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Jet quenching in heavy-ion collisions

• High 𝒑𝑻 particles/jets lose enery in QGP medium.
[Bjorjen, FERMILAB-PUB-82-059-THY (1982)]

• Wang & Gyulassy propose the first tool — RAA —
for jet quenching studies.

[Wang,  Gyulassay, Phys. Rev. Lett. 68, 1480 (1992) ; Wang, Phys. Rev. C 58, 2321 (1998)]
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Single-hadron 𝑹𝐀𝐀 in OO collisions
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• Probing the onset of  energy loss effects in small system
[CMS: Phys. Rev. Lett. 136, 162301; arXiv:2602.21325]

[ALICE: arXiv:2606.19967 ]

by A. Palasciano / ALICE
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• Significant suppression of  single hadrons (𝒉±, 𝝅𝟎) in 
minimum-bias OO.

• ⁄𝑹𝐎𝐎 𝑹𝐩𝐎𝟐  largely cancel CNM effect, providing strong 
evidence for parton energy loss in OO.

New @ HP2026



Model calculations of  high-𝒑𝑻 hadron 𝑹𝐀𝐀 in O-O

• Nuclear suppression of  high-𝒑𝑻 charged hadrons in light-ion collisions can be 
reproduced by LBT and JETSCAPE. 

[WJX, Cao, Qin, Xing, Phys.Lett.B 805 (2020) 135424]
[Majumder, Putschke, PRC 93, 054909 (2016), JETSCAPE, PRC96, 024909 (2017)]
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Jet 𝑹𝐀𝐀 in OO collisions
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• Probing the onset of  energy loss effects in small system
[ALICE: ALI –PREL-635348]

[sPHENIX: sPH-CONF-JET-2026-02 ]

• Jet suppression is suggestive, but current precision does not discriminate between 
CNM effect and parton energy loss scenarios.

• Hadron-hadron and hadron-jet correlation, 𝜸-tagged hadron yields, Dijet imbalance 
also measured in OO, see C. Baldenegro’s talk @HP26.

New @ HP2026



Jet substructure probes jet-medium interactions across scales
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✰ Particle distribution inside (& outside) the jet.

✰ Particle/subjet correlations inside (& outside) the jet.

• Jet momentum broadening
• Medium response (Soft, wide-

angle )
[Tachibana, Chang, Qin, Phys.Rev.C 95 (2017) 4, 044909; 

Yi, et al., in preparation]

• Medium-modified splittings,
• Medium resolving power
• Sensitivity to color coherence 

/decoherence.
[ALICE, Phys.Rev.Lett. 128 (2022) 10, 102001; ATLAS,  Phys. 
Rev. C 107 (2023)5, 054909]
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1 Introduction

In this paper, our focus is on the simplest case of the two-point correlator h |E(~n1)E(~n2)| i,
computed solely as a function of the angle between the two detectors. In the case of hadrons

colliders, where longitudinal-boost invariant coordinates are used, the angle between the detectors

is often labeled RL. Specifically, we study the distribution:

d�EEC

dRL
=

Z
d�(�Rij)

pT,i pT,j

p2T,jet

�(�Rij �RL) , (1.1)

�Rij =

q
��2

ij +�⌘2ij (1.2)

where Q is an appropriate hard scale
1
, and �R12 denotes the boost invariant angle between

particles 1 and 2. We will often refer to this observable as EEC.
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1In proton-proton collisions, for jets produced at central rapidities Q can be set to the reconstructed jet energy.

– 1 –

• Jet EEC is sensitive to various intrinsic or emergent scales.
• Jet EEC separates perturbative region from non-perturbative 

region by the confinement transition scale.
• Medium-modified jet EEC provides unique opportunity to 

probe jet-medium interaction mechanisms and QGP properties

[Komiske, Moult, Thaler, Zhu Phys. Rev. Lett. 130 (2023) 5, 05190; 
Yang, He, Moult, Wang, Phys. Rev. Lett. 132 (2024) 1, 11]

Jet energy-energy correlator (EEC)
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• Jet EEC serve as valuable tools to explore flavor (mass) dependence of  parton splitting.
• First analysis of  charm-quark’s dead-cone in PbPb: medium-induced radiation does not 

fill the dead-cone.
[Craft, Lee, Mecaj, Moult, arXiv:2210.09311; CMS, JHEP 05 (2026) 176]

Jet EEC resolves heavy-quark mass
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Light vs. heavy flavor jet EEC in pp
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• Jet in pp: Pythia 8 simulation

• Flavor (mass) dependence:
• 𝚺 𝐜𝐡𝐚𝐫𝐠𝐞𝐝	𝐣𝐞𝐭  > 𝚺 𝐃	𝐣𝐞𝐭  > 𝚺 𝐁	𝐣𝐞𝐭
• 𝜽𝐩𝐞𝐚𝐤 𝐜𝐡𝐚𝐫𝐠𝐞𝐝	𝐣𝐞𝐭  < 𝜽𝐩𝐞𝐚𝐤 𝐃	𝐣𝐞𝐭  < 𝜽𝐩𝐞𝐚𝐤 𝐁	𝐣𝐞𝐭

• Transition angle 𝜽𝐩𝐞𝐚𝐤~ ⁄𝚲𝐐𝐂𝐃 𝒑𝑻
𝐣𝐞𝐭( ⁄𝒎𝐐 𝒑𝑻

𝐣𝐞𝐭)

【WJX, Cao, Qin, Wang, Phys.Rev.Lett. 134 (2025) 5, 052301】
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Light vs. heavy flavor jet EEC in pp
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• Jet in pp: Pythia 8 simulation

• Flavor (mass) dependence:
• 𝚺 𝐜𝐡𝐚𝐫𝐠𝐞𝐝	𝐣𝐞𝐭  > 𝚺 𝐃	𝐣𝐞𝐭  > 𝚺 𝐁	𝐣𝐞𝐭
• 𝜽𝐩𝐞𝐚𝐤 𝐜𝐡𝐚𝐫𝐠𝐞𝐝	𝐣𝐞𝐭  < 𝜽𝐩𝐞𝐚𝐤 𝐃	𝐣𝐞𝐭  < 𝜽𝐩𝐞𝐚𝐤 𝐁	𝐣𝐞𝐭

• Transition angle 𝜽𝐩𝐞𝐚𝐤~ ⁄𝚲𝐐𝐂𝐃 𝒑𝑻
𝐣𝐞𝐭( ⁄𝒎𝐐 𝒑𝑻

𝐣𝐞𝐭)

• Jet energy dependence:
• Higher 𝒑𝐓 jet peaks at smaller angle.

【WJX, Cao, Qin, Wang, Phys.Rev.Lett. 134 (2025) 5, 052301】
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• PYTHIA8 + LBT + CLvisc: jet transport in QGP 
• Flavor hierarchy of  jet EEC is preserved in AA.
• General feature of  nuclear modification (AA-pp): suppression at intermediate 
𝜽, enhancement at small 𝜽 (except for B-jet) and large 𝜽.

Light vs. heavy flavor jet EEC in Pb-Pb

【WJX, Cao, Qin, Wang PRL 2025】

9



• Jet energy loss causes suppression over entire 𝜽 region.

• Medium-induced gluon radiation enhances EEC at small 𝜽.

• Medium response enhances EEC at large 𝜽.

Different contributions to medium modification on EEC

Pythia 8 + LBT in hydro

S:   shower partons from Pythia
R:  medium-induced radiated gluons
M:  medium response
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LBT vs. CMS data

• When adjusting the scale of  vacuum shower (in pythia) to QM=2GeV, LBT 
can describe the nuclear modification of  jet EEC data measured by CMS. 

[Dang, Cao, WJX, Qin, arXiv:2602.10395; WJX, Qin, Cao, in preparation]
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LBT vs. ALICE data

[WJX, Qin, Cao, in preparation]

• LBT can describe the 
nuclear modification of  
jet EEC measured by 
ALICE.
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EEC PbPb/pp ratio : model comparison

• Hybrid model does not predict enough enhancement at large angle.

• CoLBT and LIDO can reproduce the structure of  PbPb/pp ratio. 

Hybrid model CoLBT model LIDO model
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• The full EECs inside jets:

• Trivial two particle distributions from single particle distributions:

• Genuine correlation:

Genuine jet EEC in vacuum
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【Zhao, Koch, Yuan, arXiv:2507.18790】

14



Genuine jet EEC in QGP
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• Small 𝑹𝐋: selected p-p has the same platform as A-A, enabling quantitative 
extraction of  the reduced jet pT.

• Moderate and large 𝑹𝐋 : selected p-p is the same as p-p.

preliminary
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Charged jet EEC
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• Charged EEC asymmetry: [ALICE: arXiv:2606.18093]

[STAR:  Phys. Rev. Lett. 135 (2025) 11, 111901]
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• Charged EECs effectively differentiate parton shower modeling and 
hadronization schemes.

New @ HP2026



Summary

❏ Substantial suppression reported by CMS (𝒉±) and ALICE (𝝅𝟎) provides strong 
evidence for parton energy loss in OO collisions.

❏ Jet EEC provides a multi-scale tool to probe jet evolution and mechanisms in 
jet-medium interaction.

❏ Nuclear modification of  jet EEC exhibits rich structure: suppression at 
intermediate angles, and enhancement at small and large angles, which can 
be explained by the interplay of  mass effect, energy loss, medium-induced 
radiation and medium response.

❏ Genuine jet EEC has the capability to extract initial jet energy in AA collisions. 
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Thank You !



�




�

�

��� ���
�  �������	��


�




�
�


�




�
�


�
�


��


��
��

�
��

�
�

 
��

�
��

�
�

 
� �

��
���
�
��

	�
��

� �

����������$$
�"'�������'��������'&������	���	���� � ��

��� ����� 
 �������	�

�%�"&�'�#"�%���#"
��� �����������	�
����	����	�

�



��
����	�
�
��
����	�
�
��

����	�
�

���
����	�
��� ��"'�%(�!

�




�

�

��� ���
� ��������	��


�




�
�


��



���


��



���


�



��
��

�
��
�

�
�

��
�
��
�

�
�
� �

�

���

�
��

	�
��

� �

����������&&
�$) ������)������!�)(����������	���� 
 ��	
��� ����� � �������	�

�'�$( ) %$�'�� %$
���"�����
�����	�
���������	�

�

�
��
����	�
�
��
����	�
�
��

����	�
�

���
����	�
���"� $)�'*�#

�




�

�

���� ���
�  �������	��


�



��


��


�



��


��


��


��

��
��

��
��

�
�

 
��

��
��

�
�

 
� �

��
���
�
��

	�
��

� �

����������((
�&+"�����!�) ���(�)+"�%��#�+*������	���	���� � ��

��� ����� 
 �������	�

�)�&*"+"'&�)� "'&
���$�����
�����	�
���������	�

�

�
��
����	�
�
��
����	�
�
��

����	�
�

���
����	�
���$�"&+�),�%

Light vs. heavy flavor jet EEC in pp

Charged hadron jet D jet B jet



• Boltzmann equation:

• Elastic collisions:

• Inelastic collisions:

• Thermal recoil + energy depletion → jet-induced medium response.

[Wang, Zhu, Phys. Rev. Lett. 111 (2013) 6, 062301; He, Luo, Wang, Zhu, Phys. Rev. C 91 (2015) 054908; Cao, Luo, Qin, Wang, Phys. Rev. C 94 (2016) 1, 014909]

2

lisions, medium-induced radiation, medium response, as
well as the trigger bias (due to jet energy loss) in the jet
measurement. As will be shown later, the interplay of all
these e↵ects is crucial to understand the flavor hierarchy
of inclusive jet EEC and its unique nuclear modification
pattern in A + A collisions, i.e., suppression at interme-
diate angle, and enhancement at both small and large
angles, relative to p+ p collisions. Our study shows that
heavy flavor jet EEC is a powerful probe to jet substruc-
ture and jet-medium interaction at di↵erent scales.

Jet EEC’s in p + p collisions – In Fig 1, we show the
EEC spectra d⌃(✓)/d✓ for charged hadron jets, D-tagged
jets and B-tagged jets, averaged over the number of jets
(Njet), with respect to the angle (✓) in p+ p collisions atp
sNN=5.02 TeV, obtained from Pythia 8 [56, 57] simu-

lation. Jets within the pseudorapidity region |⌘jet| < 0.5
are constructed using tracks with transverse momentum
pT > 1 GeV via the Fastjet package [58] with the anti-kT
algorithm [59] and a cone size of R = 0.4. The EEC is
analyzed using the following formula:

d⌃(✓)

d✓
=

1

�✓

X
|✓ij�✓|<�✓

2

pT,i(~ni) pT,j(~nj)

p2T,jet

, (1)

with ✓ij being the relative angle given by cos ✓ij = ~ni ·~nj

and �✓ the bin size. The sum is performed over all pairs
of constituent particles within a jet, with pT,jet being the
total transverse momentum of the jet, pT,i(j) and ~ni(j)

the transverse momentum and the direction in the trans-
verse plane of the i(j)-th constituent. The final result is
the average over all jets within a desired kinematic re-
gion. From the top to bottom panels, Pythia provides a
good description of the ALICE data [55] on the EECs of
charged jets within various pjetT regions. Comparing dif-
ferent curves in each panel, we observe a clear hierarchy
for the EEC distribution tagged by di↵erent jet flavors.
From charged jets to D-jets to B-jets, the magnitude of
EEC decreases and the peak position of EEC shifts to-
wards larger angle. This result is in line with the mass
e↵ect on vacuum parton shower, which suppresses the
gluon emission from heavy quarks, especially within the
angle ✓0 ⇠ mQ/E.

Jet evolution in QGP – To study nuclear modifica-
tion of EEC in heavy-ion collisions, jet partons developed
from vacuum parton shower in Pythia are fed to the lin-
ear Boltzmann transport (LBT) model [60, 61] for their
further evolution inside QGP. Both elastic and inelastic
scatterings between jet partons and medium partons are
included in LBT, whose impact on the phase space dis-
tribution of jet partons fa(~xa, ~pa,t) is described by the
Boltzmann equation as

pa · @fa = Ea

⇥
Cel(fa) + C inel(fa

�
]. (2)

Here, pa = (Ea, ~pa) denotes the four-momentum of jet
parton, Cel and C inel are the collision integrals for e-
lastic and inelastic processes, respectively. The elastic
scattering rate of a jet parton with medium constituent
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FIG. 1: (Color online) Angular distributions of the EEC for
charged hadron jets, D-tagged jets and B-tagged jets in p+p
collisions at

p
sNN = 5.02 TeV, for three di↵erent pjetT ranges:

the upper panel for (20, 40) GeV, middle for (40, 60) GeV, and
lower for (60, 80) GeV. The ALICE data on charged hadron
jet EEC [55] are shown for comparison.
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�el
a (Ea, T ) =

X

b,(cd)

�b
2Ea

Z Y

i=b,c,d

d3pi
Ei(2⇡)3

fb(Eb, T )

⇥ [1± fc(Ec, T )][1± fd(Ed, T )]S2(ŝ, t̂, û)
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where the sum is over all possible flavors of medium par-
ton b and final state partons c and d, �b is the spin-color
degeneracy factor of b, T is the medium temperature, fi
(i = b, c, d) takes the Bose (Fermi) distribution for glu-
ons (quarks) in the medium rest frame, and |Mab!cd|2 is
the scattering amplitude square for an ab ! cd process.
To avoid divergence in the matrix element at the leading
order, S2(ŝ, t̂, û) = ✓(ŝ � 2µ2

D) ✓(�ŝ+ µ2
D  t̂  �µ2

D) is
introduced, in which ŝ, t̂, û are the Mandelstam variables
and µ2

D = 4⇡↵sT 2(Nc +Nf/2)/3 is the Debye screening
mass, with Nc and Nf the color and flavor numbers, re-
spectively. We assume light flavor quarks and gluons are
massless, and use mc = 1.3 GeV for charm quarks and
mb = 4.2 GeV for bottom quarks.
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lisions, medium-induced radiation, medium response, as
well as the trigger bias (due to jet energy loss) in the jet
measurement. As will be shown later, the interplay of all
these e↵ects is crucial to understand the flavor hierarchy
of inclusive jet EEC and its unique nuclear modification
pattern in A + A collisions, i.e., suppression at interme-
diate angle, and enhancement at both small and large
angles, relative to p+ p collisions. Our study shows that
heavy flavor jet EEC is a powerful probe to jet substruc-
ture and jet-medium interaction at di↵erent scales.

Jet EEC’s in p + p collisions – In Fig 1, we show the
EEC spectra d⌃(✓)/d✓ for charged hadron jets, D-tagged
jets and B-tagged jets, averaged over the number of jets
(Njet), with respect to the angle (✓) in p+ p collisions atp
sNN=5.02 TeV, obtained from Pythia 8 [56, 57] simu-

lation. Jets within the pseudorapidity region |⌘jet| < 0.5
are constructed using tracks with transverse momentum
pT > 1 GeV via the Fastjet package [58] with the anti-kT
algorithm [59] and a cone size of R = 0.4. The EEC is
analyzed using the following formula:

d⌃(✓)

d✓
=

1

�✓

X
|✓ij�✓|<�✓

2

pT,i(~ni) pT,j(~nj)

p2T,jet

, (1)

with ✓ij being the relative angle given by cos ✓ij = ~ni ·~nj

and �✓ the bin size. The sum is performed over all pairs
of constituent particles within a jet, with pT,jet being the
total transverse momentum of the jet, pT,i(j) and ~ni(j)

the transverse momentum and the direction in the trans-
verse plane of the i(j)-th constituent. The final result is
the average over all jets within a desired kinematic re-
gion. From the top to bottom panels, Pythia provides a
good description of the ALICE data [55] on the EECs of
charged jets within various pjetT regions. Comparing dif-
ferent curves in each panel, we observe a clear hierarchy
for the EEC distribution tagged by di↵erent jet flavors.
From charged jets to D-jets to B-jets, the magnitude of
EEC decreases and the peak position of EEC shifts to-
wards larger angle. This result is in line with the mass
e↵ect on vacuum parton shower, which suppresses the
gluon emission from heavy quarks, especially within the
angle ✓0 ⇠ mQ/E.

Jet evolution in QGP – To study nuclear modifica-
tion of EEC in heavy-ion collisions, jet partons developed
from vacuum parton shower in Pythia are fed to the lin-
ear Boltzmann transport (LBT) model [60, 61] for their
further evolution inside QGP. Both elastic and inelastic
scatterings between jet partons and medium partons are
included in LBT, whose impact on the phase space dis-
tribution of jet partons fa(~xa, ~pa,t) is described by the
Boltzmann equation as

pa · @fa = Ea

⇥
Cel(fa) + C inel(fa

�
]. (2)

Here, pa = (Ea, ~pa) denotes the four-momentum of jet
parton, Cel and C inel are the collision integrals for e-
lastic and inelastic processes, respectively. The elastic
scattering rate of a jet parton with medium constituent
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introduced, in which ŝ, t̂, û are the Mandelstam variables
and µ2

D = 4⇡↵sT 2(Nc +Nf/2)/3 is the Debye screening
mass, with Nc and Nf the color and flavor numbers, re-
spectively. We assume light flavor quarks and gluons are
massless, and use mc = 1.3 GeV for charm quarks and
mb = 4.2 GeV for bottom quarks.

 

3

Scatterings that induce gluon bremsstrahlung are cat-
egorized as inelastic scatterings. Their rates are related
to the number of emitted gluons per unit time as

�inel
a (Ea, T, t) =

Z
dzdk2?

1

1 + �ag
dNa

g

dzdk2?dt
, (4)

where the gluon spectrum dNa
g /(dzdk

2
?dt) can be calcu-

lated within the higher-twist energy loss formalism [62–
64], �ag is to avoid double-counting the g ! gg rate from
its splitting function, z and k? are the fractional energy
and transverse momentum of an emitted gluon relative
to its parent parton, and t denotes time.

Using the elastic and inelastic scattering rates above,
we carry out Monte-Carlo simulation of scatterings be-
tween jet partons and medium partons. In the simula-
tion, we track not only jet partons and their emitted glu-
ons, but also thermal partons scattered out of the medi-
um (called “recoil partons”) and the associated energy
depletion inside the medium (called “back-reaction” or
“negative partons”). In our simulation, recoil partons
are allowed to continue scattering with medium partons
in the same way as jet partons do. The combination of re-
coil and negative partons constitutes jet-induced medium
excitation, or medium response, within the LBT model,
which has been shown essential for a quantitative un-
derstanding of jet observables, including quenching [65],
flow [66] and substructure [22]. Contribution from nega-
tive partons needs to be subtracted from that from reg-
ular (positive) ones when evaluating jet observables. For
the EEC, h(Ep(~n1)� En(~n1)(Ep(~n2)� En(~n2)i is calculat-
ed, with subscripts p and n denoting positive and nega-
tive particles, respectively. The sole parameter in LBT is
the strong coupling strength ↵s, which a↵ects the magni-
tudes of |Mab!cd|2 and µD in elastic scatterings, and also
enters the bremsstrahlung gluon spectra through parton
splitting functions and jet quenching parameter q̂ [12]. In
this work, we use ↵s = 0.15, which has provided a good
description of jet observables in earlier LBT calculations.

Using the LBT model, we first examine the EEC of a
jet produced from a single high-energy quark interacting
with a static medium via elastic and inelastic scatter-
ings. Here, a quark starts with energy E = 100 GeV
and propagates through a medium with temperature
T = 300 MeV for a period of time 4 fm/c. The nu-
merical result is shown in Fig. 2, which compares jet
EEC of di↵erent flavors and various contributions. In
the main figure, a clear flavor hierarchy is observed in
both the magnitude and peak position of the EEC due
to the quark mass e↵ect: for heavier quarks, there is less
medium-induced radiation and the radiation has larger
angle with respect to the parent parton. In the insets,
we show the flavor hierarchy of the EEC for elastic and in-
elastic processes separately. Here, the recoil and negative
partons produced from elastic scatterings, together with
their o↵springs, are categorized as “medium response”,
while gluons emitted from inelastic scatterings, together
with their o↵springs, are categorized as “radiated gluon”.
In both insets, one also observes smaller EEC for heavier
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FIG. 2: (Color online) Angular distributions of EEC for dif-
ferent flavors of jets produced from a single parton with initial
energy 100 GeV traversing a static medium with temperature
300 MeV for a period of time 4 fm/c. The contributions to
EEC from medium response and medium-induced radiation
are shown in the insets.

quark jets at small angle due to the mass e↵ect. Inter-
estingly, the EEC for heavy quark jets is close to zero
below the dead-cone angle ✓0 ⇠ mQ/E (0.013 for charm
and 0.042 for bottom quarks).

Heavy and light flavor jet EEC’s in AA collisions – To
study jets in heavy-ion collisions, we sample their pro-
duction locations using Monte-Carlo Glauber model [67].
Each jet parton developed from vacuum shower in Pythia
is assumed to stream freely before reaching its formation
time (sum of its preceding splitting times) [68] or the ini-
tial time of the QGP (0.6 fm/c), whichever is later. Then,
it starts interacting with the QGP as simulated by LBT,
where Eq. (2) is solved in the local rest frame of the medi-
um, with the flow velocity and temperature information
provided by a CLVisc hydrodynamics simulation [69, 70].
The interaction between jet partons and the QGP ceas-
es once the local temperature drops below 165 MeV. In
the end, the final-state partons are sorted by minimizing
the distance �R =

p
(�⌘)2 + (��)2 between neighbor-

ing partons in the momentum space (where ⌘ is pseudo-
rapidity and � is azimuthal angle), and then connected
into strings before feeding back to Pythia for fragmen-
tation to hadrons [71–73]. Hadronization of positive and
negative partons are conducted separately. Jets in A+A
collisions are clustered in the same way as in p+ p colli-
sions, except that the Fastjet package has been modified
to subtract the momenta of negative particles from those
of regular ones [65].

In Fig. 3, we show the EEC’s for charged hadron jets,
D-jets, and B-jets with pjetT > 40 GeV. The upper panel
shows the results for p+p and central 0-10% Pb+Pb col-
lisions at

p
sNN = 5.02 TeV; the lower panel shows their

di↵erence. One can observe a clear flavor hierarchy for

LBT model − elastic and inelastic scatterings



EEC PbPb/pp ratio from LBT model
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