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Longitudinal momentum fraction of heavy-flavor mesons in jets in high-energy nuclear collisions
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Heavy-flavor jets are powerful tools to gain insight into the in-medium partonic energy-loss mechanisms and
the quark-gluon plasma’s (QGP) transport properties in high-energy nuclear collisions. In this work we present
the first theoretical study of the longitudinal momentum fraction z|| carried by heavy-flavor mesons in jets in
Pb+Pb collisions at

√
sNN = 5.02 TeV. The p+p baseline is provided by POWHEG+pYTHIA8, which matches

the next-to-leading-order hard processes with the parton shower. We employ a Monte Carlo transport model,
which considers the collisional and radiative partonic energy loss, to simulate the evolution of heavy-flavor jets
in the expanding QGP medium. We observe steeper z|| distributions of B0 jets compared to those of D0 jets at
the same kinematics region in p+p collisions, which may be a hint of the harder jet fragmentation function of b
jets compared to c jets in vacuum. In A+A collisions, it is shown that the jet quenching effect would generally
decrease the values of z||. We have made a systematical study on how several factors, including jet pT, jet radius
R, and collision centrality, would influence the medium modification of z|| distributions of a D0 jet. In addition,
we predict visibly stronger nuclear modifications of B0-jet z|| distributions compared to a D0 jet within the same
pT windows as a result of the much steeper initial z|| distribution of the B0 jet in vacuum.

DOI: 10.1103/PhysRevC.108.024905

I. INTRODUCTION

High-energy nucleus-nucleus collisions at the Large
Hadron Collider (LHC) and the Relativistic Heavy Ion
Collider (RHIC) provide a unique chance to explore the
deconfined nuclear matter, the quark-gluon plasma (QGP),
which was predicted to be created at the extreme condi-
tion with high temperature and high energy density [1,2].
The properties of QGP are closely related to the nature of
the QCD phase transition and the early cosmic evolution.
Therefore they are of fundamental interest to nuclear physics.
The energetic parton produced at the initial hard processes
may strongly interact with the thermal parton and lose part
of its energy when traversing the QGP, referred to as the
“jet quenching” phenomenon [3–6]. These hard probes are
practical tools to gain insight into the properties of QGP.
Based on this strategy, a lot of theoretical [7–15] and ex-
perimental [16–21] efforts have been made to investigate the
critical properties of the hot and dense nuclear matter in past
decades.
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Heavy flavors are recognized as one of the most promis-
ing hard probes for jet-medium interactions in high-energy
nuclear collisions [22–24]. Due to their large masses, heavy
quarks are believed to be created at the early stage of the hard
QCD scattering and therefore witness the bulk medium evolu-
tion from the formation of the QGP phase to freeze-out. Nu-
merous experimental investigations have been implemented
to address the characteristics of in-medium heavy quark in-
teractions, including the suppression factor RAA [25–30] and
collective flow vn [31–33] of heavy-flavor mesons, as well
as the angular correlations between heavy-flavor hadrons and
jets [34], which provide reliable and powerful constraints to
the theoretical models [35–47]. With the help of the available
experimental data, one can get a deep insight into the trans-
port properties and the in-medium interaction mechanisms
of heavy quarks. The radial profile of D0 mesons in jets in
Pb+Pb collisions has drawn widespread attention both in ex-
periment [34] and theory [48,49], which reveals the diffusion
nature of charm quarks relative to the jet axis due to the
interaction with the thermal parton. The ALICE Collaboration
recently measured the longitudinal momentum fraction (z||)
distributions of D0 mesons in jets in p+p collisions at 5.02
TeV [50]. For several reasons, it is interesting to conduct a the-
oretical investigation on the z|| distribution of heavy-flavor jets
in p+p and A+A collisions. First, since heavy-flavor jets with
large z|| are usually initiated by heavy quarks, the distribution
of z|| offers a different sensitivity to study heavy quark pro-
duction mechanisms and the contribution from higher-order
processes (flavor excitation and gluon splitting). Second,
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because z|| distributions are closely related to the fragmen-
tation functions (FFs) of heavy-flavor jets [51–54], which are
usually assumed to be universal and can be constrained by
the experimental data, it will be essential to study the medium
modification of z|| in the QGP. Third, compared to the RAA

of a heavy-flavor hadron, the observable of heavy-flavor jets
can provide more powerful leverages to study parton energy
loss, such as altering the jet radius R, varying the transverse
momenta of a jet and its constituents, as well as choosing
different jet reconstruction procedures. Different jets R reveal
the energy distribution of heavy-flavor jets around the jet
axis, while different pjet

T internals reveal the sensitivity of the
jet substructure on the kinematic region. By comparing the
medium modification of z|| for different jet sizes R, one can
get insight into how the lost energy is radiated and dissipated
in the medium. Fourth, due to the “dead-cone” effect [55],
the medium-induced gluon radiation of heavy quarks is sup-
pressed at a small cone θ < MQ/E , which leads to a smaller
energy loss of heavy quarks relative to that of the massless
light partons. Since z|| characterizes the fraction of longitudi-
nal momentum carried by heavy quarks in jets, the medium
modification of z|| can reflect the competition of energy loss
between heavy quarks and the other light partons inside jets
simultaneously. Furthermore, the medium modification of z||
in A+A collisions should be influenced by several factors,
such as the initial distribution, in-medium energy loss, and
the fragmentation functions of heavy quarks. Even though
charm quarks lose more energy than bottom quarks, there is no
reason to conclude a priori that the medium modification of a
D jet is more significant than that of a B jet before a detailed
investigation. The theoretical comparison of the z|| medium
modification of D jets and B jets is of necessity by itself,
which may deepen our understanding of the mass hierarchy
of parton energy loss in future measurements at the LHC.

In this paper we will systematically study the z|| distribu-
tion of D0 mesons in jets both in p+p and nucleus-nucleus
collisions at the LHC energy. The initial z|| distribution of
D0-tagged jets is computed by POWHEG+pYTHIA8 [56–59].
The in-medium evolution of heavy-flavor jets is implemented
by a Langevin transport approach which takes into account
the collisional (elastic) and radiative (inelastic) interactions
[48,49,60–63]. The modification patterns of the energy frac-
tion of heavy quarks in jets may provide a new perspective to
reveal the energy-loss mechanism of heavy quarks interacting
with the thermal parton. They would also deepen our under-
standing of the mass effect of jet quenching. For the first time,
we present the theoretical predictions for the z|| distributions
of D0-tagged jets as well as the medium modifications in
central 0–10% Pb+Pb collisions at

√
sNN = 5.02 TeV. We

investigate their dependence on the kinematics region, jet cone
size, and collision centrality. Additionally, comparisons of the
z|| distributions between the D0 jet and B0 jet are carried out
to test the potential mass effect that may be reflected in this
observable, both in vacuum and in the bulk QGP medium.

The remainder of this paper is organized as follows: we
will first discuss the D0-tagged jet production and its initial
z|| distribution in p+p collisions in Sec. II as a baseline for
our subsequent study. Then we will introduce our framework
to simulate the in-medium transport of heavy-flavor jets in

nucleus-nucleus collisions in Sec. III. In Sec. IV we will
present our main results and give specific discussions on the
medium modification of z|| distribution of heavy-flavor jets.
At last, we will summarize this work in Sec. V.

II. D0-JET PRODUCTION AND z|| DISTRIBUTION
IN P+P COLLISIONS

In this section we will discuss the production of heavy-
flavor jets in p+p collisions and the tools and setups we
used to provide the p+p baseline. In this work we generate
the next-to-leading order (NLO) matrix elements for QCD
di-jet processes [64] with POWHEG-BOX-V2 [56–58] and then
simulate the parton shower (PS) by PYTHIA 8.306 [59] to
produce p+p events at

√
s = 5.02 TeV. The CT18NLO parton

distribution function (PDF) [65] was chosen in the computa-
tion. Experimentally, the D0 mesons are usually reconstructed
via their special hadronic decay channel D0 → K−π+ and its
charge conjugate (BR = 3.950% ± 0.031%) [66]. In order to
improve the efficiency of the event generation, we disable the
decay of D0 mesons in the simulation with PYTHIA8. Here,

the D0 meson represents D0 and its antiparticle D
0
, which are

treated equivalently, and both are referred to as D0 in the fol-
lowing. We exclude nonprompt D0 mesons which originated
from the decay of beauty hadrons. The jet whose constituents
must contain at least one D0 meson is called a D0 jet or D0-
tagged jet, namely, one kind of heavy-flavor jets. Charged jets
are reconstructed by charged hadrons and neutral D0 mesons
with the anti-kT clustering algorithm as implemented in the
FASTJET package [67] using the pT recombination scheme.
Charged hadrons in the jets are required to have pT > 0.15
GeV/c and |η| < 0.9 according to the ALICE experimental
setup [50].

As shown in Fig. 1(a), we calculate the pT differential cross
section of D0-tagged jets for R = 0.2, 0.4, and 0.6 in p+p
collisions at

√
s = 5.02 TeV by utilizing POWHEG+pYTHIA8

compared to the ALICE data [50]. The transverse momen-
tum of jets and D0 mesons are required to be 5 < pT,jet <

50 GeV/c and 2 < pT,D0 < 36 GeV/c, respectively. We find
that the calculations by POWHEG+pYTHIA8 can well describe
the ALICE data. The theoretical calculations with NLO+PS
precision have been proved to be necessary to describe the
jet angular correlations [68–70] and substructure observables
[34,48,71]. Additionally, in Fig. 1(b) it is also found that the
cross section ratios between different R, σ (R = 0.2)/σ (R =
0.4), and σ (R = 0.2)/σ (R = 0.6) can also be described by
the POWHEG+pYTHIA8 predictions. Since both of ratios are
below 1 and σ (R = 0.2)/σ (R = 0.4) is always higher than
σ (R = 0.2)/σ (R = 0.6) at each pT,jet bin, we have σ (R =
0.2) < σ (R = 0.4) < σ (R = 0.6), which is consistent with
the theoretical expectation.

Recently, a jet substructure observable z|| has been
measured by the ALICE Collaboration at

√
s = 5.02 TeV [50]

and
√

s = 7 TeV [54] in p+p collisions, which characterizes
the jet momentum ( �pjet) carried by the D0 meson along the jet
axis direction, defined as

z|| = �pjet · �pD0

�pjet · �pjet
= | �pD0 |

| �pjet| cosθ, (1)

024905-2



LONGITUDINAL MOMENTUM FRACTION OF … PHYSICAL REVIEW C 108, 024905 (2023)

FIG. 1. (a) pT-differential cross section of a D0-jet for R = 0.2 (left), R = 0.4 (middle), and R = 0.6 (right) in p+p collisions at
√

s =
5.02 TeV, compared to the ALICE data [50]. (b) Ratios of pT-differential cross section for different R: σ (R = 0.2)/σ (R = 0.4) (green, shifted
up by 1.0) and σ (R = 0.2)/σ (R = 0.6) (orange).

where �pD0 is the D0 meson momentum, �pjet is the total charged
jet momentum, and θ is the angle between �pD0 and �pjet . One
can view | �pD0 |cosθ as the projection of D0 meson momentum
on the direction of the jet axis; therefore z|| is the longitudinal
momentum fraction of the D0 meson in jets. In the rare case in
which more than one D0 can be found in a jet, z|| is calculated
separately for each D0 meson. The ALICE Collaboration has
used four pT,jet intervals, 5 < pT,jet < 7 GeV/c, 7 < pT,jet <

10 GeV/c, 10 < pT,jet < 15 GeV/c, and 15 < pT,jet <

50 GeV/c, to measure the distributions of z|| more accurately.
We use POWHEG+pYTHIA8 to generate the p+p events and
calculate the distributions of z|| in these four pT,jet intervals.
The cutoffs of pT,D0 and ηjet are consistent with the ALICE
experimental setup [50]. We observe that the z|| distributions
calculated by POWHEG+pYTHIA8 as shown in Fig. 2 give
decent descriptions of all ALICE data at four different pT,jet

intervals and with three sets of jet radius R (R = 0.2, 0.4, and
0.6). At R = 0.2, the z|| distributions have a visible peak near
z|| � 1 in the three lower pT,jet intervals 5 < pT,jet < 7 GeV/c,
7 < pT,jet < 10 GeV/c, and 10 < pT,jet < 15 GeV/c, and the
peak falls as the pT,jet interval increases. Nevertheless, when
R = 0.6, all the peaks near z|| � 1 for the four intervals
disappear. Our Monte Carlo simulations show that the
disappearance of this peak is mainly due to the decrease of
the single-constituent D0 jet, defined as the jet that has only
one D0 meson inside and nothing else when R varies from
0.2 to 0.6. The number of single-constituent D0 jets over the
total D0 jet in the four pT,jet intervals at R = 0.2 are roughly
43%, 38%, 27%, and 17%, respectively. But the fractions of
single-constituent D0 jets in the four pT,jet intervals at R = 0.6
are roughly 5.0%, 2.6%, 2.0%, and 0.85%, respectively.
Compared to R = 0.2, these fractions decrease by a factor
of 8∼20, so the peaks near z|| � 1 disappear at R = 0.6.
As we know, the radiation of heavy quarks is suppressed
at an angle smaller than mQ/E (“dead-cone” effect,1 mQ is

1Recently, the first direct observation of the dead-cone effect of
charm quark in vacuum has been measured by the ALICE Collab-
oration [71], and an interesting extension to expose the dead-cone
effect in the QGP medium is explored in Ref. [72].

heavy quark mass). This effect makes the formation of a
single-constituent D0 jet much easier for a small jet radius
than a large jet radius, especially at lower energy scales
(E ∼mQ). On the other hand, we can observe that the height
of peaks decreases with jet pT with R = 0.2. This is because
the “dead-cone” region in the angular distribution would
be filled with the enhancement of heavy quark energy and
jet pT.

III. THEORETICAL FRAMEWORK

To simulate the evolution of heavy quark (charm and bot-
tom) jets in QGP, we implemented the simulating heavy quark
energy loss with Langevin equations (SHELL) model [48,60–
63]. According to the presence or absence of radiation gluon
induced by the medium, the scattering process can be divided
into elastic (collisional) and inelastic (radiative) scattering.
In the limit of small momentum transfer, the multiple elastic
scatterings between heavy quarks and thermal partons can be
treated as Brownian motion, which is typically described by
the Langevin equations. To be able to simultaneously describe
the elastic and inelastic energy loss of heavy quarks, we add
the momentum recoil term −�pg of radiation gluon to the
Langevin equations as follows [40,48,60–63]:

�x(t + �t ) = �x(t ) + �p(t )

E
�t, (2)

�p(t + �t ) = �p(t ) − � �p(t )�t + �ξ (t )�t − �pg, (3)

where �t is the time interval between each Monte Carlo sim-
ulation step, and � is the drag coefficient which is constrained
by the fluctuation-dissipation relation [73] with momentum
diffusion coefficient κ = 2�ET = 2T 2

Ds
, where Ds is the spa-

tial diffusion coefficient which controls the strength of the
elastic energy loss. �ξ (t ) is the stochastic term representing the
random kicks on heavy quarks from thermal quasiparticles
in QGP; it obeys the Gaussian distribution 〈ξ i(t )ξ j (t ′)〉 =
κδi jδ(t − t ′).

The multiple inelastic scatterings of heavy-flavor jets
within the medium can be handled by the higher-twist scheme
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FIG. 2. Distributions of z|| normalized by the number of D0 jets within each distribution in p+p collisions at
√

s = 5.02 TeV in four pT,jet

intervals 5 < pT,jet < 7 GeV/c, 7 < pT,jet < 10 GeV/c, 10 < pT,jet < 15 GeV/c, and 15 < pT,jet < 50 GeV/c from left to right, respectively.
Top, middle, and bottom rows represent a D0 jet with R = 0.2, 0.4, and 0.6, respectively.

[74–77], which provides the radiative gluon spectrum as
follows:

dN

dxdk2
⊥dt

= 2αsCsP(x)q̂

πk4
⊥

sin2

(
t − ti
2τ f

)(
k2
⊥

k2
⊥ + x2M2

)4

,

(4)

where x and k⊥ are the energy fraction and transverse
momentum of the radiated gluon, P(x) is the splitting function
in vacuum [78], and Cs is the quadratic Casimir in color
representation, τ f = 2Ex(1 − x)/(k2

⊥ + x2M2) is the gluon
formation time. The jet transport parameter is q̂ ∝ q0(T/T0)3

[79], where q0 is the parameter controlling the strength of the
bremsstrahlung jet-medium interaction. The last quadrupli-
cate term in Eq. (4) represents the dead-cone effect of heavy
quarks in medium, and M is the mass of heavy quarks.

We use the p+p event with a full vacuum parton shower
generated by POWHEG+pYTHIA8 as input to simulate the
subsequent in-medium jet evolution. This treatment is based
on the assumption that the hard parton with high virtuality
(Q2 � √

q̂E ) could rapidly transition to the low-virtuality
phase by the vacuum shower, namely, most partons can be
produced before the formation of the hot and/or dense QCD
medium [80], where q̂ is the jet transport coefficient and E the
parton energy. This assumption has also been implemented in
other transport models such as LBT [43,81], MARTINI [82],

and LIDO [45]. It should be noted that the MATTER [83]
model introduces the medium-modified DGLAP evolution
equations for the high-virtuality phase, which would play
an important role in the evolution of high-energy parton
(Einit > 50 GeV) [84,85]. The initial spatial distribution of
the vertex of hard scattering is provided by the MC Glauber
model [86]. During each time interval, the position and
momentum of heavy quarks are updated by the modified
Langevin formalism Eqs. (2) and (3), where the momentum
recoil term −�pg of radiated gluon is simulated with the
higher-twist formalism Eq. (4). The radiated gluon of light
quarks and gluons are also simulated with Eq. (4). The
in-medium gluon radiation probabilities of both quarks and
gluons are assumed to be given by the Poisson probability
distribution, which is implemented to compare with a uniform
random number to decide whether the radiation happens or
not in a given Langevin evolution time interval, expressed as

Prad(t,�t ) = 1 − e−〈N (t,�t )〉, (5)

where 〈N (t,�t )〉 is the averaged radiative gluon number in
each time interval �t at certain evolution time t and can be
calculated by integrating Eq. (4). If radiation occurs, the num-
ber of radiated gluons n is sampled from P(n) = λne−λ/n!,
where λ ≡ 〈N (t,�t )〉. The four-momentum of the radiated
gluon can be determined by x and k⊥, which could be
sampled from the radiative gluon spectrum Eq. (4). Each
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daughter gluon from the medium-induced radiation will
independently continue the in-medium evolution, the same
as jet parton, after a formation time τ f . After the in-medium
evolution, these daughter gluons are also included in the
particle list to perform the hadronization by PYTHIA8. In
addition, the evolutions of light quark and gluon also contain
the momentum recoil caused by the medium-induced gluon
radiation. At each evolution time interval, the heavy quark
will be boosted into the local rest frame for four-momentum
updating; after doing the update according to Eq. (3) it
will be boosted back to the laboratory frame. It is noted
that introducing the radiative energy loss in the Langevin
equation in Eq. (3) is an effective approach. A lower energy
cut E0 = μD = √

4παsT (μD is the Debye screening mass) is
imposed on the radiative gluon to make sure the heavy quark
can reach thermal equilibrium at low pT regime [40,87].
In recent years, the collision energy loss of light partons is
proven to give a sizable contribution, in particular, to the total
energy loss of reconstructed-jet or low-energy parton [88–91].
In this work we take into account the collisional energy loss
of light parton by the calculations based on the hard thermal

loop (HTL) approximation, dE coll

dz = αsCsμ
2
D

2 ln
√

ET
μD

[92], where
μD is the Debye screening mass.

The space-time evolution of the QGP medium is provided
by the smooth iEBE-VISHNU hydro model [93]. The par-
ton propagating in such a hot and dense medium will keep
evolving until the local medium temperature is under Tc =
165 MeV. After the in-medium evolution, the hadronization of
partons is implemented by the hard jet hadronization method
of JETSCAPE [94], which was based on the Lund string
model [95,96] provided by PYTHIA8.

As mentioned above, q0 and Ds are the two free parameters
that control the strength of radiative and collisional energy
loss in the SHELL model, respectively. By definition, q̂ ≡
d〈p2

⊥〉
dL , κT ≡ 1

2
d〈p2

⊥〉
dt , with the assumptions that κ is isotropic

κL = κT = κ and dL ∼ dt for high-energy heavy quarks [97].
A simple relation q̂ = 2κ can be obtained approximately,
which has been used to describe the heavy-flavor hadron
RAA in A+A collisions successfully in many previous efforts
[40,97–99]. This study uses another strategy to determine q̂
and κ separately with the light- and heavy-flavor hadron RAA

data. The value of q0 has been extracted based on the identified
hadron production in A+A collisions in our precious stud-
ies [100], in which q0 = 1.2 GeV2/fm (LHC) are obtained.
Additionally, the spatial diffusion coefficient 2πT Ds ∼ 4.0 is
extracted by a χ2 fitting to the D meson RAA data measured
by CMS [27] and ALICE [28], which is consistent with the
estimation 2πT Ds = 3.7 ∼ 7.0 by lattice QCD [101]. With
the parameter setup we show the calculation of D0 meson RAA

in Fig. 3 compared to the experimental data in central 0–10%
Pb+Pb collisions at

√
sNN = 5.02 TeV. Our model gives a

reasonable description, which validates our further studies on
the z|| of heavy quarks in jets. In our framework we will sim-
ulate the in-medium evolutions of charm and bottom quarks
by utilizing the same parameter setup; the only difference is
their mass value (mc ∼ 1.5 GeV, mb ∼ 4.8 GeV), which may
lead to different strength of dead-cone effect, as mentioned
in Eq. (4).

FIG. 3. Calculated nuclear modification factor RAA of D0 mesons
in central 0–10% Pb+Pb collisions at

√
sNN = 5.02 TeV compared

with the ALICE [28] and CMS [27] measurements.

IV. RESULTS AND DISCUSSION

Investigating the medium modification of the D0 z|| dis-
tributions in jets may help understand heavy quarks’ and
charged jets’ energy-loss mechanisms. In this section we will
systematically discuss how several factors, including jet pT,jet ,
jet cone size R, and collision centrality, would influence the
medium modification of z|| distributions of D0 jets in nucleus-
nucleus collisions at the LHC energy.

In Fig. 4, first we show our calculated results of the z||
distributions of D0 meson tagged jets in p+p and central
0–10% Pb+Pb collisions at

√
sNN = 5.02 TeV. Overall, the

z|| distributions are suppressed at high z|| and enhanced at
low z|| in Pb+Pb collisions, and the differences of z|| distri-
butions between Pb+Pb and p+p collisions become smaller
as the pT,jet intervals increase. Specifically, the trends of the
z|| distributions between Pb+Pb and p+p collisions are dif-
ferent in the pT,jet intervals 5 < pT,jet < 7 GeV/c and 7 <

pT,jet < 10 GeV/c. The z|| distributions of these two inter-
vals have a downward trend in Pb+Pb collisions but an
upward trend in p+p collisions, which indicates the decrease
of the momentum fraction carried by charm quarks in jets
in nucleus-nucleus collisions compared to p+p. On the one
hand, when the charm quarks pass through the QGP medium,
they would suffer elastic or inelastic scattering, which all
lead to the net energy loss of charm quarks. On the other
hand, although the constituent partons (including light par-
ton and heavy quark) inside jets would also undergo elastic
and inelastic energy loss, the total energy loss of the jet is
smaller than the sum of the one by every constituent parton.
A part of the daughter gluons from the medium-induced ra-
diation may escape the jet cone while the rest stays inside.
In other words, unlike the single heavy quark, the jet con-
stituents’ lost energy could be partially recovered by the jet
reconstruction algorithm. It is just the difference of energy-
loss patterns between the (single) leading heavy quarks and
reconstructed jets which result in a smaller energy-loss frac-
tion of jet compared to the heavy quark [102,103]. Because
the z|| represents the ratio of longitudinal momentum of D
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FIG. 4. Calculated normalized z|| distributions of D0 jets with R = 0.4 in p+p and 0–10% Pb+Pb collisions at
√

s = 5.02 TeV in four pT,jet

intervals 5 < pT,jet < 7 GeV/c, 7 < pT,jet < 10 GeV/c, 10 < pT,jet < 15 GeV/c, and 15 < pT,jet < 50 GeV/c from left to right, respectively.

mesons to that of the jet, such different energy-loss frac-
tions can naturally lead to smaller z|| in Pb+Pb collisions
compared to p+p. Even we observe that the distributions
become a downward trend in the lower pT,jet intervals. It
should be noted that how much the radiated gluon can escape
the jet cone depends on the cone size R, and we elaborate
on this point in detail in the following paragraph. Addition-
ally, because the in-medium energy loss may have a smaller
influence on the energy fraction of charm quark in jets at
higher jet pT, the averaged decrease of z|| in the higher
pT,jet intervals is smaller than that at lower pT,jet . This fea-
ture has been observed in other studies [48,63]. It is noted
that the medium response [91,104–107] is not considered
in our current framework. However, since the medium re-
sponse effect would not influence the energy loss of heavy
quarks but decrease that of the reconstructed jet, we could
expect that considering the medium response would heighten
the enhancement of the ratio PbPb/pp at smaller z||. We
have double-checked the calculations of the medium mod-
ification on z|| with the LBT model [43,81] and observe
similar modification patterns of z|| as obtained by SHELL,
namely, enhancement at smaller z|| and suppression at larger
z||, only with different magnitudes (about 20% difference in
the PbPb/pp ratio at z|| = 0.4 ∼ 0.5 with R = 0.4, and less
than 10% when z|| > 0.6). It is also found that the medium
response effect would only strengthen the enhancement at
smaller z|| for lower pT jet (5–7 GeV) and larger jet cone size
(R = 0.6) but does not visibly influence the modifications at
larger z||.

Since the z|| distributions are sensitive to the jet radius
R, as discussed in Sec. II, it will be interesting to study
the R dependence of the medium modification of z|| distri-
butions in A+A collisions. Due to the similar distributions
of z|| in p+p (Pb+Pb) collisions in the pT,jet intervals 5 <

pT,jet < 7 GeV/c, 7 < pT,jet < 10 GeV/c, and 10 < pT,jet <

15 GeV/c, we combine these three pT,jet intervals into one in-
terval, 5 < pT,jet < 15 GeV/c, in the following calculations,
and pT,D0 > 2 GeV/c is chosen for this new interval. The
z|| distributions in the pT,jet intervals 5 < pT,jet < 15 GeV/c

with different R values are presented in Fig. 5. At R = 0.2 we
observe that the z|| distribution of D0 jet shift towards smaller
values and shows a moderate modification. As R increases, the
medium modification seems to be more evident at R = 0.4 and
R = 0.6. Specifically, one can observe a reversed downward
trend of z|| distribution compared to their initial p+p baseline.
This is because the jet-cone size R does not influence the
energy loss of charm quarks, but the energy loss of the tagged
charged jet decreases with R, which leads to smaller z|| in
Pb+Pb for larger R. We can imagine that all the radiated gluon
cannot escape the jet cone for a large enough cone size, so
there is no radiative energy loss for the jet. Hence we can
find that the shift of the z|| distribution in Pb+Pb collisions
is more visible at larger R, for even reversed trends rela-
tive to the initial distribution in p+p. These discussions may
also be helpful to clarify the R dependence of the jet energy
loss [20,108,109].

Additionally, comparing the difference in the nuclear mod-
ification effect between the D-jet and B-jet is important in
order to study the mass hierarchy of jet quenching. The com-
parisons of the z|| distributions between the D0 jet and B0 jet
are presented in Fig. 6. In p+p collisions, we can see that the
z|| distributions of the B0 jet have a visible peak near z|| � 1
in both of the two pT,jet intervals 5 < pT,jet < 15 GeV/c and
15 < pT,jet < 50 GeV/c, which are much higher than the peak
of the D0 jet for the same pT,jet interval. The peak of the D0

jet near z|| � 1 in the pT,jet interval 15 < pT,jet < 50 GeV/c
in p+p collisions has disappeared. These results indicate that
the bottom quark jet may have a harder fragmentation function
compared to that of the charm jet, which is consistent with the
previous theoretical studies on the fragmentation function of
heavy quarks [110,111]. Since z|| represents the momentum
fraction of heavy quarks in jets, the centralized distribution
near z|| � 1 means less radiation of the bottom quark during
the vacuum parton shower than the charm. Hence we argue
that the comparison of z|| distributions of charm and bottom
jets within the same kinematic region may provide a com-
plementary test of the dead-cone effect to the recent ALICE
measurements [71]. As for the z|| distributions in Pb+Pb
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FIG. 5. Calculated normalized z|| distributions of D0 jets in p+p and 0–10% Pb+Pb collisions at
√

s = 5.02 TeV in pT,jet interval 5 <

pT,jet < 15 GeV/c with R = 0.2, 0.4, and 0.6 from left to right, respectively.

collisions, we find an overall shift from larger to smaller z||
values compared to their p+p baseline for both the D0 and B0

jets. In addition, we can observe significantly larger values of
the ratio PbPb/pp of B0 jet compared to D0 jet in both of the
two pT,jet intervals. Due to the larger mass, the bottom quarks
should lose less energy than charm when passing through the
QGP medium, and the B0 jet may have a weaker shift of z||
compared to the D0 jet. Nevertheless, we observe that the
initial z|| distributions of the B0 jet seem much steeper than
that of the D0 jet in both of the two pT,jet intervals, which
leads to much fewer B0-jet events distributed at the region
of z|| < 0.8 compared to the D0 jet. In this way, the ratio of

FIG. 6. Calculated normalized z|| distributions of D0 jet (top)
and B0 jet (middle) with R = 0.4 in p+p and 0–10% Pb+Pb colli-
sions in two pT,jet intervals 5 < pT,jet < 15 GeV/c and 15 < pT,jet <

50 GeV/c, respectively. The ratios of PbPb to pp are presented in the
bottom panels.

PbPb/pp at z|| < 0.8 may be more sensitive to the shift of
z|| from larger values. Therefore, eventually, we can observe
that the ratio of PbPb/pp of z|| distribution of the B0 jet is
more evident compared to that of the D0 jet. Similar results
have been obtained in previous studies, such as the medium
modification of the splitting functions [112] and radial profiles
[49] of heavy-flavor jets. Testing these predictions in the up-
coming experimental measurements of the LHC energy may
be interesting.

At last, to find out the centrality dependence of the distribu-
tions of z||, we chose three centrality bins 0–10%, 10%–30%,
and 30%–100%, as shown in Fig. 7. The distributions of z||
show a visible dependence of centrality at the lower pT,jet

interval 5 < pT,jet < 15 GeV/c. The larger (more peripheral)
the centrality is, the more similar the distributions of z|| in
Pb+Pb collisions are to those in p+p collisions at each of the
pT,jet intervals. Because from peripheral to central collisions,
the medium temperature, size, and lifetime of the fireball all

FIG. 7. Comparisons of normalized z|| distributions of a D0 jet
with R = 0.4 in Pb+Pb collisions with three centralities, 0–10%,
10%–30% and 30%–100%, with respect to that of p+p collisions,
respectively.
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increase; therefore the z|| distribution of D0 jet would suffer
stronger medium modification. Besides, we also find that in
the higher pT,jet interval, the medium modifications seem in-
distinct, even in the central 0–10%.

V. SUMMARY

In this work, we present a systematic study of the lon-
gitudinal momentum fraction z|| of heavy-flavor mesons in
jets both in p+p and Pb+Pb collisions at

√
sNN = 5.02 TeV.

The p+p baseline is provided by POWHEG+pYTHIA8, and the
in-medium evolution of heavy-flavor jets is employed by a
Monte Carlo transport model which takes into account the
collisional and radiative partonic energy loss in the expanding
hot and dense nuclear matter.

In p+p collisions we discuss the z|| distribution at different
jet kinematics and for different jet sizes R. We find that a large
fraction of single-constituent D0 jets may lead to the peak near
z|| � 1 at a lower jet pT and smaller cone size. However, the
peak would gradually disappear if one enhances the jet pT

region or enlarges the jet cone, consistent with the ALICE
data. We also observe a sharper peak in the z|| distribution
of B0 jet near z|| � 1 compared to D0 jet at the same kine-
matic region. This may hint a harder fragmentation function
of bottom quark jets compared to charm jets in vacuum.

In Pb+Pb collisions, our calculations of D0 mesons RAA

are consistent with the available experimental data at
√

sNN =
5.02 TeV. Then we study the medium modification of the
z|| distributions of heavy-flavor mesons in jets in Pb+Pb
collisions. It is found that the jet quenching effect would
generally shift z|| distributions of heavy-flavor jets towards
smaller values in nucleus-nucleus collisions and then lead
to a softer fragmentation function both for D0 and B0 jets.
Though heavy quarks lose less energy than light quarks and
gluon due to the “dead-cone” effect, unlike the single particle,
the jet reconstruction procedure could partially recover the jet
constituents’ lost energy. It is just the difference in energy-

loss patterns between the (single) leading heavy quarks and
reconstructed jets, resulting in a smaller energy loss fraction
of the jet than the heavy quark. Furthermore, we specifically
investigate several factors that may influence the medium
modification of z|| distributions of D0 jets, such as jet size,
pjet

T , and collision centrality. Overall, the medium modification
of z|| distribution would be more moderate at higher jet pT.
Additionally, the medium modification would become more
evident as the jet radius R increases, because imposing a
relatively larger R may reduce the energy loss of jets (with
radius R) but does not alter that of heavy quarks. We observe
the most significant medium modification of z|| in the most
central Pb+Pb collisions at

√
sNN = 5.02 TeV. At last, we ob-

serve a stronger nuclear modification of B0 jet z|| distributions
compared to those of the D0 jet within the same pT window,
which may be pretty counterintuitive at first glance. However,
we note that for fixed R and pjet

T , the medium modification of
z|| in A+A collisions depends on not only the mass-dependent
energy-loss mechanisms but also the initial z|| distributions of
heavy quark jets. We find that the B0 jet has a much steeper
initial z|| distribution than the D0 jet, which plays a key role in
the medium modification of z|| and results in a larger ratio of
PbPb/pp, especially at small z||. It would be interesting to test
these results in future experimental measurements, which may
provide complementary constraints on theoretical energy-loss
models.
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