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Investigating charm quark energy loss in medium with the nuclear

modification factor of D0-tagged jets
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Abstract

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 re-
constructed 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 < p

ch 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 <

p
ch jet
T < 50 GeV/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. Among these, LIDO provides the best description of the data, highlighting the role of mass
effects in interpreting the results.
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1 Introduction

At the high energy density and temperature reached in ultrarelativistic 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]. Therefore, they experience the entire evolution of the
system, also considering that their thermal production and annihilation rates in the strongly interacting
medium are small, even at the high temperatures and densities achieved in Pb–Pb collisions at the LHC.

Jets, i.e. collimated sprays of hadrons arising from the fragmentation of energetic partons produced in
hard scattering processes, serve as effective probes for studying the microscopic interactions of partons
with the QGP. Unlike single-hadron measurements, jets provide more direct information on energy and
direction of the parton initiating the shower, as well as a smaller bias due to fragmentation [14]. Accord-
ing to QCD predictions [15–17], the parton-shower evolution of the jet in vacuum is expected to depend
on the colour charge, characterised by the Casimir factor, as well as the quark mass, through the dead-
cone effect, which has recently been directly measured for the first time by ALICE in pp collisions [18].

In heavy-ion collisions, high-energy partons undergo medium-induced gluon radiation and elastic scat-
terings [19] as a result of their interactions with the constituents of the QGP. Differences in quark mass
and colour charge could be contributing factors to the difference in the energy loss between charm jets
and inclusive jets, which contain a mixture of quark- and gluon-initiated jets.

Due to their large mass, heavy quarks are expected to lose less energy compared to light quarks through
both collisional and radiative processes, as gluon radiation by massive quarks is suppressed (dead-cone
effect) [20–22].

Such effects can be investigated, in heavy-ion collisions, with the measurement of the nuclear modi-
fication factor (RAA) of jets. 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–proton collisions
(dσpp/dpT) scaled by the average nuclear overlap function, 〈TAA〉

RAA =
1

〈TAA〉
d2NPb−Pb/dηch jetdp

ch jet
T

d2σpp/dηch jetdp
ch 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 (σ inel

pp ) according to
〈TAA〉= 〈Ncoll〉/σ inel

pp .

Several measurements at the LHC have investigated the energy loss of charm, beauty, and light quarks
and gluons via the nuclear modification of fully reconstructed D mesons, non-prompt J/ψ , and charged
hadrons in Pb–Pb collisions [25–36]. The comparison with model predictions allowed for constrain-
ing the charm spatial diffusion coefficient and provided important insights into the role of radiative and
collisional energy loss as well as into the hadronisation mechanism. Furthermore, the quark-mass de-
pendence of parton energy loss was explored by comparing the RAA of charm and beauty hadrons, which
were either reconstructed directly or accessed through their decay products [25, 27, 35, 37, 38]. Models
incorporating a quark-mass dependence of energy loss were able to describe the data. On the jet side, the
measurement of radial distributions of D0 mesons with respect to the jet axis, performed with the CMS
detector [39], showed a hint of modification in Pb–Pb collisions for low-pT D0 mesons. This suggests
charm-quark diffusion 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
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a lower suppression of beauty jets [40] and of photon-tagged jets (mainly produced by light quarks) [41]
when compared with inclusive jets in central Pb–Pb collisions. 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 (PID) 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 modifi-
cation factor in the most central (0–10%) Pb–Pb events at centre-of-mass energy

√
sNN = 5.02 TeV are

presented. 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 esti-
mations; Section 5 reports the results compared with inclusive jet measurements and model predictions.
A summary is provided in Section 6.

2 Detector and data sample

The ALICE experimental apparatus [42] consists of a central barrel (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) [43], the Time Projection Chamber (TPC) [44],
and the Time-Of-Flight detector (TOF) [45]. The ITS consists of six layers of silicon detectors used
for tracking charged particles and reconstructing 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. Complementary 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 sample collected during the 2018 LHC
Pb–Pb run at centre-of-mass energy

√
sNN = 5.02 TeV. Events were selected using a minimum bias

(MB) trigger provided by the V0 detectors [46], which consist of two arrays of 32 scintillators each,
covering the full azimuthal angle in the pseudorapidity 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 arising from the interactions of the beams with residual gas in the vacuum pipe
were rejected offline using the timing information from the V0 detector and the Zero Degree Calorimeter
(ZDC) [47]. 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 described in detail in Ref. [43]. 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 [48, 49] 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. [50].

The Monte Carlo samples used for the corrections in this analysis were generated by simulating pp
collisions containing a cc or a bb pair with PYTHIA 8 [51] (Monash 2013 tune [52]). The charged-

3



Nuclear modification factor of charm jets tagged with D0 mesons ALICE Collaboration

particle multiplicity and detector occupancy observed in data [53] were simulated superimposing an
underlying event generated with HIJING 1.36 [54]. 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 [55].

3 Analysis Strategy

The analysis closely follows the procedure described in detail in the ALICE studies of charm jets tagged
with D0 mesons [50]. 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) correction for the reconstruction
efficiency of the D0 jets, subtraction 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 collisions compared to pp collisions is the
fluctuation of the underlying event, which is a background to the reconstructed jet. These fluctuations
significantly affect the jet transverse momentum. To account for these background fluctuations and detec-
tor effects, the data was corrected using a deconvolution procedure (unfolding). This correction involved
constructing a response matrix that maps the D0-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 jets was achieved by requiring the identification of the same D0 meson among their constituents. To
ensure a realistic representation 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 ratio 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. [56] and [25], exploited the displaced
topology of the decay and made use of the particle identification capabilities of the TPC and TOF to
identify the decay particles of the D0 mesons in the pseudorapidity interval |ηD|< 0.9.

Charm-jet reconstruction was performed using a track-based procedure with the FastJet [57] anti-kT

clustering algorithm [58] with resolution 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 dominated by the jet core, which happens for small R. The jet reconstruction was
carried out using the pT-recombination scheme [59], in the kinematic range 5 < p

ch jet
T < 50 GeV/c.

Charged particles were required 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 candidate 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 momentum, such as 5 GeV/c, is particu-
larly challenging due to the large background from the underlying event and its fluctuations [60]. At low
pT, a large fraction of the reconstructed jets is not related to a hard scattering process. This background
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source dominates the low jet-pT region (below 20 GeV/c). Moreover, independently of the pT interval,
all reconstructed jets can include tracks from the underlying event, i.e. particles not originating from the
fragmentation of the hard-scattered parton that initiated the jet. To account for the background coming
from the underlying event, the area-based method was employed, following the approach described in
Refs. [61, 62]. This method estimates the average additive contribution to the jet momentum on a jet-
by-jet basis. The underlying background momentum density, ρch, was estimated event-by-event using
the median of p

ch jet
T, raw/A

ch jet
raw , where p

ch jet
T, raw is the uncorrected jet transverse momentum and A

ch jet
raw is the

area of jets reconstructed with the kT algorithm [63]. The two leading jets were removed from the calcu-
lation of ρch. The signal anti-kT jets were then corrected by subtracting the median of the jet transverse
momentum density multiplied by the jet area: p

ch jet
T, corr = p

ch jet
T, raw −ρchA

ch jet
raw .

3.2 Extraction of D0-tagged jet raw yields

The raw yield of D0 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 [56].

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 [56, 64]. The contribution of residual D0-meson reflections, which
were not rejected by particle identification, were 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 between the reflected signal and the D0-meson yield was also fixed to the value obtained from
the simulations.

The yield of D0-meson-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 −mfit| < 2σfit (where mfit and σfit are the mean and width of the Gaussian component of the
fit, respectively) and a sideband region consisting of candidates with 4σfit < |minv −mfit| < 8σfit. The
jet pT distribution associated with the D-meson candidates in the sideband region was normalised to the
integral of the background in the peak region and then subtracted from the jet pT distribution in the peak
region to obtain the raw yield of D0 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 ac-
count for the limited detector acceptance and the reconstruction efficiency of D0 mesons. These correc-
tions are described in detail in Refs. [50, 65]. After the removal of non-prompt D0 meson contributions,
the raw yield is unfolded to correct for the detector finite resolution and jet background fluctuations.

First, the raw yields obtained in different intervals of pT,D were corrected for the product of the accep-
tance and the reconstruction efficiency of prompt D0 mesons associated to jets that pass the acceptance
and p

ch 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 obtained with NLO pQCD calculations of
POWHEG [66–69] coupled to the PYTHIA 6 [70] parton shower. The templates were generated with
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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 + p2

T, and the use of
parton distribution functions (PDF) from the CT10NLO [71] set using the LHAPDF6 [72] 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-jets (εb→D0
(pT,D)/εc→D0

(pT,D)) in order to be comparable
with εc→D0

-scaled inclusive D0-jet distributions from data. As a next step, the simulated non-prompt D0-
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 (εgen

kine) and reconstructed (ε rec
kine) axes. Additionally, the measured nuclear modification

factor of non-prompt-D0 mesons (Rb→D0

AA ) [27] 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 fragmentation of the bottom quark. As a result, the yield of prompt-D0

jets, Nc, was determined as follows

Nc(p
ch jet
T ) = Nc+b(p

ch jet
T )−Nb(p

ch jet
T ), (2)

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

Nb(p
ch jet
T )=

1
ε rec

kine

[

∑
pT,D

RMb→D0(p
ch jet
T , pT,D)⊗ ∑

pT,D

εb→D0
(pT,D)

εc→D0(pT,D)
Rb→D0

AA (pT,D)ε
gen
kineNb→D0

POWHEG(p
ch jet
T , pT,D)

]

.

(3)

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

Finally, the measured D0-jet yield was unfolded with an iterative method based on Bayes’ theorem [73]
as implemented in the RooUnfold package [74]. 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, showing good agreement in all the cases.

4 Systematic uncertainties

The systematic uncertainty associated to the measurement has several independent sources. These
sources were identified as coming from: (i) yield extraction, (ii) D0-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 Section 3.2, was evaluated by varying
the fit approach. In particular, the fit was repeated using different functions to describe the background,
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. The
standard deviation calculated from all variations with respect to the default set of parameters was used
as systematic uncertainty. 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 between Monte Carlo and data can
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affect the D0-jet reconstruction efficiency. The related systematic uncertainty was evaluated by extracting
the raw-jet pT spectrum with tighter and looser topological selections of the D0-jet candidates. The
corresponding systematic uncertainty varies from 5% at the low jet transverse momentum up to 14% in
the highest pT interval (30–50 GeV/c).

The uncertainty on the subtraction of the beauty feed-down contribution 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 [75]. 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 assuming different values of the non-prompt-D0

nuclear modification factor 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 impact the jet momentum resolution and D0-
jet reconstruction efficiency. The systematic uncertainty on the reconstruction efficiency of a single track
was estimated to be 4% [76]. To evaluate its impact, a response matrix was built by randomly rejecting
4% of the reconstructed tracks (artificially decreasing the tracking efficiency). This response matrix 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 indepen-
dent aspects of the Bayesian unfolding method. First, the regularisation parameter 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-jet transverse-momentum distribution in the response matrix was also varied. The de-
fault shape was taken from POWHEG+PYTHIA 6 simulations and the variation used was from PYTHIA
8. The observed difference was adopted as systematic uncertainty. Third, the lower limit of the kine-
matic 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 unfolding 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 fi-
nal D0-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 recon-
structed jet momentum (including single-particle tracking efficiency and unfolding). This resulted in a
combined systematic uncertainties for D0 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-jet yield in Pb–Pb collisions and the reference cross section in pp collisions were treated as uncorre-
lated, 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〉 es-
timated 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.
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5 Results and discussion

The transverse-momentum differential yields of charm jets tagged with prompt D0 mesons in central Pb–
Pb collisions at

√
sNN = 5.02 TeV were calculated using the following equation (4), with the measured

yields corrected according to the procedure described in Section 3:

d2N

dηch jetdp
ch jet
T

=
1

Nevents

1
BR

N(p
ch jet
T )

∆ηch jet∆p
ch jet
T

, (4)

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

ch jet
T ) is the measured yield in each interval of transverse momentum, ∆ηch jet is the pseudorapidity

interval of D0 jets and ∆p
ch 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 < p

ch 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 pp collisions [50]. The reference
yields in pp collisions were computed as the product of the average nuclear overlap function 〈TAA〉
and the D0-jet pT-differential cross section dσpp/dpT. In both collision systems, 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 collisions exhibit a clear suppression of the D0-jet production
yield compared to the reference yields in pp collisions. The nuclear modification factor (RAA) of prompt-
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Figure 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 markers) and cross section in pp collisions at

√
s = 5.02 TeV (blue

markers) scaled by the nuclear overlap function 〈TAA〉 for the considered centrality interval. The vertical lines are
the statistical uncertainties and the filled squares are the systematic uncertainties.

D0 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 [50].

The resulting RAA of charm jets tagged with prompt D0 mesons is shown in Fig. 2. The value of RAA
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Figure 2: Nuclear modification factor of D0 jets (red markers), inclusive jets with resolution parameter R = 0.2
(light blue) and R = 0.4 (blue markers) [77], and averaged D0, D+, D∗+ mesons [56] (green markers). 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.

increases as a function of jet pT. It varies from about 0.32 in the lowest jet-pT interval to 0.5 in the
highest jet-pT interval. This indicates a strong suppression of D0-jet production in central (0–10%)
Pb–Pb collisions at

√
sNN = 5.02 TeV.

Figure 2 shows the comparison of D0-jet RAA to the RAA of inclusive charged-particle jets with R = 0.2
and with R = 0.4 [77]. The two inclusive-jet RAA measurements are compatible between each other
within systematic uncertainties, with the RAA for R = 0.4 being systematically lower. The RAA measure-
ment for R = 0.3 is not available, but it is reasonable to expect that it should lie between the two mea-
surements. 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 < p

ch jet
T < 50 GeV/c),

the inclusive jet RAA is lower than the D0-jet RAA, suggesting a reduced suppression of charm jets tagged
with D0 mesons as compared to inclusive jet. The statistical significance of the difference is about 2.1σ

in the transverse momentum range 20 < p
ch jet
T < 30 GeV/c and 1.8σ in the entire transverse momen-

tum region of the overlap between the two measurements. The figure shows also the comparison with
the nuclear modification factor (average of D0, D+, and D∗+) taken from Ref. [56]. Despite the difficulty
in assessing a momentum scale to properly compare the jet and the single hadron measurements, it is
remarkable to observe that D0 jets and D mesons show similar magnitudes of suppression at similar pT.
The minimum pT,D is 3 GeV/c, which is a lower limit for all D0 jets in this measurement. The upper limit
of the first D0-jet p

ch jet
T interval (5-6 GeV/c) also limits its highest pT,D. The RAA in this D0-jet interval

is consistent with the D0 RAA in the range 4 < pT,D < 6 GeV/c.

In evaluating the comparison between inclusive jets and D0 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 jets due to the energy loss could differ due
to the different steepness of their transverse-momentum spectrum and introduce a bias in the comparison
of the two RAA measurements.
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Figure 3: Transverse momentum distributions of D0 mesons (green markers) [64], inclusive jets with jet resolution
parameter 0.2 (light blue) and 0.4 (blue markers) [78], and D0 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/p

β
T was fitted to each of the distributions (solid lines) to compare

their steepness.

Figure 3 presents the pT-differential yields of D0 mesons [64], D0-tagged jets [50], and inclusive jets with
R = 0.2 and R = 0.4 [78] measured in pp collisions at

√
s = 5.02 TeV and normalised to their integral

in given pT intervals. The D0 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
distributions in the interval 10 to 50 GeV/c. Each transverse momentum distribution was fitted using a
function α/p

β
T , 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 transverse momentum spectra in pp collisions, it was
found that βD0 = 4.42± 0.06, β R=0.2

inc.jets = 4.296± 0.004, and β R=0.4
inc.jets = 4.468± 0.004, which show that

these are steeper transverse momentum distributions in comparison to D0 jets with βD0jets = 3.96±0.06.
However, even assuming an hypothetical 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 nuclear modification factors, thus is not sufficiently large to explain the
observed differences in their respective RAA.

In Fig. 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. [80], JETSCAPE [79] (left panel) and to
LIDO [81, 82] model (right panel).

The calculation by Dai et al. [80] is based on a Langevin transport 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) q̂0 = 1.2
GeV2/fm and varies its value (1 < q̂0 < 1.5 GeV2/fm) to estimate the uncertainties of the model
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Figure 4: Left: comparison of the nuclear modification factor of D0 jets (and inclusive jets) with predictions from
JETSCAPE [79] and Dai et al. [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 jets with and without dead-cone
effect and predictions for inclusive jets.

predictions. It reproduces the measured inclusive jet RAA, consistently lying on the upper edge of the
systematic uncertainties of the data points. However, it tends to underestimate the nuclear modification
factor of D0-tagged jets for p

ch jet
T > 12 GeV/c.

The JETSCAPE model [79] includes a modification of the parton shower due to the interaction with the
medium using MATTER [83] at high parton virtuality, and LBT [84] at low parton virtuality. JETSCAPE
severely underestimates the RAA of D0 jets, while showing good agreement with the inclusive jet RAA

measurement.

LIDO 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 coefficients 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 [85]. The model introduces 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 the best agreement with the data in terms of the shape
and trend for both inclusive jets and D0 jets.

Predictions for inclusive jets down to pT = 5 GeV/c (compatible with the minimum pT of the D0-tagged
jet measurement) confirm the larger suppression of inclusive jets also at low pT. Moreover, the result
obtained without including the dead-cone effect in the calculations are also shown to single out the
quark-mass effect in this model.

The absence of dead-cone effect for the charm jets results in a larger suppression of the nuclear modifica-
tion factor for p

ch jet
T < 50 GeV/c, pointing towards a significant role of the mass effect in this kinematic

region. The dead-cone effect becomes less relevant for p
ch jet
T > 50 GeV/c, where the model predictions

for charm jets and inclusive jets are extended up to pT = 200 GeV/c and result to be compatible. This
observation corroborates the mass-hierarchy in energy loss, as evidenced also by the comparison of the
nuclear modification factors of beauty-originated hadrons and charm-originated hadrons [27, 37]. The
residual difference between the model curves of D0-tagged jets without dead-cone effect and inclusive
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jets can likely 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
p

ch 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 comparing the D0-jet yield in Pb–Pb collisions with the production cross section of D0-tagged jets
in pp collisions at the same collision energy as a reference and it was found to be suppressed in the
full measured pT range. The comparison with the nuclear modification factor of inclusive 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 < p

ch 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.

The results are compared with JETSCAPE, Dai et al., and LIDO theoretical calculations of in-medium
energy loss including quark-mass and colour-charge effects. Among the models considered, LIDO quali-
tatively describes the ordering between charm jets and inclusive jets and it also shows the best quantitative
agreement with the data. Specific modifications of the LIDO predictions indicate that dead-cone effect is
an important factor in the suppression of radiative processes and it is a fundamental factor differentiating
the nuclear modification factor of inclusive jets from that of D0-tagged jets in the kinematic region of the
measurement.

A difference is found in the LIDO model also between the RAA of inclusive jets and that of charm jets
without dead-cone effect and it can be attributed to the influence of colour charge effects. The other
theoretical predictions tend to underestimate the nuclear modification factor of charm jets.

Overall, this measurement provides important insights into the modification 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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