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Abstract
We present a comprehensive study of jet substructure observables in pp and PbPb collisions at 

√

sNN = 5.02 TeV using a 
multi-phase transport model. To suppress background contamination, the constituent subtraction method was employed 
for both PbPb and smeared pp events. The jet splitting momentum fraction ( zg ) and the ratio of the groomed jet mass to 
the ungroomed jet transverse momentum ( Mg∕pT,jet ) were reconstructed using the Soft Drop algorithm with two groom-
ing parameter settings. With zcut = 0.1 and � = 0.0 , a slight modification in the zg distribution is observed in central PbPb 
collisions, whereas a pronounced enhancement in the high Mg∕pT,jet region is found, particularly at low pT,jet and in more 
central events. A detailed analysis of the dynamical evolution stages revealed that this enhancement primarily originates 
from jet–medium interactions, whereas the contributions from hadronization and hadronic rescatterings are largely mitigated 
by the grooming procedure. In contrast, under a stronger grooming condition ( zcut = 0.5 , � = 1.5 ), no significant changes 
in Mg∕pT,jet are observed, indicating that the medium-induced modifications are predominantly associated with large-angle 
scattering within the AMPT framework.

Keywords  Heavy-ion collisions · Jet quenching · Quark-gluon plasma · Transport model

1  Introduction

Relativistic heavy-ion collisions at the Relativistic Heavy 
Ion Collider (RHIC) [1–8] and the Large Hadron Collider 
(LHC) [9–14] create an extremely hot and dense nuclear 
matter referred to as the quark-gluon plasma (QGP) [15, 
16]. In the early stages of the collisions, hard scatterings 
governed by quantum chromodynamics (QCD) produce 
high-energy partons with large virtualities. These partons 
subsequently undergo parton showering and evolve into 
collimated sprays of hadrons, referred to as jets [17, 18]. 
As these energetic partons traverse the QGP medium, they 
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undergo multiple interactions, including medium-induced 
gluon radiation and elastic scattering, resulting in energy 
loss and transverse momentum broadening. This phenom-
enon is known as jet quenching [19–27], which leads to 
observable modifications in jet properties. Currently, jet 
quenching has become a widely used probe for accessing the 
transport properties of QGP. Measurements of jet observa-
bles, such as nuclear modification factor [28–35], di-/�-/Z-jet 
momentum imbalance [36–40], and jet transport coefficient 
[41, 42], provide valuable insight into parton energy loss 
mechanisms and the characteristics of QGP medium.

In recent years, jet substructure observables have emerged 
as powerful tools for probing the jet–medium interactions. 
By examining the substructure of reconstructed jets, such 
as jet splitting momentum fraction ( zg ) [43–47], jet splitting 
radius ( rg ) [44, 45], and groomed jet mass ( Mg ) [48–50], 
these observables provide direct access to the mechanisms 
by which QGP modifies parton shower evolution. Jet groom-
ing algorithms have been developed to remove the soft com-
ponents, thereby isolating the hard components associated 
with the initial parton shower and finding the corresponding 
pair of subjets from the reconstructed jets.

A key motivation for studying groomed jet substructure 
lies in its sensitivity to jet–medium interactions in relativis-
tic heavy-ion collisions. Both experimental measurements 
and theoretical predictions have reported diverse trends 
across various kinematic regimes and grooming condi-
tions. For instance, as measured by the CMS experiment 
[43], the zg distribution in central PbPb collisions at high jet 
transverse momentum ( pT,jet > 140 GeV) exhibits a slight 
shift toward asymmetric splittings compared to peripheral 
PbPb and pp collisions. This observation is consistent with 
the predictions from several theoretical models, includ-
ing JEWEL [51] and SCET [52]. At lower jet transverse 
momentum ( 60 < pT,jet < 100 GeV), the ALICE experiment 
[45] reports no significant modification of the zg distribution 
under strong grooming conditions, in line with the results 
from JETSCAPE [53]. Interestingly, the higher twist formal-
ism [54] predicts the strongest zg modification at intermedi-
ate jet energies, with weaker effects at both lower and higher 
energies.

The groomed jet mass has emerged as a sensitive observ-
able for probing jet–medium interactions in relativistic 
heavy-ion collisions. Measurements by CMS experiment 
[48] show a significant enhancement in high Mg∕pT,jet region 
in central PbPb collisions, consistent with predictions from 
JEWEL [55] and LBT [56] models that incorporate medium 
response effects. In contrast, the ALICE experiment reports 
a narrowing of the groomed jet mass distribution in the most 
central PbPb collisions compared to pp collisions [50], in 
agreement with the results from the Hybrid model [57] with-
out elastic Molière scattering [58]. Notably, when elastic 
Molière scattering is included in the Hybrid model, a hint 

of enhancement in the high Mg region is observed, which is 
attributed to the increased contributions from large-angle 
jet constituents. Similar behaviors are also observed in ung-
roomed jet mass distributions [50], which are influenced by 
both perturbative and non-perturbative QCD [59]. Our pre-
vious study [59] demonstrated that the ungroomed jet mass 
is strongly affected by hadronization and hadronic rescat-
terings, which can be substantially suppressed through the 
application of grooming techniques. A systematic investiga-
tion of jet substructure observables across different dynamic 
stages of jet evolution thus provides a valuable approach for 
understanding jet–medium interactions in relativistic heavy-
ion collisions.

The measurements of zg and Mg∕pT,jet serve as probes 
of jet quenching effects and provide valuable insights into 
the properties of QGP. However, the interpretation of these 
observables is complicated by the interplay between jet 
energy loss, medium response, and background fluctuations. 
In this context, theoretical modeling is crucial for disentan-
gling these competing effects. In this study, we employed 
a multi-phase transport (AMPT) model to investigate the 
modification of jet substructures in pp and PbPb collisions at 
√

sNN = 5.02 TeV. We focus on the zg and Mg∕pT,jet observa-
bles and compare our results with the experimental measure-
ments from CMS [43, 48]. We further explored the depend-
ence of these observables on the jet transverse momentum, 
event centrality, and different dynamic stages of jet evolu-
tion, both with and without partonic interactions, to gain a 
deeper insight into the jet substructure modifications.

The remainder of this paper is organized as follows. In 
Sect. 2, we describe the AMPT framework, the jet recon-
struction procedure, and the implementation of Soft Drop 
grooming. Section 3.1 presents the results for zg . In Sect. 3.2, 
we report the results of Mg∕pT,jet and analyze the depend-
ence on the dynamical evolution stages. Finally, a summary 
is given in Sect. 4.

2 � Methodology

2.1 � The AMPT model

The AMPT model with the string melting mechanism, which 
is widely used in relativistic heavy-ion collision studies, 
comprises four main stages [60, 61]: initial conditions, par-
ton cascade, hadronization, and hadronic rescatterings.

(1) Initial conditions. The heavy-ion jet interaction gen-
erator (HIJING) model [62, 63] provides the initial con-
ditions for pp, pA, and AA collisions. Within the string 
melting mechanism, the primary interactions comprise two 
components: a soft contribution modeled by Lund string 
fragmentation [64–66] and a hard contribution from minijet 
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production. The differential cross section for minijet produc-
tion is computed using the perturbative QCD factorization 
as follows:

where pT is the transverse momentum of the produced mini-
jet parton, y1 and y2 denote the rapidities of the final pro-
duced partons c and d, the factor K accounts for higher-order 
corrections beyond leading order (LO), and x1 , x2 are the 
momentum fractions of the incoming partons a and b. The 
parton distribution functions (PDFs) fa(x1,Q2) and fb(x2,Q2) 
follow the Duke–Owens parametrization [67] with the fac-
torization scale Q2 . The parton cross section d𝜎̂ab→cd∕dt̂ is 
determined by the LO matrix element squared |Mab→cd|

2 , 
expressed in terms of the Mandelstam variables ŝ , t̂ , and û . 
A jet-triggering technique is employed in HIJING to gen-
erate dijet events, incorporating hard scattering processes 
such as qq′ → qq′ , qq → qq , qq̄ → q′q̄′ , qq̄ → qq̄ , gq → gq , 
qq̄ → gg , gg → qq̄ , and gg → gg [64, 68].

(2) Parton cascade. The Zhang’s parton cascade (ZPC) 
model describes partonic interactions via two-body elastic 
scatterings [69]. The parton cross section for gluon–gluon 
scattering is evaluated at LO pQCD as

where �s is the strong coupling constant and � is the Debye 
screening mass. Varying � allows for the adjustment of the 
parton cross section in simulations.

(3) Hadronization. Hadronization is modeled using the 
quark coalescence mechanism [60], which recombines the 
nearest two or three partons into mesons and baryons, with-
out considering their relative momenta. Three momentum 
conservations are satisfied in the coalescence process, and 
the hadron species are determined by the flavor and invariant 
mass of the coalescing partons.

(4) Hadronic rescatterings. The relativistic transport 
(ART) model [70] simulates resonance decays and had-
ronic reactions, including both elastic and inelastic scatter-
ings for baryon–baryon, baryon–meson, and meson–meson 
interactions.

In this study, the AMPT model with the string melting 
mechanism was used to simulate pp and PbPb collisions at 
√

sNN = 5.02 TeV. The parton cross section was set to 3 mb, 
in line with previous studies that have successfully described 
the collective flow observed in relativistic heavy-ion colli-
sions [71–75]. The AMPT model incorporating jet–medium 
interactions has been widely utilized in the investigation of 
various jet observables, including dijet asymmetry [37], �
-jet imbalance [76], jet fragmentation functions [77–80], jet 

(1)
d𝜎cd

jet

dp2
T
dy1dy2

= K
∑

a,b

x1fa(x1,Q
2)x2fb(x2,Q

2)
d𝜎̂ab→cd

dt̂
,

(2)�gg ≈
9��2

s

2�2
,

shape [81], jet anisotropies [82], jet transport coefficients 
[83], the redistribution of lost energy [84–87], and jet mass 
[59]. For comparison, a parton cross section of 0 mb was 
also employed to provide a baseline scenario without jet-
medium interactions.

2.2 � Jet reconstruction

To measure the jet substructure observables, the jets were 
first reconstructed using the anti-kt algorithm [88] with a 
radius parameter R = 0.4 , as implemented in the FastJet 
package [89]. In this analysis, jets are required to have pseu-
dorapidity |𝜂jet| < 1.3 . To facilitate a direct comparison with 
the CMS measurements [43, 48], the masses of the final-
state particles were adjusted such that neutral hadrons were 
treated as massless, whereas charged hadrons were assigned 
the charged pion mass, in accordance with the experimental 
setup used by CMS. This treatment has a non-negligible 
effect on the groomed jet mass distribution and is essential 
for a consistent comparison between the simulation and data.

In PbPb collisions, the constituent subtraction method 
[90] is employed to estimate the background, which is char-
acterized by the background density � and background mass 
density �m [89, 91]. The estimation is based on clustering 
particles using the kt algorithm [92] with R = 0.4 . Mass-
less ghost particles with an area of 0.005 were added to 
the y-� plane for the event. To reduce contamination from 
hard jet fragments, the two kt clusters with the highest trans-
verse momentum are excluded. Constituent subtraction is 
performed on a particle-by-particle basis, enabling the cor-
rection of both the jet four-momentum and its substructure. 
This method was applied to PbPb events generated with the 
AMPT model using a jet-triggering technique. To reduce the 
possible artifacts introduced by background subtraction in 
PbPb events, a smearing procedure similar to that used in the 
CMS experiment was adopted. Specifically, the background 
from PbPb collisions (without a jet trigger) is embedded 
into pp collisions with a jet trigger to produce the so-called 
smeared pp events. The constituent subtraction procedure in 
PbPb collisions was applied to smeared pp events to main-
tain consistency.

2.3 � Soft drop

In addition, jet grooming is performed using the Soft Drop 
(SD) algorithm [93], which removes the soft components and 
isolates the hard components of the jet, thereby enhancing 
the sensitivity to medium-induced modifications. The proce-
dure reclusters jet constituents using the Cambridge–Aachen 
(C/A) algorithm [94] to form a pairwise clustering tree, fol-
lowed by recursive declustering. At each declustering step, 
the jet is separated into two subjets by reversing the last C/A 
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clustering stage. The subjets are required to satisfy the Soft 
Drop condition:

where pT,1 and pT,2 are the transverse momenta of the 
subjets, ΔR12 =

√

(y1 − y2)
2 + (�1 − �2)

2  is the distance 
between the subjets in the y-� plane, and R = 0.4 is the jet 
radius. The parameters zcut and � control the grooming pro-
cedure. If the Soft Drop condition is satisfied, the corre-
sponding pair of subjets is retained as the final groomed jet. 
Otherwise, the subjet with a higher pT is further declustered, 
and the procedure is repeated until the condition is satisfied. 
The final groomed subjets were used to measure the jet sub-
structure properties.

In this study, groomed jet observables, including the jet 
splitting momentum fraction zg [43] and the ratio of the 
groomed jet mass to the ungroomed jet transverse momentum 
Mg∕pT,jet [48], were calculated using the AMPT model with a 
jet-triggering technique. The jet splitting momentum fraction 
zg is defined as

where pT,1 and pT,2 are the transverse momenta of the two 
subjets. This definition is identical to that on the left side of 
Eq. (3) when the subjets satisfy the Soft Drop condition. The 
groomed jet mass Mg is defined as

(3)
min(pT,1, pT,2)

pT,1 + pT,2
> zcut

(

ΔR12

R

)𝛽

,

(4)zg =
min(pT,1, pT,2)

pT,1 + pT,2
,

(5)Mg =

√

(E1 + E2)
2 − (p⃗1 + p⃗2)

2,

where Ei and p⃗i are the energy and three-momentum vectors 
of the subjets, respectively. To reconstruct the jet substruc-
ture, two sets of Soft Drop grooming parameters are 
employed, each probing distinct regions of the subjet phase 
space in the Lund plane [95, 96]. The first setup, with 
( zcut = 0.1 and � = 0.0 ), imposes a grooming condition 
based solely on the energy fraction between subjets to cap-
ture both the jet core and peripheral modification. It is uti-
lized for analyzing both zg and Mg∕pT,jet observables. The 
second setup, which employs a stronger grooming condition 
( zcut = 0.5 , � = 1.5 ), reduces the contribution from large-
angle subjets, thereby enhancing the sensitivity to the jet 
core region. This configuration is employed exclusively in 
the Mg∕pT,jet analysis. An additional angular requirement of 
ΔR12 > 0.1 is imposed across all measurements to suppress 
unphysical contributions, following the CMS experimental 
procedure [43, 48]. Furthermore, the zg and Mg∕pT,jet distri-
butions were normalized by the number of groomed jets 
( Ng,jet ). We have verified that treating jet constituents as 
either massive or massless results in very similar zg and 
Mg∕pT,jet distributions. To facilitate a more direct compari-
son between the two grooming configurations, Fig. 1 pre-
sents the joint distributions of zg and ΔR12 for jets that satisfy 
the Soft Drop condition defined in Eq. (3). The distributions 
include an angular cut of ΔR12 > 0.1 and are normalized by 
1

Ng,jet

d2Ng,jet

d ln(1∕ΔR12) d ln(1∕zg)
 . The comparison is performed within 

the jet transverse momentum range of 140 < pT,jet < 160 GeV 
in pp collisions at 

√

s = 5.02 TeV using the AMPT model. 
Relative to the first setup ( zcut = 0.1 , � = 0.0 ), the stronger 
grooming configuration ( zcut = 0.5 , � = 1.5 ) exhibits a 
clearly depleted region in the upper-left part of the 
distribution, corresponding to a reduction in subjets with 

Fig. 1   (Color online) Comparison of two Soft Drop grooming param-
eter settings: zcut = 0.1 and � = 0.0 (left panel) and zcut = 0.5 and 
� = 1.5 (right panel), with an angular cut of ΔR12 > 0.1 , for jets in the 

transverse momentum range 140 < pT,jet < 160 GeV in pp collisions 
at 
√

s = 5.02 TeV
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large angular separation. This indicates an increased focus 
on the jet core region.

3 � Results and discussion

3.1 � Jet splitting momentum fraction

We compare the zg distributions obtained using the first 
set of Soft Drop grooming parameters ( zcut = 0.1 , � = 0.0 ) 
from the AMPT model with CMS measurements [43] at 
√

sNN = 5.02 TeV, as shown in Fig. 2. The left panel shows 
the comparison for pp collisions in the jet transverse momen-
tum range of 160 < pT,jet < 180 GeV. The AMPT results are 
in good agreement with the CMS data, providing a reliable 
baseline. The right panel presents the zg distributions for 
0–10% most central smeared pp and PbPb collisions in the 
same pT,jet range. Here, AMPT simulations were performed 
with partonic interactions of 3 mb. The centrality of smeared 
pp events is determined based on the multiplicity distribu-
tions from the PbPb collisions without applying jet triggers. 
Compared to the CMS data, the AMPT predictions exhibited 
a slightly flatter zg distribution.

Figure 3 displays the ratios of zg distributions between 
PbPb and smeared pp collisions at 

√

sNN = 5.02 TeV, shown 
for different centrality bins (left panel) and jet transverse 
momentum ranges (right panel). Two scenarios are consid-
ered: simulations with partonic interactions for 3 mb and 
without partonic interactions for 0 mb. In the left panel, 
for jets with 160 < pT,jet < 180  GeV, no modification is 

observed across all centrality bins when partonic interac-
tions are turned off. In contrast, simulations with partonic 
interactions exhibit negligible changes in peripheral PbPb 
collisions, whereas a slight enhancement in asymmetric 
splitting is observed in more central PbPb collisions. These 
results are qualitatively consistent with the CMS measure-
ments, within the uncertainties. The right panel illustrates 
the zg modification for different pT,jet ranges in the 0–10% 
most central collisions. For partonic interactions of 0 mb, the 
zg distributions remain largely unmodified across the pT,jet 
range of 140–200 GeV, with only minor deviations observed 
at higher jet momenta ( 200 < pT,jet < 250 GeV). When par-
tonic interactions are included, slight modifications appear 
throughout the full pT,jet range, indicating a weak sensitivity 
of zg to jet–medium interactions, particularly at low pT,jet.

Furthermore, several theoretical studies have explored 
the behavior of the zg observable in the high jet transverse 
momentum regime ( pT,jet > 140 GeV) in comparison with 
CMS measurements [43]. Simulations using JEWEL with 
the four-momentum subtraction method [51], which incor-
porates medium response effects, predict a mild shift of the 
zg distribution toward smaller values. Similarly, calculations 
based on the SCET incorporating Glauber gluon interactions 
[52] also revealed a slight enhancement in the probability 
of asymmetric splittings. At lower jet transverse momen-
tum ( 60 < pT,jet < 100 GeV), the ALICE experiment [45] 
observed no significant modification of the zg distribution in 
PbPb collisions relative to pp collisions when using strong 
grooming settings ( zcut = 0.2 , � = 0.0 ). These results are 
consistent with predictions from JETSCAPE [53], which 
combines the MATTER model [97] for high-virtuality 

Fig. 2   Distributions of the zg in pp collisions (left panel) and 
in 0–10% smeared pp and PbPb collisions (right panel), within 
the jet transverse momentum range of 160 < pT,jet < 180  GeV at 
√

sNN = 5.02  TeV. The Soft Drop grooming parameters are set to 

zcut = 0.1 and � = 0.0 , with an angular cut of ΔR12 > 0.1 . Lines rep-
resent the AMPT model results, while data points correspond to CMS 
measurements [43], with statistical uncertainties shown as error bars 
and systematic uncertainties as shaded bands
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parton evolution and the LBT model [42, 98] for low vir-
tuality in jet–medium interactions. Interestingly, the higher 
twist formalism [54], which is based on the coherent energy 
loss assumption for the two split subjets, predicts a non-
monotonic dependence of the zg modification on the jet 
energy: The strongest modification occurs at intermediate 
jet energies, while both lower and higher energies exhibit 
weaker effects.

3.2 � Groomed jet mass

We further investigate the ratio of the groomed jet mass 
to ungroomed jet transverse momentum, Mg∕pT,jet , 
using two sets of Soft Drop grooming parameters at 
√

sNN = 5.02 TeV, and compare our results with the CMS 
data [48]. Figure 4 presents the Mg∕pT,jet distributions 
in pp collisions (top panels) and in both smeared pp and 
PbPb collisions with partonic interactions of 3 mb (bot-
tom panels), for jets in pT,jet range of 160–180 GeV. In 
the top panels, our simulations agree well with the CMS 
results within uncertainties, providing a reliable baseline 
for further comparison. Additionally, the Mg∕pT,jet dis-
tributions with the Soft Drop parameters zcut = 0.5 and 
� = 1.5 (top right panel) appear steeper than those with 
zcut = 0.1 and � = 0.0 (top left panel), reflecting a stronger 
grooming constraint focused on the jet core. In the bottom 
left panel, corresponding to the first grooming condition, 
we observe a broadening of the Mg∕pT,jet distribution in 
PbPb collisions compared to smeared pp collisions. The 
smeared pp result exhibits a minor deviation, while the 
PbPb result presents an enhancement at high Mg∕pT,jet in 
comparison with CMS data. For the second grooming con-
dition, shown in the bottom right panel, the smeared pp 

result remains consistent with the CMS data within uncer-
tainties, while the PbPb events display a deviation in the 
Mg∕pT,jet distribution compared to the CMS measurement.

Figure  5 shows the ratios of Mg∕pT,jet distributions 
between PbPb and smeared pp collisions in the jet trans-
verse momentum range of 160 < pT,jet < 180  GeV at 
√

sNN = 5.02 TeV, for different centrality bins, using two 
Soft Drop grooming parameters: a condition sensitive only 
to the energy fraction between subjets ( zcut = 0.1 , � = 0.0 ) 
in the left panel and a stronger grooming setup that empha-
sizes the jet core structure ( zcut = 0.5 , � = 1.5 ) in the right 
panel. Simulations were performed both with (3 mb) and 
without (0 mb) partonic interactions, consistent with the 
approach taken in the zg analysis. In the left panel, when 
partonic interactions are turned off, the ratio remains flat 
across all centrality classes, except for fluctuations in the 
highest Mg∕pT,jet bin. However, when partonic interactions 
are included, a hint of enhancement emerges in the high 
Mg∕pT,jet region, particularly in more central collisions, 
indicating medium-induced broadening of the groomed jet 
mass. In contrast, the stronger grooming condition shown 
in the right panel leads to no significant modification in any 
centrality bin, regardless of the presence of partonic interac-
tions. This confirms that the observed enhancement is pre-
dominantly associated with the medium response located at 
larger angles from the jet axis.

To further investigate the sensitivity to the jet trans-
verse momentum, Fig. 6 displays the modification ratio of 
Mg∕pT,jet distribution for the 0–10% most central PbPb col-
lisions relative to smeared pp collisions for different pT,jet . 
For the first grooming condition (left panel), simulations 
without partonic interactions again show no modification, 
except for minor fluctuations in the highest Mg∕pT,jet bin at 

Fig. 3   (Color online) Ratios of the zg distributions between PbPb and 
smeared pp collisions at 

√

sNN = 5.02  TeV, for different centrality 
bins (left panel) and jet transverse momentum ranges (right panel). 
The Soft Drop grooming parameters are set to zcut = 0.1 and � = 0.0 , 

with an angular cut of ΔR12 > 0.1 . Solid (3 mb) and dashed (0 mb) 
lines represent the AMPT model results, while data points correspond 
to CMS measurements [43], with statistical uncertainties shown as 
error bars and systematic uncertainties as shaded bands
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intermediate pT,jet . In contrast, when partonic interac-
tions are included, a noticeable enhancement is observed 
in the low pT,jet region, consistent with CMS measure-
ments. This suggests that the elastic interactions between 
the jets and medium partons contribute to an increase in 
the groomed jet mass. No significant changes are observed 
across all pT,jet intervals under the stronger grooming condi-
tion (right panel), further confirming that medium-induced 

modifications are primarily attributed to the large-angle scat-
tering within the AMPT framework.

To elucidate the origin of these modifications, we further 
analyzed the evolution of the ratio of Mg∕pT,jet distribution 
at four dynamic stages in the AMPT model: initial state, 
after parton cascade, after hadronization, and after hadronic 
rescatterings, as shown in Fig. 7. The analysis focuses on jets 
with 160 < pT,jet < 180 GeV in 0–10% most central PbPb 
and smeared pp events. For the first grooming condition (top 

Fig. 4   Distributions of the Mg∕pT,jet in pp collisions (top panels) and 
in 0–10% smeared pp and PbPb collisions (bottom panels) within 
the jet transverse momentum range of 160 < pT,jet < 180  GeV at 
√

sNN = 5.02  TeV. The Soft Drop grooming parameters are set to 

zcut = 0.1 , � = 0.0 (left panels) and zcut = 0.5 , � = 1.5 (right pan-
els), with an angular cut of ΔR12 > 0.1 . Lines represent the AMPT 
model results, while data points correspond to CMS measurements 
[48], with statistical uncertainties shown as error bars and systematic 
uncertainties as shaded bands
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left panel), no modification is observed in the initial state, 
while a pronounced enhancement in the ratio of Mg∕pT,jet 
distribution emerges immediately after the parton cascade 
stage (3 mb), confirming that jet–medium interactions are 
the primary drivers of the modification. The hadronization 
and hadronic rescattering stages retain the enhancement, but 
their additional effects are minor, consistent with the ability 
of the grooming procedure to suppress non-perturbative con-
tributions. In contrast, for simulations without partonic inter-
actions (bottom left panel), no noticeable change is observed 

across any stage, reaffirming the absence of jet quenching 
effects. The results using the second grooming condition are 
shown in the right panels, where only minor deviations are 
observed, further emphasizing that the groomed jet mass is 
sensitive to the medium response located at larger angles 
from the jet axis.

In summary, our analysis demonstrates that jet–medium 
interactions lead to a significant enhancement in the 
groomed jet mass. This effect has been investigated using 
several theoretical frameworks. JEWEL simulations [55] fail 

Fig. 5   (Color online) Ratios of the Mg∕pT,jet distributions between 
PbPb and smeared pp collisions in the jet transverse momentum range 
of 160 < pT,jet < 180 GeV at 

√

sNN = 5.02 TeV, for different central-
ity bins. The Soft Drop grooming parameters are set to zcut = 0.1 , 

� = 0.0 (left panel) and zcut = 0.5 , � = 1.5 (right panel), with an 
angular cut of ΔR12 > 0.1 . Solid (3 mb) and dashed (0 mb) lines rep-
resent the AMPT model results, while data points correspond to CMS 
measurements [48], with statistical uncertainties shown as error bars 
and systematic uncertainties as shaded bands

Fig. 6   (Color online) Ratios of the Mg∕pT,jet distributions between 
0−10% PbPb and smeared pp collisions at 

√

sNN = 5.02 TeV, for differ-
ent jet transverse momentum ranges. The Soft Drop grooming param-
eters are set to zcut = 0.1 , � = 0.0 (left panel) and zcut = 0.5 , � = 1.5 

(right panel), with an angular cut of ΔR12 > 0.1 . Solid (3 mb) and dashed 
(0 mb) lines represent the AMPT model results, while data points corre-
spond to CMS measurements [48], with statistical uncertainties shown as 
error bars and systematic uncertainties as shaded bands
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to describe the smeared pp and PbPb results, in comparison 
with CMS data [48]. Nevertheless, the medium response 
in JEWEL still leads to a noticeable enhancement at large 
Mg∕pT,jet values [48]. Similarly, the LBT model [56] pre-
dicts a substantial enhancement in the tail of the groomed 
jet mass distribution owing to the medium response. When 
comparing with ALICE data [50], Hybrid model [57], based 
on a strongly coupled AdS/CFT framework, shows that the 
elastic Molière scattering [58] generates large-angle jet con-
stituents and broadens the groomed jet mass distributions. 
These results collectively highlight the strong sensitivity of 
the groomed jet mass to jet–medium interactions, making it 
a powerful observable for probing QGP properties.

4 � Summary

In this study, we explored jet substructure observables in pp 
and PbPb collisions at 

√

sNN = 5.02 TeV using the AMPT 
model with the string melting mechanism. Background 
effects in relativistic heavy-ion collisions were mitigated 
using the constituent subtraction method for both PbPb and 
smeared pp events. The analysis focused on two groomed 
jet observables reconstructed via the Soft Drop algorithm: 
the jet splitting momentum fraction ( zg ) and the ratio of the 
groomed jet mass to the ungroomed jet transverse momen-
tum ( Mg∕pT,jet ). Two sets of grooming parameters were 
employed to probe the sensitivity of these observables to 

Fig. 7   Ratios of the Mg∕pT,jet distributions between 0–10% PbPb 
and smeared pp collisions in the jet transverse momentum range of 
160 < pT,jet < 180  GeV within four dynamical evolution stages at 
√

sNN = 5.02  TeV. The Soft Drop grooming parameters are set to 
zcut = 0.1 , � = 0.0 (left panels) and zcut = 0.5 , � = 1.5 (right panels), 

with an angular cut of ΔR12 > 0.1 . Lines represent the AMPT model 
results with parton cross section of 3 mb (top panels) and 0 mb (bot-
tom panels), while data points correspond to CMS measurements 
[48], with statistical uncertainties shown as error bars and systematic 
uncertainties as shaded bands
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the jet–medium interactions. The simulation results were 
compared with the CMS data.

Our simulations reproduce the zg and Mg∕pT,jet distri-
butions in pp collisions, establishing the AMPT model as 
a reliable baseline for future studies. With the Soft Drop 
parameters zcut = 0.1 and � = 0.0 , a slight enhancement of 
asymmetric splittings in the zg distribution is observed in cen-
tral PbPb collisions relative to smeared pp events, in qualita-
tive agreement with CMS measurements. In contrast, a more 
significant modification is found in the Mg∕pT,jet distribution, 
particularly in more central events and at lower jet transverse 
momentum. By tracing the dynamical evolution of the jet 
substructure through the different stages in the AMPT model, 
we found that this enhancement originates primarily from 
the parton cascade stage, where elastic scatterings between 
the jet and medium partons dominate. The contributions 
from hadronization and hadronic rescatterings are strongly 
suppressed by the grooming procedure. Furthermore, simu-
lations with the stronger grooming constraint ( zcut = 0.5 , 
� = 1.5 ) show no significant changes, underscoring that the 
medium-induced modifications are predominantly associated 
with large-angle scattering within the AMPT framework. 
Moreover, previous AMPT studies [84, 85] have emphasized 
the role of elastic interactions in transporting energy from the 
hard jet core to larger angles than the jet axis. Incorporating 
inelastic radiative energy loss processes into the parton cas-
cade is expected to enhance soft gluon radiation and result 
in more small-angle splittings, as reflected in the jet splitting 
radius ( rg ) [45, 53] during jet–medium interactions. This rep-
resents a crucial direction for the future development of the 
AMPT framework in this area.
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