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Abstract The azimuthal-correlation distributions between
electrons from the decays of heavy-flavor hadrons and asso-
ciated charged particles in Pb–Pb collisions at

√
sNN = 5.02

TeV are reported for the 0–10% and 30–50% centrality
classes. This measurement provides access to the jet-like
correlation observables in the heavy-flavor sector in Pb–Pb
collisions. The analysis is performed for trigger electrons
from heavy-flavor hadron decays with transverse momen-
tum 4 < pe

T < 16 GeV/c, considering associated parti-
cles within the transverse-momentum range 1 < passoc

T < 7
GeV/c, and a pseudorapidity difference of |�η| < 1 between
the trigger electron and associated particles. The per-trigger
nuclear modification factor (IAA) is calculated to compare
the near- and away-side peak yields to those in pp collisions
at

√
s = 5.02 TeV. In 0–10% central collisions, the IAA

indicates a hint of enhancement of associated-particle yields
with pT < 3 GeV/c on the near side, and a suppression of
yields with pT > 4 GeV/c on the away side. The IAA for
electron triggers from heavy-flavor hadron decays is com-
pared with that for light-flavor and strange-particle triggers
to investigate the dependence on different fragmentation pro-
cesses and parton-medium dynamics, and is found to be the
same within uncertainties.

1 Introduction

In hadronic collisions, heavy quarks are produced in hard-
scattering processes, with large squared-momentum trans-
fer, Q2 [1–4]. High-energy partons produced in such hard
scatterings radiate gluons, generating a parton shower. The
shower hadronizes, producing a collimated spray of particles
called a jet. Jet-reconstruction algorithms [5,6] can be used to
study their production and substructure, which provide strin-
gent tests of perturbative quantum chromodynamics (pQCD)
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calculations. Two-particle angular correlations are a com-
plementary method to jet-reconstruction measurements for
characterizing jet properties, especially at low pT [7,8]. The
typical features of a two-particle angular-correlation distri-
bution of trigger particles with associated charged particles
are a “near-side” (NS) peak at (�ϕ,�η) ≈ (0, 0) and an
“away-side” (AS) peak at �ϕ ≈ π , which extends over a
wide pseudorapidity range [9–11].

At leading order (LO), heavy quarks are produced through
the processes gg, qq̄ → cc̄ and gg, qq̄ → bb̄, which lead to
a back-to-back configuration in azimuth. In the two-particle
angular-correlation distribution, this results in a NS peak
from particles emerging from the fragmentation of the same
parton that produced the trigger particle [12]. The AS peak
is associated with the fragmentation of the other outgoing
parton produced in the hard scattering [12], which at LO is
the partner quark in the heavy-quark pair. Next-to-leading
order (NLO) processes, such as gluon radiation, gluon split-
ting, or flavor excitation [13] can alter the LO topology of
the correlation shapes [11–13]. Angular correlation measure-
ments with a heavy-flavor trigger particle facilitate the study
of heavy-flavor jet properties. By varying the pT intervals of
the trigger and associated particles, the details of jet frag-
mentation can be investigated, such as the jet angular profile
and the momentum distribution of the particles produced in
the hard-parton fragmentation.

In ultrarelativistic heavy-ion collisions, a deconfined
phase of strongly-interacting matter is produced, known
as quark–gluon plasma (QGP) [14–18]. Experiments at
the CERN Large Hadron Collider (LHC) [19–21] and the
Brookhaven Relativistic Heavy Ion Collider (RHIC) [22–25]
have extensively studied the properties of the QGP, charac-
terizing it as a near-perfect liquid with very low specific shear
viscosity-to-entropy ratio. One of the signatures of QGP is
the parton energy loss, where high-energy partons travers-
ing this medium lose energy through medium-induced gluon
radiation and collisions with medium constituents [26–31].
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This phenomenon, referred to as “jet quenching”, depends on
the path length traversed by the parton. In this process, the
particle distribution within the jet undergoes modification,
changing the internal structure of the jet, thus affecting the
fragmentation function [33]. A previous measurement of the
jet fragmentation function shows modifications in Pb–Pb col-
lisions compared to pp collisions, with an excess of low-pT

particles in inclusive jets [34–37]. High-momentum partons
propagating through the QGP medium can also lead to mod-
ifications in the QGP itself due to the injection of energy
and momentum lost by the jet into the plasma. This yields
a correlation between the bulk dynamics of the medium and
the jet [39–42]. Measurements of heavy-flavor jets and par-
ticle distributions within jets can serve to constrain parton
energy-loss mechanisms and probe how the lost energy is
redistributed among other partons and subsequent particles
emerging from the collision. Theoretical models predict that
energy loss depends on the quark mass and the color charge of
the parton [27–29,43]. Heavy quarks are expected to lose less
energy than light quarks [28,29,43], which is corroborated
by measurements of the nuclear modification factor (RAA)
of charm and beauty hadrons [44–50], and jets containing
heavy-flavor particles [51–54].

Measurements of two-particle angular correlations using
light-flavor hadrons as trigger particles are employed by
the ALICE Collaboration [7,8,55] to study jet quench-
ing in Pb–Pb collisions. These measurements indicate a
strong suppression of the per-trigger away-side peak yield
at high associated-particle pT in central Pb–Pb collisions
compared to pp collisions. The absence of suppression on
the NS, combined with the observed suppression on the
AS, is consistent with the away-side parton experiencing
a larger average path length in the medium. An enhance-
ment of the low-pT associated-particle yield on the near
side is also observed. The ALICE Collaboration has also
measured charged-particle jets recoiling from a high-pT par-
ton [56,57], and observed a strong medium-induced enhance-
ment of recoil jets at low pT,jet in Pb–Pb collisions compared
to pp collisions. This enhancement potentially arises from the
response of the QGP medium to jets, as suggested by calcu-
lations that include such a medium response [58].

Measurements of the angular correlations using heavy-
flavor hadrons as trigger particles, and studying their peak
yield modifications, can expand the investigation of jet trans-
port and QGP dynamics in the heavy-flavor sector, allow-
ing for further exploration of the parton mass dependence
of parton–medium interactions. The PHENIX and STAR
Collaborations at RHIC conducted studies of angular cor-
relations of electrons from heavy-flavor hadron decays with
charged hadrons [59] and angular correlations of D mesons
with charged hadrons [60] in Au–Au collisions at

√
sNN =

200 GeV. Although these correlation measurements are sta-
tistically limited, they indicate modifications of the NS and

AS correlation peaks in central Au–Au collisions compared
to pp collisions, suggesting QGP effects. The CMS Collabo-
ration investigated the modification of the jet profile initiated
by beauty quarks (b jets) [54] and charm-quark diffusion
with respect to the jet axis [52]. The measurement illustrates
a redistribution of the pT of jet constituents from small to
large distances from the jet axis. A large-distance enhance-
ment is observed in Pb–Pb collisions, more pronounced for b
jets than for inclusive jets, indicating mass-dependent inter-
actions in the QGP.

This article presents a jet-like correlation measurement in
Pb–Pb collisions at LHC energies using a particle from the
heavy-flavor sector as the trigger particle. The study is based
on azimuthal-correlation distributions between electrons
from heavy-flavor hadron decays and associated charged par-
ticles in Pb–Pb collisions at

√
sNN = 5.02 TeV, conducted

using the ALICE detector. Since the electrons originate from
decays of charm and beauty hadrons, which in turn result
from the fragmentation of charm and beauty quarks, the cor-
relation measurement provides access to the study of heavy-
quark fragmentation. The correlation distributions are stud-
ied for various pT intervals of both trigger electrons and asso-
ciated charged particles to explore the pT dependence of the
correlation shapes. The results are compared with those mea-
sured in pp collisions at the same center-of-mass energy [11]
to investigate the effects of the QGP medium on the particle
distribution within the heavy-flavor jet.

The article is organized as follows. The ALICE apparatus,
its main detectors used in the analyses, and the data samples
are reported in Sect. 2. The complete analysis procedure is
described in Sect. 3. The systematic uncertainties associated
with the measurements are discussed in Sect. 4. The analysis
results are presented and discussed in Sect. 5. The article is
briefly summarized in Sect. 6.

2 Experimental apparatus and data sample

The measurement is performed with the ALICE detector at
the LHC. A complete description of the ALICE detector is
detailed in Refs. [61,62]. The central barrel of the detec-
tor is located at midrapidity (|η| < 0.9) and is embedded
within a cylindrical solenoid that produces a magnetic field
of 0.5 T parallel to the direction of the beam. The main
detectors used for this analysis are the Inner Tracking Sys-
tem (ITS), the Time Projection Chamber (TPC), the elec-
tromagnetic calorimeters (EMCal and DCal), the V0, and
the Zero Degree Calorimeters (ZDC). The ITS [63] is used
for the reconstruction of the primary vertex and charged-
particle tracking. It consists of six cylindrical layers of silicon
detectors, with the innermost two layers composed of Silicon
Pixel Detectors (SPD), the middle two made of Silicon Drift
Detectors, and the outer layers composed of Silicon Strip
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Detectors. The TPC [64] is the core of the ALICE tracking
system, providing three-dimensional information of particle
momenta as well as specific energy loss (dE /dx) measure-
ments for the purpose of charged-particle identification [65–
67]. The EMCal (|η| < 0.7 and 80◦ < ϕ < 187◦) and DCal
(0.22 < |η| < 0.7 and 260◦ < ϕ < 320◦, |η| < 0.7 and
320◦ < ϕ < 327◦) detectors [68,69] are used for electron
identification and event triggering. The EMCal and DCal
detectors will be collectively referred to as EMCal for the
remainder of this paper. The V0 system is used for centrality
estimation [70] and is composed of two scintillator arrays,
V0A and V0C, which cover the pseudorapidity ranges of
2.8 < η < 5.1 and − 3.7 < η < − 1.7, respectively. Simul-
taneous signals in both the V0A and V0C detectors define
the minimum-bias interaction (MB) trigger. The ZDC [71],
located at 112.5 m on both sides of the interaction point, are
utilized for rejecting electromagnetic interactions and beam-
induced background in Pb–Pb collisions.

The results presented in this paper are obtained from Pb–
Pb collisions at the center-of-mass energy of

√
sNN = 5.02

TeV recorded during the LHC Run 2 and selected using the
MB trigger of the 2018 run exploiting the V0 detector. Two
centrality percentile classes [72] are used: 0–10%, classified
as the most-central collision events, and 30–50%, catego-
rized as semicentral collision events. Pileup events with two
or more primary vertices are rejected via an algorithm that
detects multiple vertices reconstructed by the SPD. For the
purpose of maintaining uniform acceptance, only collisions
with a reconstructed primary vertex within ± 10 cm from
the nominal interaction point (z = 0) along the beam axis
are selected. The number of events analyzed is 41.5 × 106

(62.3 × 106) in 0–10% (30–50%) central (semicentral) Pb–
Pb collisions, corresponding to an integrated luminosity of
approximately 54 µb−1 (41 µb−1) [72], respectively.

3 Analysis procedure

The analysis is performed by evaluating the two-particle
azimuthal-correlation distributions between trigger electrons
(and positrons) from heavy-flavor hadron decays [73] and
associated charged primary particles. Particles are defined
as primary if they have a mean proper lifetime τ > 1 cm/c
and are produced directly in the collision. A particle is also
classified as primary if its parent has τ < 1 cm/c and the par-
ent originates from a decay chain arising from the collision.
Secondary particles are those that do not meet the criteria for
being classified as primaries [74]. Effects on the measured
correlation distribution, induced by the detector’s limited
acceptance and local inhomogeneities, are corrected using
an event-mixing technique. The correlation distributions are
normalized by the number of electron triggers and corrected
for the associated-particle tracking efficiency. The contam-

ination from hadrons misidentified as electrons, electrons
from background sources, as well as secondary associated
particles, is subtracted statistically from the measured distri-
butions, as discussed below. The per-trigger peak yields are
obtained after subtracting the contribution from uncorrelated
pairs, referred to as baseline. The following section details the
analysis procedure, which largely follows the procedure used
in the measurement of angular correlations of electrons from
heavy-flavor hadron decays and charged hadrons in pp and
p–Pb collisions at

√
sNN = 5.02 TeV [11]. Both positrons

and electrons from heavy-flavor hadron decays will be col-
lectively referred to as “electrons” for the remainder of this
paper.

3.1 Electron identification and associated-particle
reconstruction

Electron tracks with transverse momentum within 4 < pe
T <

16 GeV/c and within a pseudorapidity interval of |η| < 0.6
are considered. Track quality selections are applied by requir-
ing the same selection criteria as defined in Refs. [11,75],
and at least one hit in the SPD. To reject secondary elec-
trons, which are produced from interactions with the detec-
tor material or from the weak decays of long-lived parti-
cles, a distance of closest approach requirement is imposed
using the same selection as in Ref. [11]. Particle identification
is implemented by imposing a dE /dx selection on the TPC
track and via the energy deposition in the EMCal detector.
The discriminant variable for the TPC electron identification
is the number of standard deviations (nσTPC

e ) of the mea-
sured dE /dx from the expected value for electrons obtained
from the Bethe-Bloch parameterization [65]. An asymmetric
selection of − 1 < nσTPC

e < 3 is applied due to the larger
hadron background contamination in the region of negatively
valued nσTPC

e . The ratio of the energy (E) deposited in the
EMCal to the momentum (p) measured by the TPC provides
another method of electron identification. Electrons produce
an electromagnetic shower in the EMCal and deposit their
total energy E . Because of their small mass relative to their
momentum, their E/p ratio is very close to 1. The electron
identification with the EMCal is thus performed by selecting
candidates with 0.8 < E/p < 1.2. In addition, the shape of
the electromagnetic shower in the EMCal is used for elec-
tron identification and to reduce hadron contamination. The
shower shape is characterized by the eigenvalues of the dis-
persion matrix of the shower shape ellipse defined by the
energy distribution within the EMCal cluster [76,77]. A long-
axis selection of 0.02 < σ 2

long < 0.9 is used in the analysis.
Charged primary particles [74] (defined as “associated

particles”) are correlated with the trigger particle within
|η| < 0.8. The reconstruction of charged primary particles
follows the same criteria as those in Ref. [11]. Track qual-
ity selections include requirements on the minimum number
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of crossed TPC pad rows and the minimum ratio of crossed
TPC pad rows to findable clusters. Additionally, a distance of
closest approach (DCA) requirement of DCAxy < 0.5 cm in
the transverse plane and DCAz < 1.0 cm in the longitudinal
direction is imposed to reject a large fraction of secondary
particles.

The associated particles are required to have a smaller pT

than the trigger electron when selecting trigger–associated
pair candidates. This follows the same requirement used in
the pp and p–Pb analyses [11], and introduces a kinematic
bias in the pT intervals where ptrig

T and passoc
T overlap. This

bias is reproduced by simulations and model predictions.

3.2 Azimuthal-correlation distribution and mixed-event
correction

A two-dimensional correlation distribution, C(�η,�ϕ), is
evaluated as a function of the azimuthal-angle difference
(�ϕ) and the pseudorapidity difference (�η) between trig-
ger and associated particles. This distribution is computed
for trigger pT intervals 4 < pe

T < 12 GeV/c, as well
as 4 < pe

T < 7 GeV/c and 7 < pe
T < 16 GeV/c, in

each case for five associated pT intervals between 1 and 7
GeV/c: 1 < passoc

T < 2 GeV/c, 2 < passoc
T < 3 GeV/c,

3 < passoc
T < 4 GeV/c, 4 < passoc

T < 5 GeV/c, and
5 < passoc

T < 7 GeV/c. These trigger and associated pT

intervals are selected to facilitate direct comparisons to the
equivalent measurement in pp collisions [11]. In addition, the
electron pT is limited to 16 GeV/c to reduce the contribution
from W - and Z -boson decays [78,79]. The correlation distri-
butions are corrected for pair acceptance and detector inho-
mogeneities for each pT interval using a mixed-event tech-
nique as described in Ref. [80]. Equation 1 shows the mixed-
event correction procedure, where S(�η,�ϕ) represents the
two-dimensional correlation distribution after correction by

the normalized mixed-event distribution
1

β
ME(�η,�ϕ).

d2N

d�ηd�ϕ
≡ S(�η,�ϕ) = β × C(�η,�ϕ)

ME(�η,�ϕ)
(1)

The mixed-event correlation distribution, ME(�η,�ϕ),
is constructed by correlating trigger electrons with associated
charged particles from different collisions that have similar
multiplicity and primary-vertex position along the beam axis
as the events containing the electron. The resulting mixed-
event correlation distribution is characterized by a triangular
shape along the �η axis, due to the limited η coverage, and is
approximately flat in �ϕ. In the region (�η,�ϕ) ≈ (0, 0),
the trigger and associated particles cross the same detector
elements, therefore this region of the correlation distribu-
tion is not significantly affected by detector inhomogeneities.
This property is used to obtain a normalization factor, β,

for ME(�η,�ϕ). The β factor is defined as the average
number of correlated pairs within − 0.2 < �ϕ < 0.2 and
− 0.07 < �η < 0.07 in the mixed-event correlation. To
reduce the effect of statistical fluctuations, particularly at
large |�η|, the mixed-event corrected two-dimensional dis-
tribution, S(�η,�ϕ), is integrated over the pseudorapidity
range of |�η| < 1 to obtain a one-dimensional distribution
S(�ϕ).

3.3 Background subtraction

To obtain the final electron correlation distribution, two types
of background must be removed from the electron signal:
hadrons incorrectly identified as electrons, and electrons not
from heavy-flavor hadron decays. To estimate the contribu-
tion of the hadron contamination in the trigger-electron sam-
ple, a sample consisting of hadrons is obtained by applying a
selection of nσTPC

e < − 3.5 on the reconstructed tracks. The
corresponding E/p distribution from these hadrons is nor-
malized by the electron-candidate E/p in the region 0.25 <

E/p < 0.5, which is displaced sufficiently from the elec-
tron peak, in order to match the hadron contamination in the
electron-candidate E/p distribution. The normalized hadron
E/p is subtracted from the electron-candidate E/p distribu-
tion to obtain the hadron-contamination corrected E/p dis-
tribution. The number of hadrons from the normalized hadron
distribution in the region of 0.8 < E/p < 1.2 reflects the
contamination (Nhad.contam.) in the electron-candidate sam-
ple. This procedure follows a method similar to that described
in Refs. [11,81]. The average contamination is 5% (2.5%) at
pe

T = 4 GeV/c in the 0–10% (30–50%) centrality interval,
and 22% (18%) at pe

T = 16 GeV/c in the 0–10% (30–50%)
centrality interval. To remove the hadron contamination in
the �ϕ correlation distribution, an additional distribution is
obtained by selecting trigger particles with nσTPC

e < −3.5.
This hadron-triggered correlation distribution is normalized
by Nhad.contam. and subtracted from the electron-candidate
correlation distribution to obtain the hadron-contamination
corrected �ϕ distribution. The electron sample after hadron
contamination removal will be referred to as inclusive elec-
trons (Incl.e).

The resulting azimuthal-correlation distributions also con-
tain a background contribution from electrons not originating
from heavy-flavor hadrons. The signal electron sample for
this analysis originates from heavy-flavor hadron semilep-
tonic decays, which produce a single electron. The primary
sources of the background electrons in the pe

T regions stud-
ied are electron-positron (e+e−) pairs from Dalitz decays
of neutral mesons (π0 → γ e+e− and η → γ e+e−) and
photon conversions (γ → e+e−) within the detector mate-
rial. Other potential background sources of electrons such
as from kaon, light vector meson, and quarkonium decays
or from Drell-Yan processes are negligible in the pe

T inter-
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vals selected for this analysis [82]. To identify these back-
ground electrons, unlike-sign (ULS) pairs are built and their
invariant mass (me+e− ) is reconstructed using a technique
described in Refs. [75,83], resulting in a signal peak at
me+e− = 0 GeV/c2. Partner electrons are selected using simi-
lar but looser track-quality and electron-identification criteria
than those applied to the trigger tracks, in order to optimize
the efficiency of reconstructing the partner (Refs. [44,83]).
Trigger electrons are paired with a partner electron identi-
fied with the TPC selection − 3 < nσTPC

e < 3 to maximize
the selection efficiency. The invariant-mass distribution of
combinatorial electron pairs is estimated by reconstructing
like-sign electron (LS) pairs. Unlike in the equivalent anal-
ysis in pp and p–Pb collisions [11], the LS invariant-mass
distribution in Pb–Pb collisions does not perfectly match the
ULS distribution. This discrepancy arises due to a combi-
natorial effect, where for a given number of positive and
negative tracks, the number of ULS pairs (e±e∓) exceeds the
number of LS pairs (e+e+ and e−e−). For 4 < pe

T < 12
GeV/c, the LS distribution is thus scaled by a normaliza-
tion factor of 1.045 to match the ULS distribution in the
invariant-mass region 0.2 < me+e− < 0.25 GeV/c2, a region
which is sufficiently displaced from the signal peak. The cor-
responding scale factors for trigger ranges 4 < pe

T < 7
and 7 < pe

T < 16 GeV/c are 1.038 and 1.114, respec-
tively. Electrons matched with ULS and LS partners are used
to construct azimuthal-correlation distributions, S(�ϕ)ULS

and S(�ϕ)LS, respectively. Background contributions are
removed by subtracting the LS distribution from the ULS dis-
tribution, considering only electron pairs with me+e− < 0.14
GeV/c2, which captures the majority of the signal from pho-
ton conversions and Dalitz decays. The resulting distribution,
(S(�ϕ)ULS − S(�ϕ)LS), is then corrected for the partner-
finding efficiency, referred to as the tagging efficiency (εtag),
which is estimated from Monte Carlo simulations following
a similar procedure as in Refs. [83,84]. The resulting correla-
tion distribution between electrons from heavy-flavor hadron
decays and charged particles, (S(�ϕ)c,b→e), is calculated as

S(�ϕ)c,b→e = S(�ϕ)Incl.e − 1

εtag

[
S(�ϕ)ULS − S(�ϕ)LS]

.

(2)

The Monte Carlo sample used for determining the tagging
efficiency is obtained using HIJING v1.36 [85], from now
on referred to as HIJING. The particle propagation through
the ALICE apparatus is simulated using GEANT3 [86].
To improve the statistical precision of the tagging effi-
ciency, additional π0 and η mesons generated with PYTHIA
6.4.25 [87] are embedded into the simulated sample, extend-
ing their spectra to a high-pT range. For collisions in the
0–10% (30–50%) centrality interval, the tagging efficiency

is 57 ± 1% (61 ± 1%) at pe
T = 4 GeV/c, and approximately

65 ± 1% (68 ± 1%) at pe
T = 7 GeV/c. For pe

T > 8 GeV/c,
the tagging efficiency is approximately constant with a value
of 70±1% for both centrality classes. Other sources of elec-
trons, such as from J/ψ , kaon, and light vector meson (ρ, ω,
and ϕ) decays, are negligible in the pe

T ranges used in this
analysis [82].

The S(�ϕ)c,b→e distribution is corrected for detector inef-
ficiencies in reconstructing associated particles and for con-
tamination from secondary particles within the associated-
particle sample. The associated-particle reconstruction effi-
ciency for charged primary particles is obtained from simu-
lated Pb–Pb collisions produced with the HIJING [85] event
generator. In the interval 1 < passoc.

T < 7 GeV/c, for 0–10%
(30–50%) collisions, the efficiency is 82–85% (86–87%).
This simulated sample is also used to estimate the contami-
nation of secondary particles in the associated-particle sam-
ple. The secondary contamination is 2–4% (1–4%) for 0–
10% (30–50%) collisions. The efficiency for trigger-electron
reconstruction and selection is approximately constant within
the measurement interval, so no correction is needed. The
resulting azimuthal-correlation distribution is normalized by
the number of trigger electrons from heavy-flavor hadron
decays (Nc,b→e), which is obtained from the number of inclu-
sive electrons (NIncl.e) and the number of electrons ULS and
LS pairs using

Nc,b→e = NIncl.e − 1

εtag
(NULS − NLS). (3)

3.4 Baseline estimation and fit function for the
azimuthal-correlation distributions

In the high-multiplicity environment of Pb–Pb collisions, the
per-trigger normalized azimuthal-correlation distribution is
affected by a significant background contribution from par-
ticle pairs not originating from the same hard scattering pro-
cess. While this background is typically flat in �ϕ and lies
beneath the physically correlated peaks, the presence of col-
lective motion in the medium introduces an additional mod-
ulation due to the anisotropic flow of electrons from heavy-
flavor hadron decays and the flow of associated charged par-
ticles. In this situation, this contribution can be estimated by a
baseline function, which is discussed in Ref. [88] and defined
as

B(�ϕ) = b

(

1 + 2
∑

n

vc,b→e
n vassoc

n cos (n�ϕ)

)

, (4)

where b is a free parameter which determines the height
of the baseline function and reflects the magnitude of the
correlation background. The terms v

c,b→e
n and vassoc

n are
the n-th order harmonic flow coefficients of electrons from
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heavy-flavor hadron decays and charged associated parti-
cles, respectively. For this study, only the v2 and v3 flow
coefficients are considered and the higher-order flow coeffi-
cients (for n ≥ 4), accounting for a negligible contribution to
B(�ϕ), are neglected. Measurements by the ATLAS exper-
iment of the second and third flow coefficients for muons
produced from heavy-flavor hadron decays at midrapidity in
Pb–Pb collisions at

√
sNN = 5.02 TeV in the 0–10% and

30–40% centrality classes [89] are used for the v
c,b→e
2 and

v
c,b→e
3 parameters. The ATLAS v

c,b→μ
n is used in place of

v
c,b→e
n values because measurements of inclusive electrons

from heavy-flavor hadron decays are not available in the pT

and centrality intervals considered in this analysis. Flow coef-
ficients of charged particles v

ch. part.
2 and v

ch. part.
3 measured

in different Pb–Pb centrality intervals [90] at midrapidity are
utilized for vassoc

n . The measured pT spectra of muons from
heavy-flavor hadron decays [50] and charged particles [91]
are used to compute a statistically weighted average of the
vn values within the pT ranges relevant to this analysis.

The von Mises distribution approximates the circular ana-
logue of the normal distribution and is used in directional
statistics to model the distribution of periodic data [92]. For
this reason, it is employed in similar analyses of pp and p–
Pb collisions to characterize the NS and AS peaks [11]. The
following fit function is applied to the fully-corrected per-
trigger correlation distribution,

f (�ϕ) = B(�ϕ) + AeκNScos(�ϕ)

2π I0(κNS)
. (5)

Equation 5 is composed of a von Mises function to
describe the NS peak, combined with the baseline function
B(�ϕ) from Eq. 4, which accounts for the uncorrelated back-
ground and flow contributions. For the von Mises function,
the mean is fixed at �ϕ = 0 to characterize the NS peak.
The vn values in B(�ϕ) are fixed, while the other parame-
ters are left free. The κNS term quantifies the concentration
of the NS peak, where 1/κNS corresponds to the variance σ 2

for a circular distribution. I0 denotes the zeroth-order mod-
ified Bessel function evaluated at κNS, and A represents the
integral of the NS peak.

For some passoc
T intervals in both centrality classes, no AS

peak is observed. When an AS peak is evident, its shape is
not consistently described by a von Mises distribution. Due
to this pT-dependent behavior and to ensure a stable fit for
determining the baseline position, the correlation distribution
is fitted with Eq. 5 in the transverse region and the NS peak
region, excluding the AS peak range 1.96 < �ϕ < 4.3 rad.
The baseline function position is then determined from this
fit procedure for all passoc

T intervals. After subtracting the
baseline, the per-trigger yields are obtained by integrating

the distribution within the NS and AS peak regions in �ϕ,
as detailed in Sect. 5.

4 Systematic uncertainties

The �ϕ correlation distribution and the resulting NS and AS
per-trigger yield observables are subject to systematic uncer-
tainties related to the analysis procedure. These uncertainties
originate from the electron-track selection process, electron
identification and subtraction of the hadron contamination,
the background-electron subtraction, the associated-particle
efficiency correction, the mixed-event correction procedure,
and the baseline estimation on the correlation distribution.
Each of these uncertainty sources is estimated separately by
varying the selection criteria or by introducing an alterna-
tive approach to estimate a specific quantity. The systematic
uncertainty is evaluated by examining the ratio of the cor-
relation distribution or the per-trigger yield obtained from
each variation to that from the nominal configuration. The
systematic uncertainties on the correlation distribution from
the associated-particle efficiency and the mixed-event correc-
tion are considered correlated since their source contribution
varies by the same amount within �ϕ, while all other sources
are considered uncorrelated due to the uncertainty varying as
a function of �ϕ.

The evaluation of each systematic uncertainty is per-
formed separately for each trigger- and associated-pT inter-
val, and for each centrality interval. A summary of the sys-
tematic uncertainties affecting the correlation distribution,
the NS and the AS peaks, for 4 < pe

T < 12 GeV/c, are
reported in Tables 1 and 2 for the 0–10% and 30–50% cen-
trality classes. Correlated and uncorrelated uncertainties in
�ϕ are separated in Table 1. The total uncertainty is reported
for the per-trigger peak yields in this table. Table 2 reports
the baseline pedestal value (b) obtained from the nominal
baseline determination method (Eq. 5) for each passoc

T inter-
val, along with the corresponding absolute systematic uncer-
tainties estimated from variations in the baseline determina-
tion. The NS and AS peak yields and their absolute system-
atic uncertainties arising solely from baseline estimation, are
reported for both centrality classes in this table.

To estimate the uncertainty due to potential biases intro-
duced by the electron-candidate track-quality selection, the
same type of quality selection criteria to what is reported in
Ref. [75] are varied, in particular, requirements on the number
of crossed TPC pad rows, the number of crossed rows over
findable clusters. The number of crossed rows requirement
is varied by ±10 from the nominal value, and the number of
crossed rows over findable clusters is varied by± 0.1 from the
nominal value. For the 0–10% (30–50%) centrality interval,
there is an estimated 5% (2%) uncertainty on the correlation
distribution in the trigger interval of 4 < pe

T < 12 GeV/c.
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Table 1 Systematic uncertainties from various sources (excluding
baseline estimation) on the azimuthal-correlation distribution, as well
as NS and AS peak yields, are reported for 4 < pe

T < 12 GeV/c in

0–10% (30–50%) central Pb–Pb collisions. Total uncertainties from
�ϕ-correlated and uncorrelated sources on the correlation distribution
are provided separately

Source �ϕ distribution NS yield AS yield

Electron-track selection 5% (2%) 5% (2%) 5% (3%)

Electron identification 3% (1%) 3% (2%) 4% (2%)

Background electron 5% (3%) 5% (3%) 5% (4%)

Associated particle selection 5% (3%) 5% (3%) 5% (3%)

Mixed-event correction 2% (2%) 2% (2%) 2% (2%)

Total (correlated sources) 5.4% (3.6%)

Total (uncorrelated sources) < 7.7% (< 3.7%)

Total 9.4% (7.1%) 9.7% (7.6%)

Table 2 Estimate of the pedestal value (b) of the azimuthal-correlation
distributions together with its absolute systematic uncertainty in the
interval 4 < pe

T < 12 GeV/c in Pb–Pb collisions in the 0–10% and

30–50% centrality classes. The NS and AS associated peak yields are
also reported together the absolute systematic uncertainty due to the
baseline estimation

passoc
T (GeV/c) b (rad−1) NS yield AS yield

0–10% centrality class

1–2 103.0 ± 0.065 0.953 ± 0.154 0.765 ± 0.206

2–3 15.37 ± 0.025 0.412 ± 0.039 0.155 ± 0.078

3–4 2.429 ± 0.010 0.134 ± 0.016 0.035 ± 0.033

4–5 0.357 ± 0.003 0.042 ± 0.004 0.010 ± 0.010

5–7 0.061 ± 0.002 0.027 ± 0.002 0.005 ± 0.005

30–50% centrality class

1–2 24.28 ± 0.037 0.608 ± 0.087 0.006 ± 0.115

2–3 3.756 ± 0.014 0.277 ± 0.022 0.162 ± 0.043

3–4 0.685 ± 0.006 0.116 ± 0.009 0.023 ± 0.018

4–5 0.118 ± 0.003 0.042 ± 0.003 0.018 ± 0.008

5–7 0.023 ± 0.001 0.027 ± 0.002 0.017 ± 0.004

The systematic uncertainty for the electron-track selection
is estimated to be within 5% (2%) for the NS peak yields,
and 5% (3%) for the AS peak yields in the 0–10% (30–50%)
centrality classes.

The uncertainty on the estimation of the hadron contam-
ination affecting the purity of the electron sample, and on
the stability of the electron-identification criteria, and their
impact on the correlation distribution is estimated by vary-
ing the identification criteria on the TPC and EMCal signals,
i.e., of nσTPC

e , E/p, and σ 2
long. A full background subtrac-

tion procedure is performed for each variation. The variations
in the selection criteria result in a change of electron purity
and efficiency of 3% and 10%, respectively. The total uncer-
tainty determined from these sources is 3% (1%) for the �ϕ

distribution, 3% (2%) for the NS peak yields, and 4% (2%)
for the AS peak yields in the 0–10% (30–50%) centrality
class.

The background-electron contribution from photon con-
version and Dalitz decays is estimated via the invariant-mass
method. A systematic uncertainty estimation on such a cor-

rection is performed by varying the selection of the partner
electron tracks, such as the minimum pT of the partner elec-
tron (±0.1 GeV/c from the nominal value of 0.3 GeV/c, the
track-quality selection [75], and the invariant-mass threshold
of the electron-positron pairs (10 MeV/c2 around the nomi-
nal value of 140 MeV/c2). These variations primarily affect
the tagging efficiency, which varies by 20% (17%) in the 0–
10% (30–50%) centrality class. The systematic uncertainty
is 5% (3%) for the �ϕ distribution, 5% (3%) for the NS peak
yields, and 5% (4%) for the AS peak yields, for 4 < pe

T < 12
GeV/c in 0–10% (30–50%) centrality class, respectively.

The uncertainty resulting from the track-selection crite-
ria applied to the associated charged particles is estimated
by varying the number of TPC crossed pad rows (± 10),
the number of crossed rows over findable clusters (± 0.1),
and the η requirement (± 0.1) from the nominal value. This
uncertainty is considered correlated in �ϕ. Uncertainty val-
ues of 5% (3%) for both the distribution and peak yields are
obtained for 4 < pe

T < 12 GeV/c interval for the 0–10%
(30–50%) centrality class.
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To estimate the uncertainty due to the mixed-event cor-
rection, the criteria used for normalizing the mixed-event
distributions are varied by slightly changing the multiplic-
ity and z-vertex selection pools. As an additional systematic
check, the mixed-event normalization factor β (see Eq. 1)
is obtained considering the integrated distribution yield over
the full �ϕ range for |�η| < 0.01. A correlated uncertainty
of 2% is estimated for the �ϕ distribution as well as for
the NS and AS peak yields in both centrality classes in the
4 < pe

T < 12 GeV/c interval.
The largest source of systematic uncertainty arises from

evaluating the baseline function, which depends on the value
of b and the uncertainties on the measured vn values in Eq. 4.
Two methods are used to estimate the systematic uncertainty
of the baseline pedestal (b) position. First, the fit uncertainty
of the b parameter (σb) from Eq. 5 is used to define two
baseline variations by adjusting the b parameter from its cen-
tral value to b ± σb. The second method involves fitting the
correlation distribution with the baseline function, Eq. 4, in
three transverse regions: −π/2 < �ϕ < − 1.18 rad (left),
|�ϕ − π/2| < 0.4 rad (middle), and 4.3 < �ϕ < 3π/2 rad
(right), excluding the NS and AS peak regions. The aver-
age b parameter from these three fits is then calculated. Fur-
thermore, the definitions of the transverse regions are varied
for additional systematic checks, and the corresponding b
parameters are obtained. An additional systematic check is
conducted to assess whether the uncertainties in the vn mea-
surement affects the baseline and peak yields. This is done
by varying vn by ±σvn , where σvn represents the combined
statistical and systematic uncertainties of the measured val-
ues. It is found that the uncertainty due to σvn is negligible
compared to the uncertainty on the pedestal b. The over-
all systematic uncertainty is calculated by taking the dif-
ference between the largest and smallest of the considered
baseline variations. The uncertainty from the baseline esti-
mation on the correlation distribution is reported as an abso-
lute value, affecting all �ϕ bins equally. Unlike other uncer-
tainties in the measurement, the baseline uncertainty does
not intrinsically alter the overall correlation distribution but
shifts the yield within a given uncertainty. Therefore, when
plotting the NS and AS peak yields, the uncertainty from
the baseline estimation is presented separately from other
sources.

The above systematic estimation procedures are repeated
to estimate the systematic uncertainties from the above men-
tioned sources on the correlation distribution, NS and AS
yields for 4 < pe

T < 7 GeV/c and 7 < pe
T < 16 GeV/c. The

uncertainty values are found to be similar to those obtained
for 4 < pe

T < 12 GeV/c.

5 Results

The azimuthal-correlation distributions between electrons
from heavy-flavor hadron decays and charged particles in
0–10% and 30–50% Pb–Pb collisions at

√
sNN = 5.02 TeV

are presented for different trigger electron and associated
charged-particle pT intervals. The baseline subtracted cor-
relation distributions in Pb–Pb collisions are compared to
those from pp collisions. The per-trigger associated yields
(Y�ϕ = N assoc/N (c,b)→e) on the NS and AS of the correla-
tion distributions are obtained by integrating the peaks in a
specific �ϕ region as detailed in Sect. 5.2, and are compared
to those in pp collisions. The per-trigger yields from the two
collision systems are used to calculate the per-trigger nuclear
modification factor (IAA). The IAA is defined as the ratio of
the per-trigger associated yield in Pb–Pb (Y Pb−Pb

�ϕ ) over the

per-trigger yield in pp (Y pp
�ϕ) [7,8,55],

IAA = Y Pb−Pb
�ϕ

Y pp
�ϕ

, (6)

obtained in the �ϕ interval corresponding to the correlation
peak for Pb–Pb and pp, respectively. The resulting IAA are
compared to those measured from correlations triggered by
inclusive charged hadrons and K0

S mesons to study the fla-
vor dependence of the modification of the associated-particle
yields.

5.1 �ϕ distributions

Figure 1 shows the azimuthal-correlation distributions
between trigger electrons in the interval 4 < pe

T <

12 GeV/c and associated particles in different pT intervals,
with the fit function defined in Eq. 5, measured in Pb–Pb col-
lisions in 0–10% (top panels) and 30–50% (bottom panels)
centrality intervals. The remaining pT intervals are shown in
Appendix A. The correlated systematic uncertainties, from
the associated-particle selection and mixed-event correction,
are reported in the legend for each passoc

T interval. The �ϕ-
correlated uncertainty on the baseline is shown as dotted
curves.

The baseline contribution, which depends on the charged-
particle multiplicity, is higher in 0–10% central events com-
pared to 30–50% central events, with its value decreasing
with increasing passoc

T in both centrality intervals. A sig-
nificantly large vn contribution dominates the AS peak at
low passoc

T . For both collision centrality classes, the NS peak
height decreases and its width narrows as passoc

T increases.
To study the impact of the QGP medium on the NS and

AS peaks of the �ϕ-correlation distribution, the baseline-
subtracted distributions in Pb–Pb collisions for 0–10% and
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Fig. 1 Azimuthal-correlation distributions of electrons from heavy-
flavor hadron decays and charged particles before baseline subtraction
for 4 < pe

T < 12 GeV/c and different associated pT intervals, for the
central (0–10%, top panels) and semicentral (30–50%, bottom panels)
Pb–Pb collisions at

√
sNN = 5.02 TeV. The distributions are fitted with

a von Mises function to describe the NS peak (solid gray line) and a
baseline function which includes a constant term and vn modulations
(solid black curve). The statistical (uncorrelated systematic) uncertain-
ties are shown as vertical lines (filled boxes). The uncertainties on the
baseline are shown with a red band

30–50% centrality classes are compared to those obtained
in pp collisions [11]. The comparison is performed for 4 <

pe
T < 12 GeV/c and for different passoc

T intervals, as shown
in Fig. 2 for the 0–10% centrality class and Fig. 3 for the 30–
50% centrality class. The shape of the NS peaks for 0–10%
central Pb–Pb collisions follows a similar trend to that of pp
collisions within the statistical and systematic uncertainties,
such that the peak narrows as a function of passoc

T . Concur-
rently, the AS peak tends towards a suppression compared to
pp collisions for passoc

T > 3 GeV/c. For Pb–Pb collisions in
the 30–50% centrality class, the NS peak shapes are consis-
tent with those of pp collisions for all passoc

T . However, the
AS peaks in semicentral Pb–Pb collisions tend to be lower
than in pp collisions within large statistical uncertainties. The
differences between the peaks are further quantified by the
IAA, as discussed below. The observed modifications on the
AS of the �ϕ distributions in Pb–Pb collisions potentially
indicate the presence of interactions between the medium
and the parton recoiling from the heavy quark, as well as the
related shower [7,59,93,94].

5.2 Per-trigger associated-particle yield and per-trigger
nuclear modification factor

To perform a quantitative comparison of the correlation peaks
between pp and Pb–Pb collisions, the per-trigger associated
yields on the NS and AS peaks are evaluated as a function
of passoc

T for 4 < pe
T < 12 GeV/c, as shown in Fig. 4 for

both collision centrality classes. The yields are obtained by
integrating the baseline-subtracted correlation distributions
in the ±3σ region from the center of the NS and AS peak
regions along �ϕ, where σ is taken from the pp peak width
value estimated from PYTHIA and obtained from the study in
Ref. [11]. The σNS values used in this analysis (as a function
of increasing passoc

T ) are: σNS = 0.33, 0.25, 0.2, 0.175, 0.15.
Due to the size of the uncertainty in the pp AS width mea-
surement, the AS per-trigger yields were determined by inte-
grating the correlation distribution in a fixed region of ±3σAS

(with σAS = 0.5). The integration regions for the peak yields
are shown in Figs. 2 and 3. This integration region is the
same for distributions from both Pb–Pb and pp collisions.
The systematic uncertainty on the yield due to the baseline
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Fig. 2 Comparison of the azimuthal-correlation distributions of elec-
trons from heavy-flavor hadron decays and charged particles measured
in the 0–10% centrality class Pb–Pb collisions and in pp collisions [11],
after the baseline subtraction, for 4 < pe

T < 12 GeV/c and different
associated pT intervals. The statistical (uncorrelated systematic) uncer-

tainties are shown as vertical lines (filled boxes). The uncertainties on
the baseline estimation are shown as solid boxes at �ϕ ∼ − 2 and 5
rad. The shaded gray area corresponds to the integrated regions in �ϕ

to obtain the NS and AS yield

estimation is presented separately (empty box) from other
sources (solid box).

The NS and AS yields are observed to decrease with
increasing passoc

T in pp, p–Pb [11], and Pb–Pb collision sys-
tems. This trend can be understood in terms of the relatively
large momentum fraction carried by the heavy-flavor hadron
in the fragmentation process, which leaves less energy avail-
able for additional particles and thus leads to associated par-
ticles being produced predominantly at low pT. The AS Pb–
Pb yield in several passoc

T intervals is consistent with zero
within one standard deviation, accounting for statistical and
systematic uncertainties combined in quadrature. This may
be due to a strong suppression from in-medium energy loss.
In these intervals, upper limits of the yield value at 68% and
95% confidence levels are evaluated and are represented with
arrows.

The ratios of the per-trigger associated NS and AS yields
in Pb–Pb to pp collisions are calculated in each kinematic
interval to obtain the per-trigger nuclear modification fac-
tors, IAA. The IAA observable is sensitive to changes in
the heavy-quark fragmentation function and thus provides
a quantifiable measure of the QGP medium’s influence on
the jet relative to the vacuum. The modification of the jet
which contains the heavy quark is described by the NS IAA,
whereas the modification of the recoil jet is described by the
AS IAA. The IAA of associated yields on the NS and AS for
both collision centrality classes are shown as a function of
passoc

T for 4 < pe
T < 12 GeV/c in Fig. 5. For the kinematic

intervals showing AS yields consistent with zero within one
standard deviation of total uncertainties, the related IAA are
also reported as upper limits for 68% and 95% confidence
levels, and shown with an arrow.
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Fig. 3 Comparison of the azimuthal-correlation distributions of elec-
trons from heavy-flavor hadron decays and charged particles measured
in the 30–50% centrality class Pb–Pb collisions and in pp collisions [11],
after the baseline subtraction, for 4 < pe

T < 12 GeV/c and different
associated pT intervals. The statistical (uncorrelated systematic) uncer-

tainties are shown as vertical lines (filled boxes). The uncertainties on
the baseline estimation are shown as solid boxes at �ϕ ∼ − 2 and 5
rad. The shaded gray area corresponds to the integrated regions in �ϕ

to obtain the NS and AS yield

In 0–10% central Pb–Pb collisions, the IAA on the NS
shows a slight hint of an increase at passoc

T < 3 GeV/c, albeit
with a significance of only 1.27σ for 1 < passoc

T < 3 GeV/c,
considering the statistical, systematic, and baseline uncer-
tainties combined in quadrature. There are multiple possi-
ble interplaying mechanisms that would cause an enhance-
ment, such as kT broadening, medium excitation, or possi-
ble fragments from radiated gluons [93,95–98]. At higher
passoc

T , the IAA is consistent with unity. On the AS, the IAA

shows a passoc
T dependence, with values consistent with unity

at low passoc
T . These values decrease to approximately 0.5 for

passoc
T > 4 GeV/c, indicating a suppression in the higher
pT interval, with a significance of 2.5σ below unity for
pT > 4 GeV/c. The larger suppression of the AS IAA relative
to the NS IAA is expected due to a trigger bias in the selec-
tion. Electrons that satisfy the trigger requirements predom-

inantly originate from quarks produced near the surface of
the QGP, which are subject to small quenching effects. Con-
sequently, the AS parton traverses, on average, a larger path
length through the medium than the NS parton, and there-
fore experiences a greater energy loss. The suppression of the
away-side IAA follows a similar behavior to what is observed
in D0-tagged jets measured in Pb–Pb collisions [99], where
the RAA of the D0 jet displays a strong suppression of the
jet production, indicative of the medium-induced energy loss
reducing the production of jet particles. In semicentral Pb–
Pb collisions, the NS IAA is consistent with unity for all
passoc

T intervals of the measurement while the AS IAA is com-
patible with unity for passoc

T < 3 GeV/c and shows values
lower than unity for passoc

T > 3 GeV/c, albeit with large
— uncertainties.
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Fig. 4 Per-trigger associated yields of the NS (left) and AS (right)
peaks for 4 < pe

T < 12 GeV/c as a function of passoc
T in Pb–Pb collision

centrality classes 0–10% and 30–50%, compared to those obtained from
minimum-bias pp collisions. The statistical (systematic) uncertainties
are shown as vertical lines (empty boxes). In some passoc

T intervals,

the AS yield is consistent with zero within one standard deviation of
statistical and systematic uncertainties added in quadrature. For those
intervals, upper limits on the yields for 68% and 95% confidence levels
are evaluated, and are shown with arrows and boxes, respectively

Fig. 5 Per-trigger nuclear modification factor (IAA) of NS (left) and
AS (right) associated yields, for electrons from heavy-flavor hadron
decays in the interval 4 < pe

T < 12 GeV/c as a function of passoc
T in

Pb–Pb collisions of centrality classes 0–10% and 30–50%. The statisti-
cal (systematic) uncertainties are shown as vertical lines (empty boxes).

In some passoc
T intervals the AS yield is consistent with zero within one

standard deviation of total uncertainty. For those intervals, upper limits
on the IAA for 68% and 95% confidence levels are shown with arrows
and boxes, respectively

5.3 Dependence of the correlation distributions on the
trigger-electron pT

In pp and p–Pb collisions, the azimuthal-correlation distribu-
tions were also measured for two independent trigger electron
pT intervals, 4 < pe

T < 7 GeV/c and 7 < pe
T < 16 GeV/c, to

study the dependence on the quark flavor (charm and beauty)
from which the trigger electron originates [11]. The fractions
of electrons produced by charm- and beauty-hadron decays
have a strong pT dependence, and the beauty contribution
is expected to dominate in the higher pT interval [100,101].

In pp collisions the electrons from beauty-hadron decays at
pe

T = 4 GeV/c account for about 40% of the total elec-
tron yield, increasing to 60–70% for pe

T > 8 GeV/c. It is
observed that the per-trigger associated yield is larger for
the higher pe

T interval, by about 30% at low passoc
T and by

about a factor of 10 in the highest passoc
T interval, for both

pp and p–Pb collisions [11]. By comparing the measurement
to PYTHIA Monte Carlo simulations, this behavior is under-
stood to result from heavy quarks of higher energy producing
higher-pT electrons in tandem with a greater number of asso-
ciated fragmentation particles.
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Fig. 6 Per-trigger NS (left) and AS (right) associated peak yields for
electrons from heavy-flavor hadron decays in the intervals 4 < pe

T <

7 GeV/c and 7 < pe
T < 16 GeV/c as a function of passoc

T in central
Pb–Pb collisions, compared to measurements in pp collisions [11]. The
statistical (systematic) uncertainties are shown as vertical lines (empty

boxes). In some passoc
T intervals the AS yield is consistent with zero

within one standard deviation of total uncertainties. For those intervals,
upper limits on the yields for 68% and 95% confidence levels are shown
with arrows and boxes, respectively

In Pb–Pb collisions, the presence of a QGP induces par-
tonic energy loss, as indicated by the nuclear modifica-
tion factor (RAA), which depends on the parton momentum
and mass. The RAA of electrons from heavy-flavor hadron
decays [75] is approximately ∼ 0.35 within the pe

T interval
of 4 − 16 GeV/c, with a trend indicating an increasing RAA

value towards higher pe
T. The RAA of particles from beauty-

hadron decays is observed to be larger than that of charm
hadrons [48–50]. The dependence of the modification of the
per-trigger associated-particle production on partonic mass
and initial parton energy in the presence of QGP can be stud-
ied by measuring the correlation distributions of electrons
from heavy-flavor hadron decays and charged particles, and
their peak yields for different pe

T intervals. Figure 6 shows the
comparisons of the NS and AS yields for the two pe

T intervals
4 < pe

T < 7 GeV/c and 7 < pe
T < 16 GeV/c in 0–10% cen-

tral Pb–Pb collisions, compared with those obtained for pp
collisions. The per-trigger NS and AS yields are systemati-
cally higher for the 7 < pe

T < 16 GeV/c interval compared
to the values obtained for 4 < pe

T < 7 GeV/c, similar to the
observations in pp and p–Pb collisions [11]. This is expected
in Pb–Pb collisions as well, as more energetic heavy quarks
produce higher-pT electrons and a greater number of accom-
panying particles from the quark fragmentation.

Figure 7 shows the corresponding per-trigger nuclear
modification factors IAA for the two pe

T intervals. The AS
IAA for the 7 < pe

T < 16 GeV/c interval exhibits smaller
uncertainties compared to the 4 < pe

T < 7 GeV/c interval
and shows a suppression at > 4 GeV/c with a significance of
2.7σ . Overall, the IAA values for the two pe

T intervals are con-
sistent within statistical and systematic uncertainties on both
the NS and AS. This indicates that, within the current uncer-

tainties, the modification of the parton shower producing the
associated-particle yield does not significantly depend on the
energy and mass of the jet-initiating parton.

5.4 Comparison of the per-trigger nuclear modification
factor to that of light-flavor trigger particles

The comparison of the RAA of light-flavor, charm, and
beauty hadrons shows a mass-dependent ordering in the low-
and intermediate-pT regions [48,102]. Pions have the low-
est RAA, followed by charm hadrons, with beauty hadrons
exhibiting the largest RAA values. This indicates a mass-
dependent partonic interaction in the QGP. Comparing the
IAA of the correlation peak yields from trigger particles with
different light-flavor quark content provides insight into the
initiating-parton mass and color-charge dependence of the
QGP-induced modification of associated-particle yields.

The NS and AS IAA of associated peak yields from
angular-correlation distributions of electrons from heavy-
flavor hadron decays and charged hadrons are compared
with those of dihadron [55], and K0

S charged-hadron cor-
relations [55], as shown in Fig. 8. The trigger pT intervals
used for the comparison are 7 < pe

T < 16 GeV/c for
electrons (where electrons from beauty-hadron decays dom-
inate), 8 < ptrig

T < 16 GeV/c for dihadron (with a large com-
ponent of charged hadrons being pions) and K0

S-hadron cor-
relations. The IAA of dihadron and K0

S charged-hadron corre-
lations shows an enhancement of low-pT associated particles
on the NS, and IAA consistent with unity observed for high-
pT associated particles. On the AS, the associated charged-
hadron yield in Pb–Pb collisions is suppressed relative to pp
collisions at passoc

T > 4 GeV/c, but an enhancement increas-
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Fig. 7 Per-trigger nuclear modification factor (IAA) of the NS (left)
and AS (right) associated peak yields for electrons from heavy-flavor
hadron decays in intervals 4 < pe

T < 7 GeV/c compared to 7 < pe
T <

16 GeV/c as a function of passoc
T in central Pb–Pb collisions. The statisti-

cal (systematic) uncertainties are shown as vertical lines (empty boxes).

In some passoc
T intervals the AS yield is consistent with zero within one

standard deviation of total uncertainty. For those intervals, upper limits
on the IAA for 68% and 95% confidence levels are shown with arrows
and boxes, respectively

Fig. 8 IAA of NS (left) and AS (right) associated peak yield from correlation distributions of electron from heavy-flavor hadron decays as the
trigger particle (7 < pe

T < 16 GeV/c) compared with that of charged hadrons and K0
S as trigger particles (8 < ptrig

T < 16 GeV/c [55])

ing with decreasing transverse momentum is observed at low
passoc

T [55]. The IAA values of NS and AS yields for electron
triggers from heavy-flavor hadron decays are consistent with
those for light-flavor and strange-particle triggers given the
current uncertainties. This indicates no mass dependence on
the modification of the associated yield. However, it should
be noted that the parton-to-hadron pT scaling differs between
heavy-flavor and light-flavor quarks, thus the correspond-
ing parton pT intervals may not be the same. Additionally,
the kinematic differences between the electrons from heavy-
flavor hadron decays and K0

S or charged hadrons – arising
from the decay kinematics of heavy-flavor hadrons – should
also be taken into account, along with the additional tracks
from these decays that contribute to the NS peak.

6 Summary

Jet-like azimuthal correlations between electrons from heavy-
flavor hadron decays and charged particles in Pb–Pb colli-
sions at

√
sNN = 5.02 TeV are measured for the 0–10%

and 30–50% centrality classes. Correlation distributions are
obtained for trigger electrons with 4 < pe

T < 12 GeV/c and
associated charged particles in several pT intervals from 1
to 7 GeV/c. The results are compared to pp collisions [11],
and the per-trigger near-side (NS) and away-side (AS) peak
yields are used to compute the per-trigger nuclear modifica-
tion factor (IAA), which can provide insight into heavy-quark
transport in the QGP.

The per-trigger yields are obtained for trigger electrons in
4 < pe

T < 7 GeV/c and 7 < pe
T < 16 GeV/c in 0–10%
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central collisions in order to investigate the parton mass and
jet-energy dependence. Similar to pp results, trigger electrons
with larger pe

T yield more associated particles in all the passoc
T

intervals of the measurement in both the NS and AS peaks.
The NS and AS IAA values overlap within uncertainties for
both pe

T intervals, suggesting only a weak dependence on
jet energy and the initiating parton mass in this kinematic
regime.

In 0–10% central collisions, the NS IAA suggests a pos-
sible enhancement at low passoc

T , though with limited sig-
nificance (1.27σ ), possibly indicating medium excitation or
additional gluon radiation by the propagating high-pT parton
in the QGP. At passoc

T > 3 GeV/c, the NS IAA is consistent
with unity. The AS peak IAA is consistent with unity at low
passoc

T but shows a suppression with a 2.5σ significance at
higher passoc

T , likely due to path-length-dependent jet energy
loss and medium-induced parton shower modifications.

The IAA of charged particles correlated with electrons
from heavy-flavor hadron decays for 7 < pe

T < 16 GeV/c is
also compared with dihadron and K0

S correlations [55]. The
IAA for electron-triggered correlations is consistent, within
uncertainties, with the dihadron and K0

S results at low asso-
ciated transverse momentum, passoc

T < 3 GeV/c, suggesting
a similar low-pT enhancement. All measurements show an
AS suppression at high passoc

T (> 4 GeV/c). The consis-
tency of IAA across different triggers suggests no clear quark
mass dependence given the uncertainties, though variations
in parton-to-hadron pT scaling and the additional decay step
for the electron from heavy-flavor hadrons could introduce
kinematic differences.

These results indicate medium-induced modifications to
heavy-flavor jet fragmentation in Pb–Pb collisions, with indi-
cations of an increased yield of low-pT associated particles
on the near-side compared to pp collisions. The away-side
suppression of high-pT particles indicates parton energy loss
from the recoiling jet to the heavy-flavor jet. Theoretical
modeling could further clarify the mechanisms governing
heavy-quark propagation in the QGP. During the LHC Run
3, the upgraded ALICE detector [103] is estimated to collect
more than an order of magnitude larger Pb–Pb data samples
compared to Run 2, which is expected to reduce uncertain-
ties. This will also allow correlation measurements with D
mesons and other charm hadron triggers, which will enable a
more precise understanding of the heavy-flavor jet-medium
interaction in high-energy heavy-ion collisions.
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tral Pb–Pb collisions before background subtraction. The distributions

are shown in the trigger range of 4 < pe
T < 12 GeV/c and all passoc

T
intervals, where 1 − 2, 2 − 3, and 5 − 7 GeV/c are shown in Fig. 1
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