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Energy-energy correlators (EECs) are promising observables to study the dynamics of jet evolution in
the quark-gluon plasma (QGP) through its imprint on angular scales in the energy flux of final-state
particles. We carry out the first complete calculation of EECs using realistic simulations of high-energy
heavy-ion collisions and dissect the different dynamics underlying the final distribution through analyses of
jet propagation in a uniform medium. The EECs of γ-jets in heavy-ion collisions are found to be enhanced
by the medium response from elastic scatterings instead of induced gluon radiation at large angles. In the
meantime, EECs are suppressed at small angles due to energy loss and transverse momentum broadening of
jet shower partons. These modifications are further shown to be sensitive to the angular scale of the
in-medium interaction, as characterized by the Debye screening mass. Experimental verification and
measurement of such modifications will shed light on this scale and the short-distance structure of the QGP
in heavy-ion collisions.

DOI: 10.1103/PhysRevLett.132.011901

Introduction.—Jets are powerful probes of the properties
of the quark-gluon plasma (QGP) in high-energy heavy-
ion collisions. Because of the hard scales involved, they
are initiated in the early stages of the collision and can
resolve the short-distance structure of the medium. The
asymptotic freedom of QCD [1,2] also permits a pertur-
bative treatment of both the initial production of jets and
their subsequent interaction with the dense medium.
Experimental data on a variety of jet observables from
the Relativistic Heavy-ion Collider (RHIC) [3–9] and the
Large Hadron Collider (LHC) [10–17] have shown both
the suppression of the jet production cross section and the
modification of the internal structure of jets, such as the jet
shape and fragmentation functions, consistent with the
picture of jet-medium interactions and jet-induced medium
response [18]. Through detailed Bayesian statistical analy-
ses, the jet transport coefficient q̂ that characterizes the
strength and nature of jet-medium interactions [19–24] can
be extracted. Jet substructure observables have also been

analyzed in the hope of revealing the space-time structure
of medium-induced splittings [25–31].
Energy-energy correlators (EECs) [32–34] have recently

emerged as excellent jet substructure observables for study-
ing the space-time structure of the jet shower, as manifested
in the energy flux of final-state particles [35,36]. Energy
correlators have been studied extensively in conformal field
theories [37–45] but were only recently found to be sensitive
to the intrinsic and emergent scales of the underlying theory,
which imprint themselves in the correlators at characteristic
angular scales. Recent studies show that the energy corre-
lators of final-state jets in high-energy collisions can
manifest the angular scales of the onset of nonperturbative
hadronization [36] and the scale of gluon saturation in high-
energy nucleons [46–48]. For additional applications of
energy correlators to jet substructure, see, e.g., [49–57]. The
spectra of energy correlators inside jets that have gone
through multiple interactions in the QGP have also been
shown to possess features that can be identified as the
consequences of the color coherence of produced shower
partons [58,59] before the onset of the medium-induced
gluon radiation. These angular features can also be used
to study the evolution of jet showers initiated by a heavy
quark [54] and the dead-cone effect of the medium-induced
gluon radiation from a propagating heavy quark [60]. While
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the angular spectra of the energy correlators can indeed
reveal the space-time structure of medium-induced gluon
emissions and the color-coherence length of the initial jet
shower partons, these studies have not considered contri-
butions from medium response and jet energy loss induced
by jet-medium interactions. Both effects can become
dominant in the final EEC distributions, and the angular
spectra can reveal the momentum scale of the in-medium
interaction or the short-distance structure of the quark-
gluon plasma [61,62] as illustrated in Fig. 1.
In this Letter, we carry out the first complete calculations

of the EECs of γ-jets in high-energy heavy-ion collisions
using both the linear Boltzmann transport (LBT) [63–66]
and the more realistic coupled LBT (CoLBT) [67–69]
model. We also dissect effects of jet-induced medium
response, medium-induced gluon emissions, and energy
loss of shower partons due to multiple scatterings. While
medium-induced gluon radiation is shown to indeed
enhance the EEC spectra at large angles when formation
time is smaller than the medium size, contributions from the
medium response are actually more dominant and lead to an
enhancement of the energy correlator. The energy loss and
transverse momentum broadening of jet shower partons, on
the other hand, lead to a suppression of theEECdistributions
at small angles. The enhancement at large angles and
suppression at small angles are both sensitive to the
momentum scale of the in-medium interactions that deter-
mine the typical angular scale of each scattering. We will
study this sensitivity and show that themediummodification
of the EEC can be used to constrain the momentum scale
afforded by the constituents of the QGP in the jet-medium
interaction in high-energy heavy-ion collisions.
Vacuum and medium-induced emissions.—Before we

carry out realistic and complete calculations of jet EECs
in high-energy heavy-ion collisions, we first look at the

naive expectation [58,59] from the analytic results of parton
splitting in vacuum and a uniform medium.We focus on the
normalized two-point energy correlator hE1ðn⃗1ÞE2ðn⃗2Þi=Q2

of final-state particles with the angular scale cos θ ¼ n⃗1 · n⃗2.
For a quark with energy E and initial virtuality Q ¼ E, the
vacuum splitting q → qþ g at small angles and leading
order (LO) in perturbativeQCD (pQCD) leads to the angular
distribution of the energy correlator:

dΣvac
q

dθ
≈
αs
2π

CF

Z
1

0

dzzð1 − zÞPqgðzÞ

×
Z

Q2

μ2

dl2⊥
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δ

�
θ −

jl⊥j
zð1 − zÞE

�
; ð1Þ

where l⊥ is the transverse momentum of the emitted gluon,
PqgðzÞ¼ ½1þð1− zÞ2Þ�=z the splitting function, and μ ≪ Q
the collinear cutoff scale below which nonperturbative
effects become dominant. Since the momentum fraction
0 < z < 1 in the splitting, the energy correlator

dΣvac
q

dθ
≈
αs
2π

CF

2θ

�
3 −

2μ

Eθ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4μ

Eθ

r
ð2Þ

has a scaling behavior dΣvac
q =dθ ∼ 1=θ for θ > 4μ=E. It

vanishes at large angles toward the kinematic limit. This LO
correlator in the vacuum vanishes at small angle θ → 4μ=E
when nonperturbative effects take over and its behavior will
be influenced by hadronization processes. Resummation of
multiple emissions due to higher-order processes lead to
dΣvac

q =dθ ∼ 1=θ1−γð3Þ [37,38,59,70] in the scaling region
θ > 4μ=E, where γð3Þ is the anomalous dimension for a
fixed coupling which is essentially the second Mellin
moment of the splitting function. The correlator also
develops a nonvanishing component dΣvac

q =dθ ∼ θ below
θ < 4μ=E due to independent shower-shower correlations
and parton hadronization.
For jets produced in heavy-ion collisions, the shower

partons will have to propagate through the QGP and
experience multiple scatterings and medium-induced gluon
bremsstrahlung. Such medium-induced gluon emissions
will lead to additional contributions to the energy correlator
of the final particles within the jet. Using the high-twist
approach to the medium-induced gluon emission [71,72] in
a QGP brick, the corresponding contribution to energy
correlator is

dΣmed
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πE2θ3
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FIG. 1. The short-distance structure of the quark-gluon plasma
from which jet partons scatter is manifest in the angular spectra of
the energy flux in the final state.
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where τf ¼ 2Ezð1− zÞ=l2⊥≈8=½θ2zð1−zÞE� for small angle
emissions is the formation time of the radiated gluon, x the
spatial position of the scattering center, and q̂ the jet transport
coefficient. Because of the Landau-Pomeranchuk-Migdal
interference, gluon emissions at small angles, θ <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π=EL

p
,

are suppressed leading to a limiting form of the energy
correlator that decreases when θ → 0, dΣmed

q =dθ ≈
L3q̂αsCAθ=ð64πÞ. For large angle θ>

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π=EL

p
emissions,

the medium-induced energy correlator

dΣmed
q

dθ
≈
L2q̂
2E

αsCA

θ

�
1þO

�
1

ELθ2

��
ð4Þ

has a similar scaling behavior as the vacuum emission. Its
magnitude increases quadratically with the length of the
medium but decreases with the parton’s energy.
Shown in Fig. 2 are the LO angular distributions of the

vacuum (dashed line) and the vacuum+medium-induced
(solid line) energy correlator in units of αs=2π for different
quark energy and propagation lengths. The medium-
induced contribution should peak at θmed

peak ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π=EL

p
when the mean formation time of the radiated gluon is
smaller than the medium length and its peak value is
Σmed
peak ∼ αsq̂L5=2=

ffiffiffiffi
E

p
. It becomes dominant over the vac-

uum spectra when L2q̂≳ 2E=3π.
Medium response and parton energy loss.—During

parton propagation in the QGP medium, one must also
take into account elastic scattering processes. Though the
energy loss of an energetic parton due to elastic scattering is
much smaller than radiative processes, contributions from
the medium response (recoil partons and backreaction) in
the elastic (2 → 2) and inelastic (2 → 3) processes to the
energy of reconstructed jets with large cone size R become

important [64,66,67,73–79]. This should also be taken into
account when calculating the energy correlator inside jets
in heavy-ion collisions. Furthermore, energy correlators
from jet shower partons that have gone through multiple
scatterings will also be modified by energy loss and
transverse momentum broadening. We will first study these
effects within the LBT model [63–66], which treats the
propagation of leading and recoil partons on the same
footing and includes both elastic and inelastic processes.
Medium-induced gluon emissions are modeled according
to the high-twist approach [71,72] in the LBT model.
In the LBT model, the energy correlator between a

propagating parton a and the recoil parton after elastic
scattering aþ b → cþ d can be calculated as

dΣmed
a

dθ
¼

Z
dxdn⃗c;dδðn⃗c · n⃗d − cos θÞ

X
b;ðcdÞ

Z Y
i¼b;c;d

d½pi�

×
γb
2Ea

½fbð1� fcÞð1� fdÞ− fcð1� faÞð1� fbÞ�

×
EcEd

E2
a

ð2πÞ4δ4ðpa þ pb − pc − pdÞjMab→cdj2;

ð5Þ

where ½dpi� ¼ d3pi=2Eið2πÞ3 and jMab→cdj2 are LO
elastic scattering amplitudes [80] with the corresponding
elastic cross sections defined as dσab→cd=dt̂ ¼ jMab→cdj2=
16πŝ2. The summation is over all possible parton flavors
and channels of scattering, fi ¼ 1=ðepi·u=T � 1Þ are phase-
space distributions for thermal partons in the QGP with
local temperature T and fluid velocity u, and γb is the color-
spin degeneracy for parton b. The second term in the square
brackets is due to the backreaction corresponding to the
subtraction of the “negative” partons in LBT [64,66]. We
generally refer to recoil and negative partons as the medium
response in LBT.
The LO perturbative QCD parton scattering amplitudes

jMab→cdj2 are collinearly divergent, which is regulated by
the resummation of hard thermal loops in parton propa-
gators [81–83]. This is achieved in LBT through a cutoff in
the transverse momentum transfer in terms of the Debye
screening mass:

μ2D ¼ 3

2
Kg2T2; ð6Þ

which determines the typical momentum and angular scale
of the in-medium interaction. We have introduced a K
factor to characterize this scale and the structure of QGP
medium partons due to any nonperturbative effects [22] in
parton interaction at the scale of gT. The default value is
K ¼ 1 in LBT. We will examine the sensitivity of the
modification of the energy correlator to this scale due to jet-
medium interaction by varying K but still keeping all

FIG. 2. The LO vacuum (dashed line) and vacuum + medium-
induced (solid line) two-particle energy correlator in units of
αs=2π for different parton energy E and medium length L. The
collinear cutoff for the vacuum radiation is set at μ ¼ 1 GeV.
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scattering rates and jet transport coefficient q̂ the same as
the default K ¼ 1.
In Fig. 3, we show the EEC distributions from LBT

simulations with both elastic and inelastic scatterings
for a single on-shell quark with initial energy E ¼
100 GeV propagating in a uniform QGP at a temperature
T ¼ 0.36 GeV with a length L ¼ 4 fm and for three
different values of K ¼ 0.2, 1, 4. The EECs in the main
plot are sums of contributions from all possible correla-
tions among the final quark, medium-response partons,
and radiated gluons, while the insets show contributions
from the correlation involving the final quark and
(a) medium response or (b) radiated gluons. There is
no vacuum gluon bremsstrahlung for the case of an on-
shell parton propagation in medium.
We have set αs ¼ 0.3 for all LBT calculations in this

Letter unless specified otherwise. Since the transverse
momentum transfer during elastic scatterings is q⊥ ∼ μD
and the energy transfer from the propagating parton to the
medium is δE ∼ μ2D=T, the EEC distribution from the
medium response shifts to a larger angle with an enhanced
magnitude if μD increases as seen in inset (a). Note that the
contribution from medium response includes recoil partons
with negative partons from the backreaction subtracted. In
addition to radiative energy loss, the leading quark will
also suffer elastic energy loss which increases with μ2D.
This counters the μD dependence of the quark-medium-
response correlator. Furthermore, this also causes quark-
radiated-gluon correlator to decrease with μD while the
peak also shifts slightly to large angles due to the transverse
momentum broadening of the leading quark as shown in
inset (b). The dependence of the total energy correlator
(which includes all possible correlations between quark,

medium response, and radiated gluons) on μD has the
same trend as the contribution from the medium response,
indicating its dominance over the radiated gluons. The
dependence on K, though, is weaker than contributions
from medium response alone, due to contributions from
radiated gluons which are comparable. Note that the EECs
from both medium response and radiated gluons do not
have any scaling behavior similar to the pQCD splitting in
vacuum as shown in Fig. 2 at θ > 4μ=E.
In the case of jet production in heavy-ion collisions, the

highly virtual initial jet parton will first go through
vacuumlike splittings, producing many jet shower partons.
Those jet shower partons whose formation time is smaller
than the QGP medium size will go through further multiple
elastic and inelastic scatterings. In addition to the medium
response and radiative gluons, these scatterings will cause
both energy loss and transverse momentum broadening of
the jet shower partons, leading to the modification of the
vacuum EEC. Shown in Fig. 4 are modified EEC distri-
butions for partons inside γ-triggered jets with cone
size R ¼ 0.5, pγ

T ≥ 100 GeV=c, and final state pjet
T ≥

50 GeV=c after going through a QGP brick at a temper-
ature T ¼ 0.36 GeV with length L ¼ 4 fm, as compared to
the EEC in vacuum (dashed line) without multiple scatter-
ings in the QGP medium. EECs for jets are all calculated as
Σ ¼ hΣijpi

Tp
j
T=p

jet
T

2i in this Letter. The initial (vacuum) jet
shower configurations are generated from PYTHIA8 [84] for
pþ p collisions at

ffiffiffi
s

p ¼ 5.02 TeV with the default col-
linear cutoff μ ¼ pmin

T ¼ 0.5 GeV=c. The inset shows the
EEC distributions from correlation between shower partons
that have experienced energy loss and momentum broad-
ening due to elastic and inelastic scattering, which are

FIG. 3. Energy correlators initiated by a single quark with E ¼
100 GeV going through a QGP brick with length L ¼ 4 fm and
at temperature T ¼ 0.36 GeV for three values of K. The insets
show contributions from (a) medium response and (b) radiated
gluons.

FIG. 4. EEC for partons inside γ-jets with cone size R ¼ 0.5,
pγ
T ≥ 100 GeV, and pjet

T ≥ 50 GeV=c propagating through a
uniform QGP at temperature T ¼ 0.36 GeV for a length L ¼
4 fm for three values of K, as compared to the vacuum (dashed
line). The inset shows contributions from shower-shower corre-
lations as compared to the vacuum (dashed line).
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indeed suppressed at both small and large angles relative to
the vacuum EEC (dashed line). The total correlator of all
partons (shower, medium response, and radiated gluons)
inside the modified jet in Fig. 4 is, however, enhanced at
large angles due to correlations involving medium response
or/and radiated gluons which break the pQCD scaling
behavior of the EEC in the vacuum jet shower (dashed
line). The enhancement has the same dependence on the
Debye mass at large angles as the correlator initiated by a
single on-shell parton (see Fig. 3). Since the elastic energy
loss and momentum broadening of shower partons is linear
in the Debye mass and radiative energy loss and broadening
remain the same as we change the Debye mass but keep the
interaction rate and q̂ constant, the corresponding suppres-
sion at small angles is stronger for larger Debye masses,
though nonmonotonically.
EEC of γ-jets in heavy-ion collisions.—We use the

CoLBT model for realistic calculations of EEC inside
energetic jets in high-energy heavy-ion collisions. This
model combines LBT and CLVisc hydrodynamics [85–87]
to simulate concurrently both event-by-event jet transport
and evolution of the bulk QGP, including jet-induced
medium response. The parameters, including the effective
strong coupling constant αs ¼ 0.25, in this model have
been tuned to describe both high-pT jets, low- and high-pT
hadrons, and jet structures (jet shapes and fragmentation
functions). Since the effect of hadronization on final-jet
EEC is significant for the range of jet pT accessible in
heavy-ion collisions at RHIC and LHC, one should also
consider the medium modification of jet hadronization.
One important recent improvement in the CoLBT model is
the implementation and validation of the hybrid hadroni-
zation model that combines hydrodynamics, quark coa-
lescence for thermal and soft jet partons, and fragmentation
for hard partons [69]. See Refs. [67–69,88,89] for details of
the model. The input jet shower configurations for CoLBT
simulations are from PYTHIA8, which is also used to
simulate the jet EEC distributions in pþ p collisions after
hadronization.
Shown in Fig. 5 are the energy correlators dΣ=d ln θ for

(a) all charged hadrons inside γ-triggered jets in 0–10%
central Pbþ Pb collisions at

ffiffiffi
s

p ¼ 5.02 TeV from CoLBT
simulations for K ¼ 0.2, 1, 4 (solid line) as compared to
pþ p (dashed line) collisions and (b) for charged hadrons
with pT > 1 (blue) and 2 GeV=c (red). The insets show the
ratio between correlators for Pbþ Pb and pþ p. Similar to
the case of a QGP brick, the EECs for charged hadrons
inside the final-state jets in Pbþ Pb collisions are sup-
pressed at small angles due to energy loss and momentum
broadening of the jet shower partons, while they are
enhanced at large angles due to contributions from medium
response and radiated gluons. This modification is sensitive
to the Debye mass μD, which determines the angular scales
of each jet-medium scattering and characterizes the struc-
ture of the QGP medium in the CoLBT simulations. The

enhancement at large angles is reduced but still survives if
a pT > 1 GeV=c cut is imposed on the final hadrons for
the purpose of reducing the background in experimental
analyses. If a pT > 2 GeV=c cut is used, the medium
enhancement at large angles is mostly gone except for the
case of K ¼ 4. The suppression of EEC at small angles is
not affected by the pT cuts due to the dominance of
energetic jet shower partons with reduced energy. The
angular scale of the transition from suppression to
enhancement in the modified EEC depends on the jet
energy and centrality (average propagation length) deter-
mined by the onset of medium-induced gluon radiation
and jet-induced medium response. In addition, it can also
be influenced by the radial flow, density gradient of the
evolving QGP [90–96], and hadronization. These will be
investigated in detail in the future.
Summary.—In this Letter, we have presented the first

complete and realistic calculations of the medium modi-
fication of EEC inside γ-triggered jets in high-energy
heavy-ion collisions. Contrary to the naive expectation
of a stepwise scaling behavior in the angular distribution
due to the interplay of vacuum and medium-induced
emission characterizing the onset of coherence in the jet
splitting in a toy model [58,59], we found that the EEC is
enhanced at large angles instead by medium response from

FIG. 5. EEC for (a) charged hadrons in γ-jets with cone size
R ¼ 0.5, pγ

T ≥ 100 GeV=c, and pjet
T ≥ 50 GeV=c in 0–10%

central Pbþ Pb collisions at
ffiffiffi
s

p ¼ 5.02 TeV from the CoLBT
simulations for K ¼ 0.2, 1, 4 (solid line) as compared to pþ p
(dashed line) collisions and (b) for charged hadrons with pT > 1
(blue) and 2 GeV=c (red) where bands highlight variations due to
different values of K ¼ 0.2, 1, and 4.

PHYSICAL REVIEW LETTERS 132, 011901 (2024)

011901-5



elastic scattering. It is also suppressed at small angles by jet
energy loss and transverse momentum broadening, deviat-
ing from the vacuum scaling behavior. In the realistic
environment of heavy-ion collisions, neither the medium
response nor gluon bremsstrahlung contributions exhibit
any scaling behavior similar to the case in vacuum.
However, they each have a unique dependence on the
momentum scale of the interactions in the QGP, as
characterized by the Debye mass in the LBT model. In
other models of the jet-medium interaction, this scale is
given by the saturation scale of the medium [97,98]. The
final medium modification of EEC is found to be sensitive
to this scale. Building on recent measurements of EECs in
vacuum [99–101], the experimental verification and meas-
urement of this unique medium modification will provide a
new observable to characterize the momentum scale and the
structure of parton interactions in the QGP, through joint
statistical analyses with other jet observables.
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