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 a b s t r a c t

The nuclear modification factor 𝑅AA of charm jets, identified by the presence of a D0 meson among the jet 
constituents, has been measured for the first time in Pb–Pb collisions at a centre-of-mass energy per nucleon 
pair √𝑠NN = 5.02 TeV with the ALICE detector at the LHC. The D0 mesons and their charge conjugates are 
reconstructed from the hadronic decay D0 → K−𝜋+. Jets are reconstructed from D0-meson candidates and charged 
particles using the anti-𝑘T algorithm with jet resolution parameter 𝑅 = 0.3, in the jet transverse momentum (𝑝T) 
range 5 < 𝑝ch jet

T < 50 GeV/𝑐 and pseudorapidity |𝜂ch jet
| < 0.6. A hint of reduced suppression in the charm-jet 

𝑅AA is observed in comparison to inclusive jets in central Pb–Pb collisions with a significance of about 2𝜎 in 
20 < 𝑝ch jet

T < 50GeV/𝑐, suggesting the in-medium energy loss to depend on both the difference between quark 
and gluon coupling strength (Casimir colour-charge effect) and quark mass (dead-cone effect). The data are 
compared with model calculations that include mass effects in the in-medium energy loss. Several state-of-the-
art models are consistent with the data, with the LIDO model providing the best description of the data in the 
common kinematic range of inclusive and D0-tagged jets, highlighting the role of mass effects in interpreting the 
results.

1.  Introduction

At the high energy density and temperature reached in ultrarelativis-
tic heavy-ion collisions, the formation of a deconfined state of quarks 
and gluons, known as the quark–gluon plasma (QGP) [1–3], is predicted 
by quantum chromodynamic (QCD) calculations on the lattice [2,4–6]. 
The QGP is created and studied in high-energy heavy-ion collisions at 
the Relativistic Heavy Ion Collider (RHIC) [7–11] and the CERN Large 
Hadron Collider (LHC) [3]. Heavy quarks (charm and beauty), due to 
their large masses, are mainly produced in hard scattering processes 
that occur in the early stage of the collisions, on a shorter time scale 
compared to the QGP formation [12,13]. Since thermal production and 
annihilation rates of heavy quarks in the strongly interacting medium 
are small, even at the high temperatures and densities reached in Pb–Pb 
collisions at the LHC, they are primarily produced in the initial stages 
of the collision. As a result, they experience the entire evolution of the 
system.

Jets, i.e. collimated sprays of hadrons arising from the fragmentation 
of energetic partons produced in hard scattering processes, serve as ef-
fective probes for studying the microscopic interactions of partons with 
the QGP. Jets offer closer access to the kinematics of the original parton 
that initiates the shower, providing more direct information about its 
energy and direction with respect to single-hadron measurements. Fur-
thermore, jets are easier to compare with QCD calculations and have 
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reduced dependence on hadronization models, along with introducing 
a smaller bias from fragmentation [14]. According to QCD [15–17], the 
parton-shower evolution of a jet in vacuum depends on various factors, 
including the colour charge, characterized by the Casimir factor, and 
the quark mass, through the dead-cone effect. Notably, the dead-cone 
effect was recently directly measured for the first time by ALICE in pp 
collisions [18].

In heavy-ion collisions, high-energy partons traversing the QGP un-
dergo additional energy loss through medium-induced gluon radiation 
and elastic scatterings [19]. The extent of this energy loss depends on 
the parton colour charge and mass. For instance, gluons carrying a larger 
Casimir factor (3) compared to quarks (4/3) are expected to lose more 
energy. Similarly, heavy quarks are expected to experience reduced en-
ergy loss relative to light quarks, due in part to the suppression of small-
angle radiation (dead-cone effect) [20–22]. As a result, both the colour 
charge and mass of the initiating parton can contribute to the differ-
ences in energy loss observed between charm jets and inclusive jets, the 
latter being a mixture of quark- and gluon-initiated jets.

The relative influence of these factors, particularly how much the 
quark mass and associated radiation suppression contribute to jet 
quenching, can be explored through measurements of the nuclear modi-
fication factor (𝑅AA) of jets in heavy-ion collisions. This factor is defined 
as the ratio of the 𝑝T-differential production yield in nucleus–nucleus 
collisions (d𝑁AA/d𝑝T) and the production cross section in proton–
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proton collisions (d𝜎pp/d𝑝T) scaled by the average nuclear overlap func-
tion, ⟨𝑇AA⟩

𝑅AA = 1
⟨𝑇AA⟩

d2𝑁Pb−Pb∕d𝜂ch jetd𝑝ch jet
T

d2𝜎pp∕d𝜂ch jetd𝑝ch jet
T

, (1)

where ⟨𝑇AA⟩ is estimated with Glauber model calculations [23,24] and is 
related to the number of binary nucleon–nucleon collisions (⟨𝑁coll⟩) and 
the inelastic nucleon–nucleon cross section (𝜎inelpp ) according to ⟨𝑇AA⟩ =
⟨𝑁coll⟩∕𝜎inelpp . The normalised ratio between the two collision systems can 
be used as an indicative that the number of jets in a given 𝑝T interval is 
reduced in heavy-ion collisions in comparison to pp collisions, where the 
QGP formation is not expected. This suppression in heavy-ion collisions 
can be associated to parton energy loss. The comparison of inclusive 
and heavy-quark jet 𝑅AA can be used to observe whether the mass and 
colour charge effects are different for gluons, heavy and light quarks.

Several measurements at the LHC have investigated the energy loss 
of charm, beauty, and light quarks and gluons via the nuclear modifi-
cation of fully reconstructed D mesons, non-prompt J/𝜓 , and charged 
hadrons in Pb–Pb collisions [25–34]. The comparison with model pre-
dictions allowed for constraining the charm spatial diffusion coefficient 
and provided important insights into the role of radiative and colli-
sional energy loss as well as into the hadronisation mechanism. Fur-
thermore, the quark-mass dependence of parton energy loss was ex-
plored by comparing the 𝑅AA of charm and beauty hadrons, which 
were either reconstructed directly or accessed through their decay prod-
ucts [25,26,33,35,36]. Models incorporating a quark-mass dependence 
of energy loss were able to describe the data. On the jet side, the mea-
surement of radial distributions of D0 mesons with respect to the jet axis, 
performed with the CMS detector [37], showed a hint of modification in 
Pb–Pb collisions for low-𝑝T D0 mesons. This suggests charm-quark dif-
fusion in the medium, implying a potential influence of both mass and 
colour charge on partonic energy loss in heavy-ion collisions. Recent 
measurements of the ATLAS Collaboration indicate a lower suppression 
of beauty jets [38] and of photon-tagged jets (mainly produced by light 
quarks) [39] when compared with inclusive jets in central Pb–Pb colli-
sions. This is evidence of a larger jet quenching in gluon jets, which are 
a dominant part of the inclusive jet sample at the LHC, in comparison to 
quark jets and it unequivocally highlights the role of the colour-charge 
effect.

The ALICE detector, with its excellent particle identification and 
tracking performance, provides the unique opportunity to tag charged-
particle jets with reconstructed heavy-flavour hadrons at low 𝑝T. Thus, it 
allows for the investigation of the low-jet-transverse-momentum region, 
where the mass effects are expected to be most pronounced.

In this paper, the yields of charm jets tagged with D0 mesons (D0-
tagged jets) and their nuclear modification factor in the most central 
(0–10%) Pb–Pb events at centre-of-mass energy √𝑠NN = 5.02 TeV are 
presented. The centrality is determined as in Ref. [40]. This paper is 
organised as follows: Section 2 describes the ALICE detector and the 
utilised data sample; Sections 3 and 4 present details of the analysis 
strategy and the systematic uncertainty estimations; Section 5 reports 
the results compared with inclusive jet measurements and model pre-
dictions. A summary is provided in Section 6.

2.  Detector and data sample

The ALICE experimental apparatus [41] consists of a central bar-
rel (covering the pseudorapidity range |𝜂| < 0.9) embedded in a large 
solenoidal magnet that provides a magnetic field of 0.5 T, parallel to 
the beams axis. It also includes a forward muon spectrometer (−4 <
𝜂 < −2.5) and a set of detectors at forward and backward rapidity used 
for triggering, background rejection, and event characterisation.

The central-barrel detectors employed in this paper for charged-
particle reconstruction and identification at midrapidity are the Inner 
Tracking System (ITS) [42], the Time Projection Chamber (TPC) [43], 
and the Time-Of-Flight detector (TOF) [44]. The ITS consists of six layers 

of silicon detectors used for tracking charged particles and reconstruct-
ing primary and secondary vertices. The TPC serves as the main tracking 
detector and provides particle identification through the measurement 
of the particle specific energy loss (d𝐸/d𝑥) in the detector gas. Comple-
mentary particle identification information is obtained from the TOF, 
which measures the flight time of charged particles from the interaction 
point to the detector.

The results reported in this paper were obtained using the data sam-
ple collected during the 2018 LHC Pb–Pb run at centre-of-mass energy 
√

𝑠NN = 5.02 TeV. Events were selected using a minimum bias trig-
ger provided by the V0 detectors [45], which consist of two arrays of 
32 scintillators each, covering the full azimuthal angle in the pseudora-
pidity ranges of −3.7 < 𝜂 < −1.7 (V0C) and 2.8 < 𝜂 < 5.1 (V0A). An 
additional trigger class, based on the online event selection provided 
by the V0 signal amplitude, was used during the data taking to enrich 
the sample of central collisions considered in this analysis. Events aris-
ing from the interactions of the beams with residual gas in the vacuum 
pipe were rejected offline using the timing information from the V0 de-
tector and the Zero Degree Calorimeter  [46]. Only the events with a 
primary vertex reconstructed within ±10 cm from the nominal centre 
of the detector along the beam axis were considered in the analysis. The 
centrality estimator is defined in terms of percentiles of the hadronic 
Pb–Pb cross section, using the sum of the V0 signal amplitudes, as de-
scribed in detail in Ref. [42]. In the present analysis, only the 10% most 
central collisions are used (0–10% centrality class). The corresponding 
average nuclear overlap function is ⟨𝑇AA⟩ = 23.26 ± 0.17 mb−1 [40,47] 
and the total number of analysed events is about 𝑁events = 100 × 106, 
corresponding to an integrated luminosity of 𝐿int = 130.5 ± 0.5 𝜇b−1. 
The data used for the measurement of the pp reference in the calculation 
of the 𝑅AA is the same as used in Ref. [48].

The Monte Carlo samples used for the corrections in this analy-
sis were generated by simulating pp collisions containing a cc or a 
bb pair with PYTHIA 8 [49] (Monash 2013 tune [50]). The charged-
particle multiplicity and detector occupancy observed in data [51] were 
simulated superimposing an underlying event generated with HIJING 
1.36 [52]. The generated-level particles from these simulations were 
passed through a particle transport and detector-response simulation of 
the entire ALICE apparatus based on GEANT3 [53].

3.  Analysis strategy

The analysis closely follows the procedure described in detail in the 
ALICE studies of charm jets tagged with D0 mesons [48]. It consists of 
three main parts: (i) reconstruction of jets tagged by the presence of a 
D0 meson; (ii) extraction of the raw yields of D0-tagged jets; (iii) cor-
rection for the reconstruction efficiency of the D0-tagged jets, subtrac-
tion of the feed-down contribution from D0 mesons coming from beauty 
decays, and correction for the detector-related effects and underlying-
event fluctuations.

A major challenge in jet reconstruction in central heavy-ion colli-
sions compared to pp collisions is the fluctuation of the underlying 
event, which is a background to the reconstructed jet. These fluctua-
tions significantly affect the jet transverse momentum. To account for 
these background fluctuations and detector effects, the data were cor-
rected using a deconvolution procedure (unfolding). This correction in-
volved constructing a response matrix that maps the D0-tagged-jet 𝑝T at 
the generated level, simulated using PYTHIA 8 for pp collisions, to the 
detector-level spectrum. The matching between generated and detector-
level D0-tagged jets was achieved by requiring the identification of the 
same D0 meson among their constituents. To ensure a realistic repre-
sentation of the heavy-ion environment, detector-level particles were 
embedded into real Pb–Pb data to simulate the background accurately.

3.1.  D0-meson selection and jet reconstruction

The D0 and D0 mesons were reconstructed via the hadronic decay 
channel D0 → K−π+ (and its charge conjugate) with branching ra-
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tio BR = 3.950 ± 0.031% [15]. D0 mesons produced either directly 
from charm-quark fragmentation or from decays of directly-produced 
excited charm hadron states are referred to as prompt D0 mesons, while 
those originating from decays of beauty hadrons are termed non-prompt 
D0 mesons. The selection strategy, described in detail in Refs. [54] 
and [25], exploited the displaced topology of the decay and made use 
of the particle identification capabilities of the TPC and TOF to iden-
tify the decay particles of the D0 mesons in the pseudorapidity interval 
|𝜂D| < 0.9.

Charm-jet reconstruction was performed using a track-based proce-
dure with the FastJet [55] anti-𝑘T clustering algorithm [56] with reso-
lution parameter 𝑅 = 0.3. This parameter was chosen in order to keep 
under control the jet background fluctuations, which increase for large 
𝑅, while the jet’s characteristics are not completely determined by the 
jet core that spans over smaller 𝑅. The jet reconstruction was carried 
out using the 𝑝T-recombination scheme [57]. Charged particles were re-
quired to have 𝑝T> 150 MeV/𝑐 and |𝜂| < 0.9. To ensure that the entire 
jet was contained within the detector acceptance, jets were required to 
have their axes within the pseudorapidity range of |𝜂| < 0.9 − 𝑅.

At low momenta, the D0 decay products may be emitted at angles 
larger than the defined jet cone size. To address this issue and ensure 
that the pion and kaon from the D0 decay were assigned to the same jet, 
they were removed from the set of charged-particle tracks before the 
jet reconstruction and their four-momenta were replaced by that of the 
D0 candidate. A charm jet was identified when a D0-meson candidate in 
the transverse momentum range 3 < 𝑝T,D < 36 GeV/𝑐 was found among 
its constituents. This procedure was repeated for each D0-meson candi-
date in the event, where the decay products of only one candidate were 
replaced at a time.

Measuring jets in heavy-ion collisions down to low transverse mo-
mentum, such as 5 GeV/𝑐, is particularly challenging due to the large 
background from the underlying event and its fluctuations [58]. At low 
𝑝T, a large fraction of the reconstructed jets is not related to a hard scat-
tering process. This background source dominates jets at low-𝑝T (below 
20 GeV/𝑐). Moreover, independently of the 𝑝T interval, all reconstructed 
jets can include tracks from the underlying event, i.e. particles not orig-
inating from the fragmentation of the hard-scattered parton that initi-
ated the jet. To account for the background coming from the underlying 
event, the area-based method was employed, following the approach 
described in Refs. [59,60]. This method estimates the average additive 
contribution to the jet momentum on a jet-by-jet basis. The underly-
ing background momentum density, 𝜌ch, was estimated event-by-event 
using the median of 𝑝ch jet

T, raw∕𝐴
ch jet
raw , where 𝑝ch jet

T, raw is the uncorrected jet 
transverse momentum and 𝐴ch jet

raw  is the area of jets reconstructed with 
the 𝑘T algorithm [61]. The two leading jets were removed from the cal-
culation of 𝜌ch. The signal anti-𝑘T jets were then corrected by subtract-
ing the median of the jet transverse momentum density multiplied by 
the jet area: 𝑝ch jet

T, corr = 𝑝ch jet
T, raw − 𝜌ch𝐴ch jet

raw . The reported kinematic range 
is 5 < 𝑝ch jet

T, raw < 50 GeV/𝑐.

3.2.  Extraction of D0-tagged jet raw yields

The raw yield of D0-tagged jets was determined through an invariant-
mass analysis of the D0-meson candidates used for tagging the charm-
jet candidates. The analysis was performed in different intervals of D0-
meson transverse momentum ranging from 3 to 36 GeV/𝑐. For each 
𝑝T,D interval, the invariant-mass distribution of the D0-meson candidates 
was fitted with a function consisting of a Gaussian function to represent 
the signal and an exponential function to account for the combinatorial 
background [54].

When the two tracks forming a D0 candidate are compatible with 
both the kaon and pion hypothesis, the candidate can be identified both 
as a D0 and as a D0, leading to an irreducible correlated background, 
which is referred to as reflections [54,62]. The contribution of residual 
D0-meson reflections, which were not rejected by particle identification, 

was considered in the fit by including a template composed of the sum 
of two Gaussian functions. The centroids and widths of these Gaussian 
functions were fixed to the values based on a fit to the invariant mass 
distributions of reflections derived from the simulation. The ratio be-
tween the reflected signal and the D0-meson yield was also fixed to the 
value obtained from the simulations.

The yield of D0-tagged-jet candidates was determined by dividing 
the corresponding D0 invariant-mass range in two sub-samples within 
each 𝑝T,D interval: a peak region corresponding to candidates with |𝑚inv −
𝑚f it | < 2𝜎f it (where 𝑚f it and 𝜎f it are the mean and width of the Gaussian 
component of the fit, respectively) and a sideband region consisting of 
candidates with 4𝜎f it < |𝑚inv − 𝑚f it | < 8𝜎f it . The jet-𝑝T distribution as-
sociated with the D-meson candidates in the sideband region was nor-
malised to the integral of the combinatorial background in the peak 
region, consisting of the exponential and reflections components, and 
then subtracted from the jet-𝑝T distribution in the peak region to obtain 
the raw yield of D0-tagged jets.

3.3. Corrections of D0-tagged-jet raw yields

The raw yields of D0-tagged jets extracted using the invariant mass 
method required corrections to account for the limited detector accep-
tance and the reconstruction efficiency of D0 mesons. These corrections 
are described in detail in Refs. [48,63]. After the removal of non-prompt 
D0 meson contributions, the raw yield is unfolded to correct for the de-
tector finite resolution and jet background fluctuations.

It is worth noting that several ingredients of the correction procedure 
are very similar to those used in the pp reference analysis [48] and in the 
D0-meson measurements in Pb–Pb collisions [54] (e.g. acceptance×ef-
ficiency corrections for prompt and non-prompt contributions, and 
invariant-mass fits). For this reason, the reader is referred to the corre-
sponding references for a detailed description of these procedures and 
related figures.

First, the raw yields obtained in different intervals of 𝑝T,D were cor-
rected for the product of the acceptance and the reconstruction effi-
ciency of prompt D0 mesons associated to jets that pass the acceptance 
and 𝑝ch jet

T  selection, 𝜖c→D0 (𝑝T,D). This correction factor took into account 
the probability of detecting and reconstructing jets containing prompt 
D0 mesons within the specified 𝑝T,D intervals and the jet cone radius.

A fraction of the reconstructed D0-meson-tagged jets originates from 
the fragmentation of beauty quarks, where a beauty hadron decays 
into a D0 meson. The contribution from beauty jets was estimated 
using generated templates of non-prompt D0-jet 𝑝T distributions ob-
tained with NLO pQCD calculations of POWHEG [64–67] coupled to 
the PYTHIA 6 [68] parton shower. The templates were generated with 
specific configurations in POWHEG, such as a b-quark mass 𝑚b = 4.75
GeV/c2, the renormalisation (𝜇R) and factorisation (𝜇F) scales set to 
the quark transverse mass 𝜇R = 𝜇F =

√

𝑚2
b + 𝑝

2
T, and the use of par-

ton distribution functions (PDF) from the CT10NLO [69] set using the 
LHAPDF6 [70] interpolator.

The non-prompt-D0-jet yield estimated by the simulation (𝑁b→D0

POWHEG) 
was weighted by the ratio of the efficiencies of non-prompt and prompt 
D0-tagged jets (𝜖b→D0 (𝑝T,D)∕𝜖c→D0 (𝑝T,D)) in order to be comparable with 
𝜖c→D0 -scaled inclusive D0-tagged-jet distributions from data. As a next 
step, the simulated non-prompt D0-tagged-jet distribution was smeared 
with the non-prompt response matrix (RMb→D0 ) in order to take into 
account the effect of the detector on the jet momentum resolution. 
The spectrum was also corrected for the kinematic efficiency, which 
accounts for the limited transverse momentum ranges of the response 
matrix in the generated (𝜖genkine) and reconstructed (𝜖reckine) axes. Addition-
ally, the measured nuclear modification factor of non-prompt-D0 mesons 
(𝑅b→D0

AA ) [26] was used to weight the non-prompt D0-jet 𝑝T spectrum. 
This assumes that the non-prompt D0-jet 𝑅AA is dominated by the non-
prompt D0. This assumption is supported by the expected hard fragmen-
tation of the bottom quark. As a result, the yield of prompt-D0-tagged 
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jets, 𝑁c, was determined as follows 
𝑁c(𝑝ch jet

T ) = 𝑁c+b(𝑝ch jet
T ) −𝑁b(𝑝ch jet

T ), (2)

where the contribution of non-prompt D0-tagged jet, 𝑁b, was estimated 
using the following formula

𝑁b(𝑝ch jet
T ) = 1

𝜖reckine

[

∑

𝑝T,D

RM𝑏→𝐷0 (𝑝ch jet
T , 𝑝T,D)

⊗
∑

𝑝T,D

𝜖b→D0 (𝑝T,D)

𝜖c→D0 (𝑝T,D)
𝑅b→D0
AA (𝑝T,D)𝜖

gen
kine𝑁

b→D0

POWHEG(𝑝
ch jet
T , 𝑝T,D)

]

. (3)

The contribution of non-prompt D0-tagged jets varies between 20% 
and 24% of the inclusive yields depending on the jet 𝑝T.

Finally, the measured D0-tagged-jet yield was unfolded with an it-
erative method based on Bayes’ theorem [71] as implemented in the 
RooUnfold package [72]. The chosen number of iterations was eight, 
based on optimal convergence. Both the prompt and non-prompt-D0-jet 
response matrices were corrected for the kinematic efficiency.

To verify the stability of the unfolding and the choice of the number 
of iterations, the unfolded spectra were folded back and compared to 
the original data. The ratio showed to be consistent with unity within 
uncertainties.

4.  Systematic uncertainties

The systematic uncertainty associated to the measurement has sev-
eral independent sources. These sources were identified as coming from: 
(i) yield extraction, (ii) D0-tagged-jet reconstruction efficiency, (iii) 
feed-down subtraction, (iv) tracking efficiency, (v) unfolding, and (vi) 
branching ratio.

The uncertainty on the yield extraction procedure, described in Sec-
tion 3.2, was evaluated by varying the fit approach. In particular, the fit 
was repeated using different functions to describe the background (the 
default exponential was replaced by first and second order polynomial 
functions), varying the fit range, fixing the mean of the Gaussian term 
describing the signal peak to the nominal value of the D0-meson mass 
or fixing the Gaussian width to the value obtained from Monte Carlo 
studies. Moreover, the signal range was varied between 2 to 3 stan-
dard deviations of the peak width, while the sideband extraction range 
|𝑚inv − 𝑚f it | was varied across different ranges of standard deviations. 
The systematic uncertainty was estimated as the standard deviation of 
all variations relative to the default parameter set. The uncertainties 
obtained with this procedure increase from 5% at low jet transverse 
momentum to 6% at higher jet 𝑝T.

The possible differences in the topological variable distributions be-
tween Monte Carlo and data can affect the D0-tagged-jet reconstruction 
efficiency. The related systematic uncertainty was evaluated by extract-
ing the raw-jet 𝑝T spectrum with tighter and looser topological selec-
tions of the D0-tagged-jet candidates, with a corresponding variation of 
the D-meson reconstruction efficiencies larger than ±10–25%. The cor-
responding systematic uncertainty varies from 5% at the low jet trans-
verse momentum up to 14% in the highest 𝑝T interval (30–50 GeV/𝑐).

The uncertainty on the subtraction of the beauty feed-down contri-
bution was quantified by varying the factorisation and renormalisation 
scales, the beauty-quark mass, and the PDF in the generated POWHEG + 
PYTHIA 6 templates of non-prompt-D0 jets [73]. The largest deviations 
among all variations were used as systematic uncertainties, resulting in 
a value of 7–8% depending on the jet 𝑝T. An additional contribution to 
this uncertainty comes from the systematic uncertainty related to the 
assumption on the nuclear modification factor 𝑅b→D0

AA . It was estimated 
by using the upper and lower bands of the uncertainties of the non-
prompt-D0 nuclear modification factor [26] and recalculating the non-
prompt D0-jet yield 𝑁b. The difference between the variations and the 
default spectrum was used as systematic uncertainty. The uncertainty 
ranges from 6% to 8% in jet 𝑝T kinematic interval.

The uncertainties on the track reconstruction efficiency can im-
pact the jet momentum resolution and D0-tagged-jet reconstruction ef-
ficiency. The systematic uncertainty on the reconstruction efficiency of 
a single track was estimated to be 4% [74]. To evaluate its impact, a re-
sponse matrix was built by randomly rejecting 4% of the reconstructed 
tracks (artificially decreasing the tracking efficiency). This response ma-
trix was used to unfold the measurement and the difference with respect 
to the results obtained with the default response matrix was considered 
as systematic uncertainty. This uncertainty varies from 0.5% in the 5–6 
GeV/𝑐 jet 𝑝T range up to 10% in the 30–50 GeV/𝑐 jet-𝑝T interval.

The systematic uncertainties due to the unfolding procedure were 
evaluated by studying three independent aspects of the Bayesian un-
folding method. First, the number of iterations as the regularisation pa-
rameter was varied by ±1 iteration. These two variations were compared 
to the unfolded distribution obtained using the default parameter and 
the largest deviations were used as systematic uncertainty. Second, the 
shape of the prior spectrum of the D0-tagged-jet transverse-momentum 
distribution in the response matrix was also varied. The default shape 
was taken from POWHEG+PYTHIA 6 simulations and the variation 
used was from PYTHIA 8. The observed difference was adopted as sys-
tematic uncertainty. Third, the lower limit of the kinematic range of the 
measurement was also varied and, after unfolding, the spectrum was 
compared to the default range and the relative deviation was used as 
systematic uncertainty. The combined systematic uncertainties from un-
folding range from 8% at low jet 𝑝T to 16% in the 30–50 GeV/𝑐 interval.

The systematic uncertainties arising from the sources that affect the 
raw jet-𝑝T spectrum (such as yield extraction, kinematic and topological 
selections, and feed-down subtraction) were propagated to the final D0-
tagged-jet yield by unfolding the upper and lower bands of the combined 
systematic uncertainty. These were then combined in quadrature with 
the systematic uncertainties affecting the correction of the reconstructed 
jet momentum (including single-particle tracking efficiency and unfold-
ing). This resulted in a combined systematic uncertainties for D0-tagged 
jets that varies from 15% in the 5–6 GeV/𝑐 jet 𝑝T range up to 52% in 
the 30–50 GeV/𝑐 interval.

In the evaluation of the nuclear modification factor, the systematic 
uncertainties associated with the D0-tagged-jet yield in Pb–Pb collisions 
and the reference cross section in pp collisions were treated as uncor-
related, with the exception of the uncertainty related to the branching 
ratio (BR), which cancels out in the ratio, and the feed-down that was 
considered as partially correlated between pp and Pb–Pb collisions. The 
contributions of the uncertainties on the luminosity determination in pp 
collisions, and the ⟨𝑇AA⟩ estimated with the Glauber model are common 
across all the transverse-momentum intervals and therefore contribute 
to a normalisation uncertainty on the 𝑅AA, which is shown separately 
from the other sources when displaying the results. A summary of the 
D0-jet 𝑅AA relative systematic uncertainties is displayed in Table 1 with 
the contributions from Pb–Pb and pp collisions.

5.  Results and discussion

The 𝑝T differential yields of charm jets tagged with prompt D0

mesons in central Pb–Pb collisions at √𝑠NN = 5.02 TeV were calcu-
lated using the following Eq. (4), with the measured yields corrected 
according to the procedure described in Section 3:

𝑑2𝑁
d𝜂ch jetd𝑝ch jet

T

= 1
𝑁events

1
BR

𝑁(𝑝ch jet
T )

Δ𝜂ch jetΔ𝑝ch jet
T

, (4)

where 𝑁events is the number of events, BR is the branching ratio of the 
considered D0 decay channel, 𝑁(𝑝ch jet

T ) is the measured yield in each 
interval of transverse momentum, Δ𝜂ch jet is the pseudorapidity interval 
of D0-tagged jets and Δ𝑝ch jet

T  is the width of the 𝑝T interval.
Figure 1 displays the measured yields of charm jets tagged 

with a prompt D0 meson in the transverse momentum interval 
5 < 𝑝ch jet

T < 50 GeV/𝑐 for central (0–10%) Pb–Pb collisions at a centre-
of-mass energy of √𝑠NN = 5.02 TeV, along with the reference yields from 

Physics Letters B 875 (2026) 140299 

4 



ALICE Collaboration

Fig. 1. Transverse-momentum differential yields of charm jets tagged with prompt D0 mesons in central (0–10%) Pb–Pb collisions at √𝑠NN = 5.02 TeV (red circles) 
and cross section in pp collisions at √𝑠 = 5.02 TeV (blue squares) scaled by the nuclear overlap function ⟨𝑇AA⟩ for the considered centrality interval. The vertical 
lines and boxes represent the statistical and systematic uncertainties, respectively.

Table 1 
Relative systematic uncertainties for selected 𝑝ch jet

T
intervals of the D0-jet spectra in Pb–Pb and pp colli-
sions. In Pb–Pb collisions, the first set of uncertain-
ties is associated with the D0-tagged-jet 𝑝ch jet

T  spec-
trum before unfolding. The second set (with different 
binning) is associated with the 𝑝ch jet

T  spectrum after 
unfolding.

 Pb–Pb collisions
 Source  Uncertainty (%)
𝑝ch jet
T  (GeV/𝑐)  [5,8]  [15,20]  [30,50]
 Raw yield extraction  6  5  5
 B feed-down  7  6  8
 Topological selection  6  6  14
𝑝ch jet
T  (GeV/𝑐)  [5,6]  [14,20]  [30,50]
 Propagated  13  16  48
 Unfolding  8  15  16
 Tracking eff.  0.5  3  10
 Total Pb–Pb  15  23  52
 pp collisions
 Source  Uncertainty (%)
𝑝ch jet
T  (GeV/𝑐)  [5,6]  [14,20]  [30,50]
 Raw yield extraction  3  3  7
 B feed-down  6  12  14
 Topological selection  1  6  6
 Unfolding  6  4  9
 Tracking eff.  3  4  8
 Total pp  10  15  21
 Total 𝑅AA  19  28  56

pp collisions [48]. The reference yields in pp collisions were computed 
as the product of the average nuclear overlap function ⟨𝑇AA⟩ and the D0-
tagged-jet 𝑝T-differential cross section d𝜎pp∕d𝑝T. In both collision sys-
tems, the charm jets were required to contain a prompt D0 as one of 
their constituents, reconstructed in the kinematic interval 3 < 𝑝T,D < 36
GeV/𝑐. This requirement allowed for the reconstruction of D0-tagged 
jets with low transverse momentum. The measured yields in Pb–Pb col-

Fig. 2. Nuclear modification factor of D0-tagged jets (red markers) and inclu-
sive jets with resolution parameter 𝑅 = 0.2 (light blue) and 𝑅 = 0.4 (blue mark-
ers) [75]. Statistical and systematic uncertainties are shown as vertical error 
bars and boxes, respectively. The global uncertainty originated from the ⟨𝑇AA⟩
normalisation and the luminosity is displayed as a box around unity.

lisions exhibit a clear suppression of the D0-tagged-jet production yield 
compared to the reference yields in pp collisions.

The nuclear modification factor (𝑅AA) of prompt-D0-tagged jets was 
computed, based on Eq.  (1), using the transverse momentum differential 
yield measured in Pb–Pb collisions and the pp reference at the same 
centre-of-mass energy [48].

The resulting 𝑅AA of charm jets tagged with prompt D0 mesons is 
shown in Fig. 2. The value of 𝑅AA increases as a function of jet 𝑝T. It 

Physics Letters B 875 (2026) 140299 

5 



ALICE Collaboration

Fig. 3. Transverse momentum distributions of D0 mesons (green markers) [62], inclusive jets with jet resolution parameter 0.2 (light blue) and 0.4 (blue mark-
ers) [76], and D0-tagged jets (red markers) in pp collisions at √𝑠 = 5.02 TeV (see text for details about the normalisation). Statistical and systematic uncertainties 
are shown as vertical error bars and boxes, respectively. The function 𝛼∕𝑝βT was fitted to each of the distributions (solid lines) to compare their steepness.

varies from about 0.32 in the lowest jet-𝑝T interval to 0.5 in the highest 
jet-𝑝T interval, indicating a strong suppression of D0-tagged-jet produc-
tion in central (0–10%) Pb–Pb collisions at √𝑠NN = 5.02 TeV.

Figure 2 shows the comparison of D0-tagged-jet 𝑅AA to the 𝑅AA of 
inclusive charged-particle jets with 𝑅 = 0.2 and with 𝑅 = 0.4 [75]. The 
two inclusive-jet 𝑅AA measurements are compatible between each other 
within systematic uncertainties, with the 𝑅AA for 𝑅 = 0.4 being system-
atically lower. The 𝑅AA measurement for 𝑅 = 0.3 is not available, but 
it is reasonable to expect that it should lie between the two measure-
ments. Due to its broader kinematic range, only the measurement with 
𝑅 = 0.2 will be considered from this point onward. In the overlapping 
jet transverse momentum region (20 < 𝑝ch jet

T < 50 GeV/𝑐), the inclusive 
jet 𝑅AA is lower than the D0-tagged-jet 𝑅AA, suggesting a reduced sup-
pression of charm jets tagged with D0 mesons as compared to inclu-
sive jet. The statistical significance of the difference is about 2.1𝜎 in 
the transverse momentum range 20 < 𝑝ch jet

T < 30 GeV/𝑐 and 1.8𝜎 in 
the entire transverse momentum region of the overlap between the two
measurements.

In evaluating the comparison between inclusive jets and D0-tagged 
jets, the steepness of the transverse-momentum differential yields in pp 
collisions, which were used as the reference for computing the 𝑅AA, 
should be taken into account. The momentum shift of inclusive and D0-
tagged jets due to the energy loss could differ due to the different steep-
ness of their transverse-momentum spectrum and introduce a bias in the 
comparison of the two 𝑅AA measurements.

Figure 3 presents the 𝑝T-differential yields of D0 mesons [62], D0-
tagged jets [48], and inclusive jets with 𝑅 = 0.2 and 𝑅 = 0.4 [76] mea-
sured in pp collisions at √𝑠 = 5.02 TeV and normalised to their integral 
in given 𝑝T intervals. The D0-meson distribution was normalised in such 
a way that it has the same integral in the interval 5 to 6 GeV/𝑐 as the 
D0-tagged jet distribution. The same was done for the inclusive-jet dis-
tributions in the interval 10 to 50 GeV/𝑐. Each transverse momentum 
distribution was fitted using a function 𝛼∕𝑝βT, where 𝛼 is a parameter that 
accounts for the normalisation of the distributions, and 𝛽 quantifies the 
steepness of the function. Both statistical and systematic uncertainties 
were considered for the fit. For the D0-meson and inclusive-jet trans-
verse momentum spectra in pp collisions, it was found that βD0 = 4.42 ±

0.06, 𝛽𝑅=0.2inc.jets = 4.296 ± 0.004, and 𝛽𝑅=0.4inc.jets = 4.468 ± 0.004, which show that 
these are steeper transverse momentum distributions in comparison to 
D0-tagged jets with βD0jets = 3.96 ± 0.06. However, even assuming a hy-
pothetical scenario where 80% of the jets have a 10 GeV/𝑐 shift to lower 
𝑝T, the difference in the steepness between inclusive jets and jets tagged 
with a D0 could account for up to a 9% difference between their nu-
clear modification factors, thus is not sufficiently large to explain the 
observed differences in their respective 𝑅AA.

In Figure 4, the nuclear modification factors of both D0-tagged jets 
and inclusive jets are compared to calculations from different theory 
models, namely Dai et al. [78–80], JETSCAPE [77] (left panel) and to 
LIDO [81,82] model (right panel).

The calculation by Dai et al. [78–80] is based on a Langevin trans-
port model, which describes the evolution of heavy quarks and their 
collisional energy loss, as well as a higher-twist description of radiative 
energy loss for both heavy and light partons. This model also includes 
the dead-cone effect for heavy quarks and utilises a (2+1)-dimensional 
viscous hydrodynamic medium with averaged initial conditions. The 
model uses a fixed jet transport parameter (proportional to the local 
parton density in the medium) 𝑞0 = 1.2 GeV2/fm and varies its value 
(1 < 𝑞0 < 1.5  GeV2/fm) to estimate the uncertainties of the model pre-
dictions.

The model provides an overall reasonable description of the nuclear 
modification factor (𝑅AA) for both inclusive and D0-tagged jets. For in-
clusive jets, the predictions closely follow the data trend, although they 
tend to lie near the upper edge of the experimental systematic uncer-
tainties. For D0-tagged jets, the model lies slightly below the data for 
𝑝ch jet
T > 12 GeV/𝑐, but remains overall consistent with the measurements 
within approximately 2.6𝜎. In the 𝑝T region where the two jet samples 
overlap, the model predicts a similar suppression pattern for inclusive 
and D0-tagged jets.

The similarity between the suppression of inclusive and D0-tagged 
jets seen in Dai et al. model predictions in the overlap region has been 
further investigated in a recent study [83], which employs a transport 
model based on next-to-leading order (NLO) calculations combined with 
vacuum parton showering. Two main factors are identified. First, D0-
tagged jets in the generated sample include a significant contribution 
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Fig. 4. Left: comparison of the nuclear modification factor of D0-tagged jets (and inclusive jets) with predictions from JETSCAPE [77] and Dai et al. [78–80]. The 
bands of the theory curves represent the systematic uncertainties on the model predictions. Right: comparison to the LIDO [81,82] predictions for D0-tagged jets 
with and without dead-cone effect and predictions for inclusive jets.

from gluon splitting (𝑔 → cc̄), exceeding 40% at 𝑝ch jet
T > 30 GeV/𝑐. These 

gluon-initiated jets have a broader structure and lose more energy in 
the QGP than charm-quark-initiated jets, reducing the overall 𝑅AA and 
bringing it closer to that of inclusive jets. Second, the similarity in 𝑅AA
does not exclude the presence of mass-dependent energy loss effects. 
When charm-quark- and gluon-initiated jets are separated in the model, 
a clear hierarchy consistent with the expected mass ordering emerges.

The JETSCAPE model [77] includes a modification of the parton 
shower due to the interaction with the medium using MATTER [84] at 
high parton virtuality, and LBT [85] at low parton virtuality. JETSCAPE 
underestimates the 𝑅AA of D0-tagged jets, while showing good agree-
ment with the inclusive jet 𝑅AA measurement.

LIDO [81,82] is a partonic transport model that incorporates heavy-
quark scatterings with medium partons using matrix elements calculated 
in perturbative QCD. It describes the transport of heavy quarks between 
scatterings through a Boltzmann type equation, including both elastic 
collisions and medium-induced parton radiation. The transport coeffi-
cients in LIDO are calibrated using a Bayesian analysis to match the 
measured single-inclusive nuclear modification factors of light-flavour 
hadrons and D mesons at the LHC and RHIC [86]. The model intro-
duces the parameter 𝜇min to control the coupling between the jet and 
the medium, based on measurements of the 𝑅𝐴𝐴 of B and D mesons. The 
value of this parameter is proportional to the temperature of the QGP, 𝑇 . 
LIDO predictions, shown in the right panel of Fig. 4, were obtained with 
𝜇min = 1.8𝜋𝑇  and demonstrate good agreement with the data in terms 
of the shape and trend for both inclusive jets and D0-tagged jets.

Compared to the Dai et al. model, the LIDO framework, also based 
on next-to-leading-order event generation, predicts a more pronounced 
separation between the 𝑅AA of inclusive and D0-tagged jets in the over-
lapping 𝑝T region, indicating that differences in the modeling of trans-
port dynamics and jet-medium interactions might impact the predicted 
flavour dependence of jet quenching.

The LIDO calculation for inclusive jets down to 𝑝T = 5 GeV/𝑐 (com-
patible with the minimum 𝑝T of the D0-tagged jet measurement) pre-
dicts a larger suppression of inclusive jets also at low 𝑝T. In the 𝑝ch jet

T >
12 GeV/𝑐 region, the model is compatible with the data within 2.2𝜎. 
Moreover, the result obtained without including the dead-cone effect 
in the calculations is also shown to single out the quark-mass effect 
in this model. Obtaining inclusive-jet measurements at even lower 
𝑝T would provide a crucial benchmark, as a direct comparison be-
tween inclusive and charm-tagged jets in this region would signifi-
cantly improve our understanding of the charm in-medium energy-loss
mechanism.

The comparison with the LIDO calculation without the dead-cone 
effect shows a larger suppression of the nuclear modification factor for 
charm jets at 𝑝ch jetT < 50 GeV∕𝑐, indicating that dead-cone effects play 
a significant role among the charm mass effects in this kinematic re-
gion. More precise measurements of D0-tagged jets are necessary to bet-
ter constrain the relative contribution of dead-cone effects compared to 
other mechanisms, such as mass-dependent fragmentation effects and 
differences in colour charge between partons. For 𝑝ch jet

T > 50 GeV/𝑐, 
the LIDO model predicts a similar behaviour for charm jets and in-
clusive jets. The latter behaviour is likely caused by a superposition 
of two effects: on one hand the constraints on the D0-meson kinemat-
ics play a dominant role in shaping the observed trend and on the 
other hand the dead-cone effect becomes less relevant for increasing
jet 𝑝T.

The residual difference between the model curves of D0-tagged jets 
without dead-cone effect and inclusive jets can possibly be attributed to 
the different Casimir factors of quarks and gluons, as the inclusive jet 
sample is a mixture of gluon- and light-quark-initiated jets.

6.  Summary

In this paper, the measurement of the production yield and nuclear 
modification factor of charm jets tagged with fully reconstructed D0

mesons in central (0–10%) Pb–Pb collisions at a centre-of-mass energy 
per nucleon pair √𝑠NN = 5.02 TeV has been reported. The use of D0

mesons for charm-jet tagging extends the measurement of the charm-jet 
production to transverse momentum values down to 𝑝ch jet

T = 5 GeV/𝑐.
The nuclear modification factor of charm jets tagged with D0 mesons, 

which quantifies the suppression of the jet yield due to interactions with 
the medium, was measured for the first time. It was computed by com-
paring the D0-tagged-jet yield in Pb–Pb collisions with the production 
cross section of D0-tagged jets in pp collisions at the same collision en-
ergy as a reference and it was found to be suppressed in the full measured 
𝑝T range. The comparison with the nuclear modification factor of inclu-
sive jets at the same centre-of-mass energy and centrality class indicates 
a lower suppression of charm jets compared to light-quark and gluon 
jets when traversing the medium, with a significance of about 2𝜎 in the 
transverse momentum range 20 < 𝑝ch jet

T < 50 GeV/𝑐. This difference 
can be attributed to the interplay of effects arising from the mass of the 
initial quark and the colour charge. The heavier quark mass suppresses 
the energy loss of charm quarks compared to light quarks, while the 
larger colour charge enhances the energy loss for gluon-initiated jets, 
which are more abundant at lower 𝑝T, compared to quark-initiated jets.
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The results are compared with JETSCAPE, Dai et al., and LIDO theo-
retical calculations of in-medium energy loss including quark-mass and 
colour-charge effects. Among the models considered, LIDO qualitatively 
describes the ordering between charm jets and inclusive jets and it also 
shows the best quantitative agreement with the data. Specific modifica-
tions of the LIDO predictions indicate that dead-cone effect is an impor-
tant factor in the suppression of radiative processes and it is a fundamen-
tal factor differentiating the nuclear modification factor of inclusive jets 
from that of D0-tagged jets in the kinematic region of the measurement.

The LIDO model also predicts a difference between the 𝑅AA of inclu-
sive jets and that of D0-tagged jets without the dead-cone effect and it 
can be possibly attributed to the influence of colour charge effects.

Overall, this measurement provides important insights into the mod-
ification of charm jets in the QGP created in heavy-ion collisions and 
sheds light on the quark-mass and colour-charge dependence of the in-
medium energy loss mechanisms.
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