] to compute the prD distribution
in HIC. Our model calculations of the pyD distribution of
inclusive jets could provide satisfactory descriptions of
ALICE data in both p+p and Pb+Pb collisions, where we
observe a shift in the prD distribution toward higher val-
ues in Pb+Pb collisions relative to that in p+p collisions.
We further make a comprehensive understanding of the
distinct feature between quark and gluon initiated jets and
the nuclear modification ratio prD distribution. We find
that prD can be analytically expressed as the standard
deviation and multiplicity of jet constituents. After jet
quenching, more jet constituents exist further from the
mean value of pr.

The remainder of this paper is organized as follows.
In Sec. II, we introduce the framework used to calculate
the normalized p7D distributions in both p+p and central
Pb+Pb collisions. Our numerical results and detailed dis-
cussions on the medium modifications of the prD distri-
butions of groomed and ungroomed jets are presented in
Section II. In Sec. IV, we provide a summary.

II. ANALYSIS FRAMEWORK

We study a jet substructure observable, prD, which
characterizes the second moment of the constituent pr
distribution inside a jet [56, 57]. This is defined as

\/Zip%,i

prD=——, )
PT jet

where pr; represents the transverse momentum of the ith
jet ingredient inside the jet with transverse momentum
Prjet. prD is connected to how hard or soft the jet frag-
mentation is and whether the pr; distribution is uniform.
For example, in the extreme case of very few constitu-
ents carrying the largest share of the jet momentum, prD
will be close to unity, whereas in the case of jets contain-
ing a large number of constituents with soft momentum,
prD may approach zero. It is noted that jet dispersion is
one of a class of jet substructure observables known as
the generalized jet angularities [68, 69], which are
defined as /lg=2,-zf9? , where z; = pr;/prje is the mo-
mentum fraction of jet constituents, 6; = AR;/R, AR; is the
opening angle from the constituent to jet axis, and x and f
are free parameters. We note that (pryD)> is equal to
Lk =2,=0).

In this study, we use a Monte Carlo model,

POWHEG+PYTHIA, which matches NLO matrix ele-
ments with PS [61-63] to generate jet production in p+p
collisions. In our simulation, the POWHEG BOX code is
utilized [62, 63], which provides a computer framework
for performing NLO calculations within parton shower
Monte Carlo programs in accordance with the POWHEG
method [70]. Previous studies have shown that the
POWHEG BOX Monte Carlo program matched with PS
could give a good description of the production and cor-
relations of a variety of processes in p+p collisions, such
as di-jets, gauge boson tagged jets, and heavy flavour jets
[71]. We generate the NLO matrix elements for QCD di-
jet events using POWHEG BOX and match them with
PYTHIAG using Perugia 2011 tunes [72] to perform PS
and hadronization [73]. Subsequently, the Fastjet pack-
age [74] is employed to reconstruct final state hadrons in-
to full jets.

To compare with the available experimental data, we
select events according to the same kinematic cuts as ad-
opted in the experimental measurements. In ALICE Col-
laboration data, jets are reconstructed using an anti-k7 al-
gorithm with radius parameter R = 0.2 from charged had-
rons, which are required to have pr >0.15 GeV. These
reconstructed jets are accepted in the transverse mo-
mentum range 40 < prj <60 GeV and rapidity range
|77jet| < 0.7. Our numerical results for the normalized dis-
tributions of pyD in ptp collisions at s =7 TeV and
their comparison with ALICE data are shown in Fig. 1.
The POWHEG+PYTHIA calculations exhibit good
agreement with experimental measurements in p+p colli-
sions in the overall prD region, which is used as the in-
put for the subsequent study of nuclear modification in
HIC. The prD distributions of quark- and gluon-initiated
jets are also plotted in Fig. 1. We find that, at the same jet
pr, the peak of the prD distribution of gluon jets is loc-
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Fig. 1. (color online) Normalized prD distribution of inclus-

ive jets in p+p collisions at +/s=7 TeV from POWHEG+PY-
THIA calculations compared with ALICE data [57].
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ated in a smaller region relative to that of quark jets. This
implies that compared with quark jets, gluon jets favor
harder radiation, on average. To gain a comprehensive
understanding of the distinct feature between quark and
gluon jets, we derive pyD with the standard deviation
(labeled as ¢) and multiplicity of jet constituents (labeled
as n) below.

The standard deviation describes the average degree
of a dataset. It tells us, on average, how far each value
lies from the mean value. A high standard deviation sig-
nifies that values are generally far from the mean value,
whereas a low standard deviation means that values are
clustered near the mean value. As a result, in our study,
the standard deviation of the transverse momentum of jet
constituents can be written as

\/Zi(PT,i —(pri))?

PT jet

g =

2
Then, o? can be expressed as

- Zi(PT,i —{pri))* ~ Zi(P%,,- —2p7dpri) +{pr.i)?)
C pr)? (n-(pr.i))?
=(prDy’ - 1/n.

3)
Conversely, we have
(pTD)2 =0’ +1/n.

Fig. 2 shows the normalized o distributions (top) of
quark and gluon jets in p+p collisions at /s =7 TeV as
well as their gluon/quark ratios (bottom). We observe
more gluon jets distributed in the lower prD region com-
pared to quark jets. This is because gluon jets contain
more fragment ingredients. Thus, at the same energy, the
value of the standard deviation for gluon jets is smaller
than that for quark jets.

In HIC, fast partons produced from hard scattering in-
teract with medium partons and lose their energy. In our
calculations, the initial jet shower partons are generated
by POWHEG+PYTHIA. Then, they are arranged to have
initial positions, which are sampled from the Glauber
model [75]. We assume that all partons move through
QGP in the same manner as classical particles. The prob-
ability of gluon radiation occurring in QGP during each
time step Ar can be expressed as [49, 76-78]

Prad(t,Ar) = 1 —e~(NEAD) @

Here, (N(t,Ar)) is the average number of emitted

L ‘ L ‘ L LI LI LR L
10 E
g ]
& r —_ 1
LIS .
o F E
= r ]
© b L g
= - |
%10 ' —=quark jets in pp I E
I —— gluon jets in pp —— "
102 E
PN AN IS S AU A
7\ T ‘ L ‘ L ‘ LU ‘ LU ‘ LRI ‘ T \7
x : Vs=7 TeV ]
& 19F=—  40<p™ <60Gev 1
>3 [ T,jet
S g
< 1
S | — ]
a 05* e B, - ]
| l | ‘ | ‘ L1l ‘ L1l ‘ | ‘ |
0.1 02 03 04 05 06 0.7
o2
Fig. 2.  (color online) (top) Normalized o2 distribution of

quark- and gluon-initiated jets in p+p collisions at vs=7 TeV
from POWHEG+PYTHIA calculations. (bottom) Ratio of
normalized o2 distribution of gluon and quark jets.

gluons, which can be integrated from the medium in-
duced radiated gluon spectrum within the Higher-Twist
(HT) method [64-67].

4

. . 2
dN _ 2a,C;P(x)§ gin? (t t )( ki ) )
dxdk? dt nk} 2t J\K? + x2M?

Here, @, denotes the strong coupling constant, x is the
energy fraction of the radiated gluon, M is the mass of the
parent parton, and k, is the py of the radiated gluon. A
lower pr cut-off with xui, = up/E of the emitted gluon is
applied in our calculations, and yp is the Debye screen-
ing mass. P(x) is the parton splitting function in vacuum,
and C; is the Casimir factor for gluons (C4) and quarks
(Cr). The formation time of the radiated gluons is
7 =2Ex(1-x)/(k* + x*M?). g is a jet transport paramet-
er, which is proportional to the local parton distribution
density in the QCD medium. The jet transport parameter
g is proportional to the local parton density distribution in
the QCD medium and relates to the space and time evolu-
tion of the medium relative to its initial value gy in the
central region when QGP formed, which controls the
magnitude of energy loss due to jet-medium interactions.

The number of emitted gluons is sampled from a
Poisson distribution during each time step.

(N(t,AD))™ - (N@AD)
— )

P(ng,t,At) =
ng!

(6)

In our calculation, P..q(t,Af) is first evaluated to determ-
ine whether radiation occurs during Ar. If accepted, the
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Possion distribution P(n,,,At) is used to sample the num-
ber of radiated gluons. Finally, the energy fraction (x) and
transverse momentum (k) of the radiated gluon can be

sampled based on the spectrum shown in Eq. (5).
To calculate the collisional energy loss of these
showered partons [46, 49], a hard thermal loop (HTL)
dE! _ a’scs,ui)l \/ﬁ

formula is adopted [79], that is, = n
dr 2 MD

The space time evolution of the bulk medium is given by
the smooth iEBE-VISHNU hydrodynamical code [80].
Jet partons stop propagating through the QGP medium
when the local temperature falls below 7.=165 MeV.
After all partons escape from the QGP, the PYQUEN
method is used to perform the hadronization process [81,
82]. In the model, the radiated gluons are rearranged in
the same string as their parent partons, and these partons
may fragment into hadrons via the standard PYTHIA
hadronization procedure.

III. RESULTS AND DISCUSSION

A. prD distributions of ungroomed jets
in Pb+Pb collisions

Next, we calculate the jet number normalized prD
distributions in Pb+Pb collisions at +/syy =2.76 TeV.
We use the same jet selection criterion as in p+p colli-
sions in Sec. II. Our numerical results for the jet number
normalized pyD distributions of inclusive jets in p+p and
Pb+Pb collisions are shown in Fig. 3, which are com-
pared with existing experimental data in Pb+Pb colli-
sions by the ALICE Collaboration [57]. We find that our
theoretical calculations provide decent descriptions of the
experimental measurements. Relative to that in p+p colli-
sions, the observed normalized prD distribution in
Pb+Pb is shifted toward higher values. In other words,
the prD distribution of inclusive jets in Pb+Pb collisions
is shifted toward quark jets after jet quenching. This in-
dicates that a jet in Pb+Pb collisions may contain softer
constituents than those in p+p collisions.

To investigate the deviation of jet pyD distributions
in HIC from those in p+p collisions in a simpler way, it is
essential to define the nuclear modification ratio (RZ;D ) of
prD distributions as

1 dn, 1
RpTD _ AA/ (7)

dN,p
A4 Naa dprD| Nyp dprD

Figure 4 shows Rﬁf of the normalized pyD distribu-
tions for inclusive jets compared with ALICE ratio [57].
Our calculated results provide a good description of the
ALICE ratio within the overall prD region. Note that the

ALICE ratio is preformed from Pb+Pb measurements
scaled by MC simulation in p+p collisions owing to a
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Fig. 3.  (color online) Normalized prD distributions of in-

clusive jets in p +pp and central Pb+Pb (0%—10%) collisions
at /syy =2.76 TeV compared with ALICE data [57].
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Fig. 4. (color online) Nuclear modification ratio of the prD
distribution of inclusive jets as well as quark and gluon jets.
The ratio from the ALICE Collaboration is preformed using

Pb+Pb measurements scaled by MC simulation in p+p colli-
sions [57].

lack of ptp data. It is normal practice to utilize MC simu-
lations in p+p collisions as reference in the study of nuc-
lear modification ratios when the corresponding p+p
baseline is not available [83—86]. Of course, experiment-
ally measured Ry, results are more favorable because we
could compare our simulations directly with the experi-
mental data.RﬁzD of quark and gluon jets as the compon-
ents of inclusive jets are also plotted in Fig. 4. We find
that there is a suppression of the prD distribution of both
quark and gluon jets in the low prD region, whereas an
enhancement is observed in the high pyD region. The
nuclear corrections of the gluon jet pyD distribution are
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significantly stronger than those of quark jets. The curve
of Rf{D for inclusive jets is observed between the curves
of R for quark and gluon jets because inclusive jets are
a combination of quark and gluon jets.

To further understand the nuclear modification mech-
anism of the prD distribution of inclusive jets, we begin
with the modifications of the relative fraction of quark
and gluon jets due to jet quenching. In our calculations,
as in most jet quenching models, gluons may lose more
energy than quarks in QGP with their larger color charge.
Therefore, we generally should observe an enhancement
in the contribution fraction of quark jets in 4+A4 colli-
sions relative to that in p+p collisions. Qualitatively, such
enhancement will naturally lead inclusive jet prD distri-
butions to larger value regions because quark jets peak at
larger values of prD than gluon jets. This is illustrated in
Fig. 4, where the curve labeled "inclusive jet (q/g)" rep-
resents our numerical RZ‘D result by only considering the
effect of quark/gluon jet fraction alterations due to jet
quenching while assuming there are no medium modific-
ations for the pyD distributions of pure quark and gluon
jets in HIC.

Next, we explore why, for normalized jet prD distri-
butions, Rﬁ;‘D < 1 in the small pyD region and Rf‘;‘D >11n
the large pyD region, as shown in Fig. 4. Eq. (3) indic-
ates that the nuclear modification of prD distributions
has a strong correlation with the nuclear correction of the
standard deviation of pz;. Thus, we investigate the stand-
ard deviation of pr; for jets in p+p and Pb+Pb collisions.
Fig. 5 presents the normalized distribution of the wvari-
ance (0?) of pr; in ptp and Pb+Pb collisions at
\svy =2.76 TeV. We find that the distributions of jet
variance is also shifted to the higher value region in HIC
compared with those in p+p collisions, which indicates
that after jet quenching, the value of pr; lies further from
the mean value in HIC relative to p+p collisions. Note
that the changes in the mean multiplicities of Pb+Pb relat-
ive to ptp are rather small, and the estimated mean val-
ues of the jet constituent number (72) in p+p and Pb+Pb
collisions are 7i,, = 6.72 and 7ipypp, = 6.54, respectively.

We also plot the nuclear modification ratio of the mo-
mentum fraction of jet constituents (z=pr;/prje) In
Fig. 6. As shown, our model calculations provide a good
description of ATLAS data for jets with pr > 100 GeV
[23]. For jets with 40 < pr <60 GeV, the nuclear modi-
fication ratios of charged-particle transverse momentum
distributions in Pb+Pb collisions to those measured in
ptp collisions exhibit an enhancement in fragment yield
within central collisions for 0.02 < z < 0.05, a reduction in
fragment yields for 0.05 <z < 0.3, and an enhancement in
fragment yield for 0.3 <z< 1. This indicates that the
number of jet constituents with lower and higher values
of pr is enhanced, that is, more constituents lie further
from the mean value. Therefore, the jet standard devi-
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Fig. 5. (color online) (top) Normalized ¢ distribution of in-

clusive jets in central Pb+Pb (0%—10%) and p+p collisions at
\sny =2.76 TeV. (bottom) Ratio of normalized o2 distribu-
tion in central Pb+Pb (0%—-10%) and p+p collisions.
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Fig. 6. (color online) Nuclear modification ratio of z distri-

butions for inclusive jets at +/syy =2.76 TeV compared with
ATLAS data [23].

ation is shifted to a higher region in HIC.

B. prD distributions of groomed jets in
Pb+PDb collisions

In this section, we study the pyD distributions of
groomed jets in central Pb+Pb collisions. Jet grooming
techniques have been of particularly great interest from
both the experimental and theoretical perspectives [87,
88]. They are designed to remove soft wide-angle radi-
ation from the jet, allowing for a more direct comparison
between experimental data and purely perturbative QCD
calculations because hadronization and underlying event
contributions are significantly reduced during the groom-
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ing procedure. A full jet constructed with radius R via the
anti-kr algorithm is first re-clustered using the Cam-
bridge-Aachen (C/A) algorithm [89, 90] until two hard
branches are found to satisfy the following condition:

@®)

min(pr1, pra) ARY’
- =% > Zeut R 5

pPr1+ P12

where (AR/R) is an additional parameter of the relative
angular distance between the two sub-jets, and z¢,; and f
are free parameters, which can be used to control how
strict the soft drop condition is. For heavy-ion studies
conducted so far, z., has been set to 0.1, and /S has been
set to zero.

In the top panel of Fig. 7, we plot the nuclear modific-
ation ratio of the pyD distributions of groomed and un-
groomed jets. We find that the nuclear modification pat-
tern of the prD distributions of groomed jets is similar to
that of ungroomed jets, and the pyD distribution of
groomed jets is also shifted to a higher prD region.
Moreover, compared with that of ungroomed jets, the
nuclear modification of groomed jets becomes weaker.
This implies that the grooming procedure cannot only re-
move soft radiation from the jet in QCD vacuum, but also
reduce soft radiation in the QCD medium. In the bottom
panel of Fig. 7, we present the ratios of the prD distribu-
tions of the groomed jet to those of the ungroomed jet in
both p+p and Pb+Pb collisions. It is shown that these ra-
tios are below unity at small pyD and larger than one at
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F = - ungroomed jets s=2.76 TeV ]
2.5 B
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.f_j 1.4F .
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Fig. 7.  (color online) (top) Nuclear modification factor of

the prD distribution of groomed and ungroomed jets. (bot-
tom) Ratio of the prD distribution of groomed and un-
groomed jets in p+p and central Pb+Pb (0%—-10%) collisions.

large pyD. To further understand the alteration of prD
distributions originating from the jet grooming procedure,
in the following, we investigate the differences in the
standard deviation of jet constituents pr; and jet constitu-
ent number between groomed and ungroomed jets in
Pb+Pb collisions.

First, in Fig. 8, we plot the variance (o) distribu-
tions of the jet constituents pr; of groomed and un-
groomed jets in central Pb+Pb collisions. The distribu-
tions of jet o2 are shifted to the lower region for groomed
jets compared with those for ungroomed jets, which is in
contrast with the alteration of prD distributions. This in-
dicates that after the jet soft-drop procedure, the values of
pr. in groomed jets lie closer to the mean value relative
to those in ungroomed jets. This is because, during
grooming, some particles with low pr; are removed from
the jet constituents.

Second, the number of jet constituents is modified
during the soft drop grooming process, which contributes
to the correction of the prD distributions. Fig. 9 shows
the number of jet constituent distributions for groomed
and ungroomed jets in p+p and central Pb+Pb collisions.
We note that the value of 1/n is enhanced after the
grooming process. As shown in Eq. (3), the value of prD
is equivalent to the standard deviation added by 1/n.
Therefore, even though the grooming process leads to a
lower value of standard deviation for jet constituent trans-
verse momenta, it enhances the value of 1/n. Although
these two effects offset each other, the correction of 1/n
is more pronounced, which results in an increase in the
ratio of the prD distributions of groomed jets to those of
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Fig. 8.
groomed and ungroomed jets in central Pb+Pb (0%—-10%) col-
lisions at +/syy =2.76 TeV. (bottom) Ratio of normalized o2
distribution of groomed and ungroomed jets in central Pb+Pb
(0%—-10%) collisions.

(color online) (top) Normalized o distribution of
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Fig. 9. (color online) (top) Normalized (1/n) distribution of

groomed and ungroomed jets in central Pb+Pb (0%—10%) col-
lisions at +fsyy =2.76 TeV. (bottom) Ratio of normalized
(1/n) distribution of groomed and ungroomed jets in central
Pb+Pb (0%—10%) collisions.

ungroomed jets with pyD (as shown in the bottom panel
of Fig. 7), a trend similar to the increase in the ratio of the
normalized (1/n) distribution of groomed to ungroomed
jets with 1/n (as demonstrated in the bottom panel of
Fig. 9).

IV. SUMMARY

In this study, using an NLO+PS event generator
POWHEG+PYTHIA for a p+p baseline and HT parton
energy loss approach to jet quenching, we investigate the
nuclear modifications of the prD distributions of inclus-
ive jets with a small radius R = 0.2 in central Pb+Pb colli-
sions at +/syy =2.76 TeV. Our simulated results for in-
clusive jets provide a decent description of ALICE meas-
urements. The prD distributions of inclusive jets are shif-
ted toward the higher prD region in central Pb+Pb colli-
sions compared to those in p+p collisions, and a similar
trend has also been found for quark and gluon jets. Fur-
thermore, we find that two elements may contribute to the
nuclear modifications of pyD distributions: a more un-
even pr of the jet constituents, and an enhanced fraction
of quark-initiated jets after jet-medium interactions in
HIC. The observed nuclear modifications of the pyD dis-
tributions of gluon jets are stronger than those of quark
jets in HIC because gluons may lose more energy than
quarks in our model. Additionally, we investigate the me-
dium modifications of the prD distributions of groomed
jets in central Pb+Pb collisions. We observe weaker nuc-
lear modifications of the pyD distributions of groomed
jets compared to those of ungroomed jets.
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