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The energy-energy correlator (EEC) inside jets is a sensitive observable for studying jet modification in
the quark-gluon plasma. However, its interpretation in heavy-ion collisions remains challenging, requiring a
consistent understanding of jet evolution across multiple dynamical scales together with a proper treatment of
the background subtraction. In this work, we employ an updated CoLBT-hydro framework in which a medium
scale QM = 2.0 GeV is introduced to separate the vacuum and in-medium stages of the parton shower, enabling a
more self-consistent treatment of jet evolution. Using a theoretical background subtraction within the model, the
resulting simulation reproduces the recent CMS measurement of the in-jet EEC and, through a decomposition of
the different contributions, highlights the impact of medium modification on the observable. To further validate
the experimental procedure, we also implement the CMS mixed-event background-subtraction method directly
in the simulation and find that the results are consistent with those obtained with the theoretical background
subtraction. Using pT -ranked jets in each event, we further investigate the dependence of medium modification
on the in-medium path length, reflected in the different EECs of leading and subleading jets. Finally, we explore
the dependence of the leading-jet EEC on the dijet rapidity gap as a signal of the jet-induced diffusion wake.
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I. INTRODUCTION

High-energy heavy-ion collisions produce a strongly cou-
pled quark-gluon plasma (QGP). Jets originating from hard
parton scattering processes traverse the medium and lose a
substantial fraction of their energy, a phenomenon known as
jet quenching [1–13], which is observed at both the BNL Rel-
ativistic Heavy Ion Collider (RHIC) [14–17] and the CERN
Large Hadron Collider (LHC) [18–22], providing compelling
evidence for the formation of QGP in high-energy heavy-ion
collisions.

Jet substructure has emerged as a central topic in jet
physics [23]. It offers a powerful handle on jet evolution in
the QGP and deepens our understanding of quantum chromo-
dynamics under extreme conditions. As a key jet-substructure
observable, the energy-energy correlator (EEC) was originally
introduced in e+e− annihilation [24–26]. After its extension
to heavy-ion collisions [27,28], it has attracted considerable
interest [29–50], and measurements have been performed in
different collision systems and at different collision energies
[51–57]. The EEC is particularly powerful because its angu-
lar dependence can separate perturbative and nonperturbative
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regimes [58–68], thereby probing jet evolution across differ-
ent dynamical scales. Theoretically, it has been shown to be
sensitive to a broad range of physics, including cold nuclear
matter effects in small systems [34–36,42,43], the onset of
color coherence [29,32], heavy-quark mass effects [33,37,44],
and jet quenching and medium response [30,31,39–41,47–
50,69]. These studies have established the EEC as a valuable
tool for constraining the in-medium evolution of jets and the
properties of the QGP.

Since the jet dynamics probed by the EEC spans from
the collinear to the wide-angle regime, a quantitative descrip-
tion of the EEC in high-energy heavy-ion collisions over
such a wide range of angular scales remains a challenge,
requiring a consistent modeling of the multiscale evolution
of jets in the medium, including how parton splittings are
modified and how the jet-induced medium response develops.
In experimental and phenomenological studies, an additional
complication arises from the large QGP background, whose
contribution to the measured EEC is substantial and must be
carefully subtracted before a meaningful comparison between
theory and experiment can be made [55].

In this work, we employ an updated CoLBT-hydro frame-
work to calculate the EEC inside single inclusive jets and
compare our results with the recent CMS measurement. To
properly account for the multistage evolution of jet showers,
the framework allows medium-modified partons to continue
their vacuum evolution after exiting the QGP. To enable a
more realistic comparison with data, we further implement the
mixed-event background-subtraction procedure used by the
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CMS analysis and compare it with the idealized theoretical
subtraction. We then classify jets according to their pT rank
within each event, revealing the sensitivity of the EEC to the
effective in-medium path length since leading and subleading
jets traverse different paths in the QGP medium. Finally, we
investigate the dependence of the leading-jet EEC on the dijet
rapidity gap and its connection to the jet-induced diffusion
wake.

II. EEC INSIDE SINGLE INCLUSIVE JETS

The CoLBT-hydro model combines the Linear Boltzmann
Transport (LBT) model [70–75] with the event-by-event (3 +
1)-dimensional CCNU-LBNL viscous (CLVisc) hydrodynam-
ics model [76–79], providing a concurrent description of the
evolution of hard partons and soft hydrodynamic response
in QGP. More details can be found in Refs. [80–82]. In the
original CoLBT-hydro implementation, a parton shower in
PYTHIA8 [83–85] is evolved in vacuum down to the hadroniza-
tion scale Q0 = 0.5 GeV before it starts interacting with
the medium. As a consequence, the vacuum shower is fully
completed prior to any medium interaction, which is incon-
sistent with the physical picture in which medium-modified
partons experience momentum broadening and can continue
to radiate in vacuum after exiting the QGP [86]. To address
this, we introduce a medium scale QM = 2.0 GeV, following
Refs. [87,88], which separates the vacuum and in-medium
stages of the shower evolution. The jet shower in PYTHIA8
is first evolved in vacuum down to QM and then propagates
through the medium according to CoLBT-hydro. After exiting
the QGP, shower partons are handed back to PYTHIA8 for fur-
ther vacuum evolution down to Q0, followed by hadronization.

We use the CoLBT-hydro model to simulate the trans-
port of jets through the QGP in 0–10% Pb + Pb collisions
at

√
sNN = 5.02 TeV. Jets are reconstructed with the anti-

kT algorithm in the E-scheme using FASTJET [89]. Their
constituents are then reclustered with the winner-take-all
scheme [90] to define the jet axis used in the calculation
of the EEC. Particles within �R < 0.4 of this axis, where
�R = √

(ηjet − ηh)2 + (φjet − φh)2, are selected to construct
the EEC distribution:

EEC(RL ) = 1

Wpairs

1

δr

∑
jets

∑
i, j∈jet

ri j∈bin(RL )

(pT,i pT, j )
n, (1)

where pT,i and pT, j are the transverse momenta of charged
hadrons i and j, respectively, and δr denotes the bin width in
the angular distance

ri j =
√

(ηh,i − ηh, j )2 + (φh,i − φh, j )2.

The normalization factor Wpairs is defined as the sum of
(pT,i pT, j )n over all selected hadron pairs. In this work, we
take n = 1, which corresponds to the nominal EEC used in
the CMS analysis [55]. In the CoLBT-hydro framework, final-
state hadrons receive contributions from both hard partons
in the LBT component and soft hadrons from the hydrody-
namic response induced by the jet through energy-momentum
deposition in the QGP. To isolate the contribution to the

FIG. 1. Ratio of the EEC in single inclusive jets in 0–10%
Pb + Pb collisions to that in p + p collisions at

√
sNN = 5.02 TeV

for pjet
T ∈ (120, 140) GeV/c (a) with ph

T > 1.0 GeV/c and (b) with
ph

T > 2.0 GeV/c.

EEC from jet-induced hydrodynamic response, we perform
two CoLBT-hydro simulations with identical hydrodynamic
initial conditions, one with the jet and one without. The
difference between the two CLVisc hydrodynamic outputs
defines the jet-induced hydrodynamic response. This proce-
dure provides an idealized theoretical background subtraction
in the model calculation. From the resulting momentum
spectrum, particles are sampled accordingly. Since the hy-
drodynamic response contains both positive and negative
contributions, associated with the wake front and the diffusion
wake [91–100] of the jet-induced Mach-cone-like medium
excitation [101–111], the sampled particles are classified
into positive and negative groups. The EEC then receives
contributions from positive-positive, negative-negative, and
positive-negative pairs, denoted as EECpp, EECnn, and EECpn,
respectively. The final EEC distribution is given by

EEC = EECpp + EECnn − EECpn. (2)

Figure 1 shows the ratio of the EEC inside single inclusive
jets in 0–10% Pb + Pb collisions to that in p + p collisions
at

√
sNN = 5.02 TeV. The results are shown for jet transverse

momentum pjet
T ∈ (120, 140) GeV/c, jet cone-size R = 0.4,
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FIG. 2. Ratio of the EEC in Pb + Pb collisions to that in p + p
collisions for three cases: including the full hydrodynamic response
(blue band), including only the positive hydrodynamic-response con-
tribution (red band), and excluding the hydrodynamic response
(green band).

and pseudorapidity |ηjet| < 1.6 and are compared with the
CMS data. We find that the updated CoLBT-hydro calculation
provides a good description of the CMS measurement for both
transverse-momentum cuts ph

T > 1 GeV/c [Fig. 1(a)] and
ph

T > 2 GeV/c [Fig. 1(b)] for charged hadrons. For the same
final pjet

T selection, the initial pT scale of jet production in
Pb + Pb collisions is larger than that in p + p collisions due to
jet energy loss. The enhancement at small angles arises mainly
from this pjet

T selection bias between Pb + Pb and p + p colli-
sions, together with the change in the quark/gluon jet fraction.
In contrast, the enhancement at large angles is dominated by
the jet-induced medium response. As the charged-hadron pT

cut is increased, the large-angle enhancement is significantly
suppressed.

To further understand this behavior, we compute the EEC
in three scenarios: including all hydrodynamic-response parti-
cles (blue band), including only positive particles (red band),
and excluding the hydrodynamic response (green band), as
shown in Fig. 2.

Comparing the blue and red bands, we find that the contri-
bution from negative particles to the in-jet EEC is negligible.
This behavior reflects the fact that, within the jet cone, the
hydrodynamic response is dominated by the wake front of
the Mach cone, while the diffusion wake is largely masked
and contributes only weakly. In contrast, comparison of the
blue and green bands shows that the hydrodynamic response
significantly affects the EEC at large angles, leading to a clear
enhancement in this region. This is consistent with previous
studies of medium modifications to the EEC [29,30].

III. EEC WITH MIXED-EVENT
BACKGROUND SUBTRACTION

In experimental measurements of the in-jet EEC, back-
ground particles from the QGP can have a non-negligible

FIG. 3. Ratio of the EEC in Pb + Pb collisions to that in p + p
collisions obtained with the mixed-event background-subtraction
procedure (a) for ph

T > 1 GeV/c and (b) ph
T > 2 GeV/c. Panels

(c) and (d) show the ratio of these results to those obtained with the
theoretical background-subtraction method in Fig. 1.

impact as they do in the model calculations. However, the
final signal and background particles cannot be distinguished
in experiment, rendering the idealized theoretical subtraction
used in the model calculations impossible. Since particles
inside the jet cone contain both signal and background com-
ponents, denoted by S and B, respectively, the measured
EEC contains three contributions: signal-signal (SS), signal-
background (SB), and background-background (BB). The
latter two contributions must be subtracted in order to obtain
the true signal. To address this, CMS employs a mixed-event
background-subtraction method in its EEC measurement. Two
mixed events, denoted by M1 and M2, are selected to have
background particles similar to those of the jet event and are
assumed to approximate the background component B. The
true signal is extracted via the combination

EECsig = 〈(S+B)(S+B)〉 − 〈(S+B) M1〉
+ 〈M1M2〉 − 〈M1M1〉. (3)

Here, the first term contains the desired signal SS along
with the SB and BB contaminations. The second term
subtracts the SB correlation using M1 as a proxy for B, but
simultaneously introduces a spurious BM1 term. The third
term, built from two independent mixed events, cancels this
BM1 residual, and the fourth term removes the remaining BB
contamination from the first term, leaving only the signal SS.
We implement the same mixed-event subtraction procedure
in our model simulation. Following the experimental method,
for each triggered dijet event, the mixed events M1 and M2

are selected from a pool of events with charged-particle
multiplicity matching that of the triggered event within 1.5%,
so that the mixed events are statistically compatible with the
background of the signal event. The EEC is then recalculated
exactly as in the experimental analysis. Figures 3(a) and 3(b)
show the resulting Pb + Pb/p + p ratios obtained with the
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mixed-event subtraction for ph
T > 1 GeV/c and ph

T >

2 GeV/c, respectively. Figures 3(c) and 3(d) show the ratios
of these results to those of Fig. 1, where the idealized
theoretical background subtraction is employed. Over most of
the RL range, the two procedures yield nearly identical results,
with a small residual deviation appearing only at large angles.
This large-angle deviation reflects the intrinsic limitation of
multiplicity-based mixing. The selected M1 and M2 events
provide only an approximate representation of the background
in the triggered event, leading to a small residual bias in the
background estimate. As shown in the CMS analysis, the
correlator at large RL is strongly affected by pairs involving
background particles, making this region particularly
sensitive to biases in the background estimate. Imposing
the stricter ph

T > 2 GeV/c cut suppresses the soft-particle
yield and visibly reduces this discrepancy, as seen in Fig.
3(d). These remaining differences lie well within current
experimental uncertainties and demonstrate the robustness
of the CMS mixed-event subtraction. Our study therefore
provides independent support for this experimental procedure
and strengthens confidence in its application to future
energy-correlator measurements in heavy-ion collisions.

IV. EEC OF LEADING AND SUBLEADING JETS

Single inclusive jets are biased toward jet production
near the surface of the QGP fireball and therefore probe a
relatively short path length through the medium. To further
explore the path-length dependence of the EEC, we rank
jets in each event by their pjet

T and divide them into leading
(highest pjet

T ) and subleading (second-highest) jets. Since
leading and subleading jets are dominated by back-to-back
dijet pairs, the leading jet escapes the QGP region with a
short path length due to trigger bias, while the subleading jet
traverses the whole length of the QGP. The corresponding
EEC distributions are then computed and compared in
Fig. 4.The ratio of the EEC in Pb + Pb collisions to that in
p + p collisions for subleading jets exhibits a wide-angle
enhancement larger than that for leading jets, reflecting
their longer in-medium path length and consequently stronger
interaction with the QGP. The longer propagation length leads
to increased energy loss and a more pronounced redistribution
of energy to large angles through medium-induced radiation
and jet-induced medium response. At small RL, two
competing effects shape the subleading jet ratio. On the
one hand, the larger energy loss induces a stronger jet pT

selection bias, which shifts the EEC distribution toward
smaller angles and thereby enhances the EEC in the small-RL

region. On the other hand, the small-RL region is dominated
by hard-particle correlations, which are suppressed by jet
energy loss, thereby reducing the EEC in this region. The two
effects compete, resulting in no significant difference in the
EEC modification of leading and subleading jets at small RL.

V. MAPPING THE JET-INDUCED DIFFUSION
WAKE WITH THE EEC

The medium modification of the EEC also provides a
route to identifying the diffusion-wake signal, an essential

FIG. 4. Ratio of the EEC inside leading (red) and subleading
(blue) jets in 0–10% central Pb + Pb collisions to that in p + p col-
lisions at

√
sNN = 5.02 TeV, for pjet

T ∈ (120, 140) GeV/c, R = 0.4,
and ph

T > 1 GeV/c.

component of the jet-induced medium response that carries
direct information on the transport properties of the QGP. In
dijet events, the diffusion wake of one jet depletes energy
within the cone of its partner, with the strongest effect at a
small dijet rapidity gap [97,112], thereby amplifying the part-
ner’s effective energy loss and jet pT selection bias [40,51].
Since the ratio of the EEC in Pb + Pb collisions to that in
p + p collisions is strongly shaped by this bias, comparing
the EEC inside leading jets at different dijet rapidity gaps
provides a novel method to search for the diffusion-wake
signal.

Based on this idea, we select dijet events with the kinematic
cuts shown in Fig. 5, requiring pjet,1

T ∈ (120, 140) GeV/c,
pjet,2

T > 50 GeV/c, |ηjet| < 1.6, and |φjet,1 − φjet,2| > 3π/4.
For jet reconstruction, the pT contribution from the hydrody-
namic response including both positive and negative particles
is considered. In addition, the leading-jet pT interval is chosen
to be narrow to enhance the sensitivity to the pT modification
induced by the diffusion wake. Meanwhile, the jet radius is
increased to R = 1.0, significantly larger than the R = 0.4
used in the previous sections, to ensure that the diffusion wake
induced by the partner jet is mostly captured within the trigger
jet’s cone. Since the jet pT selection bias is most pronounced
in the transition region of the EEC, we restrict the analysis
to RL < 0.5, thereby reducing sensitivity to large-angle soft
medium modifications. To further suppress such soft contri-
butions, we additionally impose a track-pT cut and present
results for both ph

T > 1 GeV/c and ph
T > 2 GeV/c, which

allows us to assess the sensitivity of the result to the choice
of this threshold. These selections simplify the analysis and
facilitate future experimental measurements.

We then divide the selected events into two classes ac-
cording to the signs of the two jet pseudorapidities, with
ηjet,1ηjet,2 > 0 (same-side) and ηjet,1ηjet,2 < 0 (opposite-side).
The same-side class corresponds to a smaller dijet rapidity gap
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FIG. 5. (a), (c) Ratio of the EEC inside the leading jet in 0–10%
central Pb + Pb collisions to that in p + p collisions at

√
sNN = 5.02

TeV for dijet events with ηjet,1ηjet,2 > 0 (red) and ηjet,1ηjet,2 < 0
(blue). The kinematic selection is pjet,1

T ∈ (120, 140) GeV/c, pjet,2
T >

50 GeV/c, |ηjet| < 1.6, R = 1.0, and n = 1, with ph
T > 1 GeV/c

in panel (a) and ph
T > 2 GeV/c in panel (c). (b), (d) Difference of

the two ratios, same-side minus opposite-side, for ph
T > 1 GeV/c in

panel (b) and ph
T > 2 GeV/c in panel (d).

on average, such that the two jets are close along the rapidity
direction and the diffusion wake from one jet most effectively
acts within the cone of the other, while the opposite-side class
corresponds to a larger rapidity gap, where this effect is signif-
icantly suppressed [97]. Figures 5(a) and 5(c) show the ratio
of the EEC in Pb + Pb collisions to that in p + p collisions for
the two classes, and Figs. 5(b) and 5(d) shows their difference,
same-side minus opposite-side, with ph

T > 1 GeV/c in Figs.
5(a) and 5(b) and ph

T > 2 GeV/c in Figs. 5(c) and 5(d). At
small RL, the same-side ratio lies above the opposite-side one.
As RL increases, this enhancement is gradually reduced and
eventually turns into a mild suppression at intermediate RL.
The same behavior is observed for both ph

T > 1 GeV/c and
ph

T > 2 GeV/c. This RL-dependent ordering is consistent with
the effect of the jet pT selection bias in the EEC, as discussed
above. The comparison between the two rapidity-gap classes
therefore provides a clear manifestation of the jet-induced
diffusion wake in the EEC observable.

VI. SUMMARY

In this work, we present the first CoLBT-hydro simulation
of the EEC inside single inclusive jets in 0–10% Pb + Pb
collisions at

√
sNN = 5.02 TeV, using an updated multistage

parton-shower framework in which a medium scale QM =
2.0 GeV separates vacuum and in-medium evolution. The
calculation provides a good description of the recent CMS
measurement. By isolating the hydrodynamic-response con-
tributions to EEC, we find that the large-angle enhancement
is dominated by the modification from medium response.
Implementing the CMS mixed-event background-subtraction
procedure directly within the simulation, we further demon-
strate that it yields results nearly identical to those obtained
with the idealized theoretical subtraction, providing indepen-
dent support for the robustness of the experimental method.

To explore the path-length dependence of medium mod-
ification, we compare the EECs of leading and subleading
jets selected according to their pT rank within each event.
Subleading jets exhibit a systematically larger enhancement
at wide angles, reflecting their stronger interaction with the
QGP due to their longer in-medium propagation length.

Finally, we show that the dependence of the leading-jet
EEC on the dijet rapidity gap provides a direct and experi-
mentally accessible signal of the jet-induced diffusion wake.
Unlike conventional diffusion-wake observables based on soft
hadrons, the signal proposed here is encoded in modifications
of the jet pT and the small-angle EEC, both dominated by hard
particles. This feature makes the observable experimentally
cleaner and greatly facilitates future studies of jet-induced
medium response and jet transport dynamics in the QGP.
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