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ABSTRACT: The production of prompt D?, Dt, and D** mesons was measured at midra-
pidity (|y| < 0.5) in Pb—Pb collisions at the centre-of-mass energy per nucleon—nucleon pair
V8w = 5.02 TeV with the ALICE detector at the LHC. The D mesons were reconstructed
via their hadronic decay channels and their production yields were measured in central
(0-10%) and semicentral (30-50%) collisions. The measurement was performed up to a
transverse momentum (pr) of 36 or 50 GeV/c depending on the D meson species and the
centrality interval. For the first time in Pb-Pb collisions at the LHC, the yield of D® mesons
was measured down to pr = 0, which allowed a model-independent determination of the
pr-integrated yield per unit of rapidity (dN/dy). A maximum suppression by a factor 5
and 2.5 was observed with the nuclear modification factor (Raa) of prompt D mesons at
pr = 6-8GeV/c for the 0-10% and 30-50% centrality classes, respectively. The D-meson
Raa is compared with that of charged pions, charged hadrons, and J/¢ mesons as well as
with theoretical predictions. The analysis of the agreement between the measured Raa,
elliptic (v2) and triangular (vs) flow, and the model predictions allowed us to constrain
the charm spatial diffusion coefficient D;. Furthermore the comparison of Raa and wvs
with different implementations of the same models provides an important insight into the
role of radiative energy loss as well as charm quark recombination in the hadronisation
mechanisms.
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1 Introduction

Ultra-relativistic heavy-ion collisions allow the study of quantum chromodynamics (QCD)
at high energy density and temperature. According to lattice QCD (1QCD) calculations,
these extreme conditions lead to a transition of hadronic matter into a strongly-interacting
medium, called quark-gluon plasma (QGP), in which quarks and gluons are deconfined and
chiral symmetry is partially restored [1-5]. A QGP is formed and studied in high-energy
heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC) and at the CERN Large
Hadron Collider (LHC). The existing measurements indicate that the QGP behaves as a
strongly-coupled low-viscosity liquid-like system [6] and its lifetime at the energy densities
reached at the LHC is of the order of 10fm/c [7].

Heavy quarks, like charm and beauty, are mostly produced in primary hard scattering
processes between the partons of the incoming nuclei, which occur in the early stages of the
collisions. The time scales for heavy-quark production (< 0.07 fm/c for c¢c and < 0.02fm/c
for bb pairs [8]) are shorter than the QGP formation time, which is about 0.3-1.5 fm/c at
LHC energies [9]. Therefore, heavy quarks experience the full space-time evolution of the
hot and dense QCD medium.

During their propagation in the QGP, heavy quarks interact with the medium con-
stituents, by exchanging energy and momentum via elastic [10-12] and inelastic [13, 14]
processes. Low-momentum heavy quarks (i.e. < 3-4GeV/c) mainly interact via elastic



scatterings and are expected to acquire some collective behaviour of the system, like ra-
dial and anisotropic azimuthal flow, as a consequence of multiple interactions with the
medium [15, 16]. The typical momentum exchange in the interactions of heavy quarks
with the medium is small compared to the charm-quark mass. Therefore, heavy quarks
undergo Brownian motion in the medium characterised by many small-momentum Kkicks.
The degree of heavy-quark thermalisation provides unique insight into the thermalisation
process of the system. Substantial theoretical efforts were made to describe the charm-
quark transport in a hydrodynamically expanding medium [17]. The relevant transport
parameter is the spatial diffusion coefficient Dy, which does not depend on the precise
value of the heavy-quark mass and, hence, is a medium property. It can be estimated via
the comparison of the measured differential yields as a function of transverse momentum
(pr) and azimuthal distributions of D mesons with model predictions.

For high-pr quarks (i.e. 2 8-10 GeV/c) the main manifestation of the interactions with
the medium is energy loss, which can occur via collisional processes and gluon radiation [18],
with the latter expected to be the dominant mechanism. In particular, the amount of
radiative energy loss is influenced by the colour charge of the parton interacting with the
medium. According to QCD calculations, gluons are expected to lose more energy than
quarks, due to their stronger coupling to the medium [13, 14]. At LHC energies, light-
flavour particles in the momentum interval 5 < pp < 20 GeV/c are expected to originate
mostly from the fragmentation of gluons produced in hard scattering processes, while at
higher pp the contribution of light-quark jets becomes relevant [19]. On the other hand,
charm mesons provide an experimental tag for a quark parent at all momenta. Thus,
the comparison of heavy-flavour hadron production with that of light-flavour particles
at high pr can provide insight into this aspect. In addition, the energy loss of quarks
can be affected by several mass-dependent effects like the dead-cone effect, which reduces
the small-angle gluon radiation for quarks with moderate energy-over-mass values [20-23].
Similarly, collisional energy loss is predicted to depend on the quark mass and to be smaller
for heavy quarks [24].

Heavy-flavour hadron yields and momentum distributions can be influenced by the
modification of the parton distribution function (PDF) due to initial state effects, like
nuclear shadowing [18]. It was also suggested that low-momentum heavy quarks could
hadronise via recombination with other quarks from the medium, in addition to the frag-
mentation in the vacuum [16, 25].

The aforementioned effects can be investigated with the measurement of the nuclear
modification factor Raa of heavy-flavour hadrons. It is defined as the ratio of the pp-
differential production yield in nucleus-nucleus collisions (dNaa /dpr) and the production
cross section in proton-proton collisions (dopp/dpr) scaled by the average nuclear overlap

function (Tan)

1 dNaa/dpr (1.1)
Taa) dopp/dpr '

where (Tap) is defined as the average number of binary nucleon-nucleon collisions ({Ncon)),

Raa(pr) = <

which can be estimated via Glauber model calculations [26-28], divided by the inelastic
nucleon-nucleon cross section.



Measurements of prompt D-meson production were performed by the ALICE collab-
oration in Pb-Pb collisions at /sxy = 2.76 TeV [29] and 5.02 TeV [30] in the 0-10% and
30-50% centrality classes for both collision energies and in the 60-80% for the highest
one. The D-meson yields show a suppression in central (0-10%) and semi-central (30—
50%) collisions that reaches up to a factor of 5 and 2.5, respectively, at pp of 6-10 GeV/c.
It then decreases with increasing pr, while the suppression factor is of 1.25 without a
pronounced pt dependence in peripheral (60-80%) collisions. The prompt DY produc-
tion was also measured by the CMS collaboration in the most central Pb—Pb collisions at
VSnw = 5.02TeV [31] in the pr range 2-100 GeV /c and the result is in agreement with AL-
ICE measurements. Furthermore, also the STAR collaboration measured the production
of the prompt D? mesons in Au—Au collisions at VSnw = 200 GeV [32] and the comparison
with this result can provide insight into the /s dependence of energy-loss effects. Con-
versely, the D-meson nuclear modification factor measured by the ALICE collaboration in
p—PDb collisions at \/sxx = 5.02TeV [33], where an extended QGP is not expected to form,
is compatible with unity for the whole measured pt range.

Complementary information on the interactions of heavy quarks with the medium
constituents and their possible thermalisation can be obtained from the measurements of
the anisotropies in the D-meson azimuthal distributions, which are characterised in terms of
the Fourier coefficients [34, 35]. In particular, the second order coefficient vg, called elliptic
flow, is defined as vy = (cos(2¢)) where ¢ is the azimuthal angle. Recently, the ALICE
collaboration reported the latest measurements of prompt D-meson azimuthal anisotropic
flow [36] in Pb-Pb collisions at \/syx = 5.02TeV.

In this paper, the measurements of the pp-differential yields and nuclear modification
factors of prompt DY, D, and D** mesons (i.e. produced via the hadronisation of charm
quarks or from the decays of excited charmed hadron states) and their charge conjugates,
in central (0-10%) and semicentral (30-50%) Pb-Pb collisions at /sxx = 5.02TeV are
reported. The statistical and systematic uncertainties have been reduced due to the Pb—Pb
data sample collected with the ALICE detector at the end of 2018, that is larger by a factor
eight (four) for central (semicentral) collisions with respect to the data sample collected in
2015 used for the previous publication [30], and to the production cross section measured
in pp collisions at the same centre-of-mass energy [37]. The larger data sample allowed
the reduction of the statistical uncertainties and the extension of the pt reach of the
measurements down to pr = 0 for D mesons. Moreover, the previous measurements [30]
were affected by the uncertainty on the /s scaling of the pp production cross section.
The new measurements do not include such uncertainty since they use the measured pp
production cross section at the same collision energy [37].

The paper is structured as follows. The data sample and the experimental apparatus
are briefly introduced in section 2. The D-meson reconstruction procedure and the cor-
rections applied to the raw yields are presented in section 3, while the estimation of the
systematic uncertainties is described in section 4. The results are presented in section 5,
together with a comparison with the charged-pion, proton, and prompt and non-prompt
J/1 Ran, along with model calculations. In addition, a simultaneous comparison of the
measured Rap and elliptic flow ve [36] at low and intermediate pr with transport-model



calculations is discussed, together with an estimate of the spatial diffusion coefficient. This
comparison will provide insights into the participation of the charm quark in the collec-
tive expansion of the medium [38], as well as on the role of the different hadronisation
mechanisms. Conclusions and perspectives are drawn in section 6.

2 Detector and data sample

The ALICE experimental apparatus includes several detectors for particle tracking and
identification as well as electromagnetic calorimeters at midrapidity (|| < 0.9), a forward
muon spectrometer (—4 < n < —2.5), and a set of forward and backward detectors used
for triggering, background rejection, and event characterisation. A detailed description of
the apparatus and its performance can be found in refs. [39, 40].

The main detectors used for the track reconstruction and particle identification in
the analysis are the Inner Tracking System (ITS) [41], the Time Projection Chamber
(TPC) [42], and the Time-Of-Flight (TOF) detector [43]. They are located inside a large
solenoidal magnet, providing a uniform magnetic field of 0.5 T parallel to the LHC beam
direction. Charged-particle trajectories are reconstructed from their hits in the ITS and
the TPC. The ITS consists of a six-layer silicon detector, which is used for tracking and
for the reconstruction of primary and secondary vertices. The TPC is used for track recon-
struction and particle identification (PID) via the measurement of the specific energy loss
dE/dx. The TOF detector extends at intermediate momenta the PID capabilities of the
TPC via the measurement of the time-of-flight of charged particles from the interaction
point to the detector.

Event selection and characterisation are performed with the VO detector [44] and the
Zero Degree Calorimeter (ZDC) [45]. The VO detector consists of two scintillator arrays,
which cover the full azimuth in the pseudorapidity intervals —3.7 < n < —1.7 (VOC) and
2.8 << 5.1 (VOA), and is used for triggering, event selection, and centrality determina-
tion. A minimum-bias interaction trigger was provided by the coincidence of signals in the
VOA and the VOC. Furthermore, two separate trigger classes, which consist of an online
event selection based on the VO signal amplitude, were used during the 2018 Pb-Pb data
taking period in order to enrich the sample of central and semicentral collisions. Events
due to the interaction of the beams with residual gas in the vacuum pipe were rejected
offline using the V0 and the ZDC timing information. Only events with a primary vertex
reconstructed within £10cm from the centre of the detector along the beam axis were
considered in the analysis.

Collisions were divided into centrality classes, defined in terms of percentiles of the
hadronic Pb—Pb cross section, using the sum of the VO signal amplitudes, as described
in details in ref. [30]. The centrality classes used in the present analysis, together with
the corresponding average nuclear overlap function (Thp) [46, 47], the number of events
(Nevents), and the recorded integrated luminosity Liy [48] in each class, are summarised in
table 1.



Centrality class  (Taa) (mb™')  Nevents Lint (ub™1)
0-10% 23.26 +0.17 100 x 105 130.5 + 0.5
30-50% 3.92 4+ 0.06 85 x 10° 55.5 + 0.2

Table 1. Average nuclear overlap function, number of events, and recorded integrated luminosities
for the two centrality classes used in the analysis.

3 Analysis techniques

3.1 D-meson raw yields

The D mesons and their charge conjugates were reconstructed via the following hadronic
decay channels: D® — K~7* (with branching ratio, BR = 3.95040.031%), DT — K- 7tz +
(BR = 9.38 £ 0.16%), and D** — D%+ (BR = 67.7 + 0.5%) [49]. The analysis was based
on the reconstruction of decay vertices displaced from the primary vertex, exploiting the
separation of few hundreds ym due to the weak decays of D? and D (c7 of ~ 123 and
~ 312 pm, respectively [49]). In the case of the strong decay of the D** meson, the decay
topology of the produced D° was exploited. This method allowed the reconstruction of
DY candidates for pp > 1 GeV/c in both centrality classes and of D* (D**) candidates for
pr > 2.5 (3) GeV/c and for pr > 2 (2) GeV/c in the 0-10% and 30-50% centrality classes,
respectively.

D? and Dt candidates were built using pairs and triplets of tracks with proper charge-
sign combination, |n| < 0.8, pp > 0.4 GeV/c, a minimum number of two hits (out of six)
in the ITS, with at least one in the two innermost layers, at least 70 out of 159 crossed
TPC pad rows, and a fit quality x?/ndf < 1.25 in the TPC (where ndf is the number of
degrees of freedom involved in the track fit procedure). D** candidates were reconstructed
by combining D? candidates with tracks, which were required to have |n| < 0.8, pr > 0.1
GeV/c, and at least three associated hits in the ITS.

These track selection criteria reduce the D-meson acceptance in rapidity, which, de-
pending on pr, varies from |y| > 0.5 at low pr and |y| > 0.8 for py > 5GeV/c. Con-
sequently, a pp-dependent fiducial acceptance selection, |y| < ysq(pr), was applied, with
yrd(pr) defined according to a second-order polynomial function increasing from 0.5 to 0.8
in the range 0 < pp < 5GeV /e, and fixed to 0.8 for pp > 5GeV/c.

The D-meson selection strategy is similar to the one used in previous analyses and
the variables used to distinguish between signal and background candidates are based on
the impact parameters (i.e. the distance of closest approach between the track and the
primary vertex in the plane transverse to the beam direction) of the decay particles, the
separation of the primary and secondary vertices, and the pointing of the reconstructed
D-meson momentum to the primary vertex, as described in refs. [30, 50]. These selection
criteria tend to enhance reconstructed feed-down D mesons, originating from beauty-hadron
decays, over those promptly produced. An additional selection was therefore applied on
the normalised difference between the measured and expected impact parameters of each
of the decay particles, which allows for a significant rejection of background candidates and



feed-down D mesons, while keeping a large fraction of prompt D mesons as reported in
ref. [51]. Further reduction of the combinatorial background was obtained by applying PID
for charged pions and kaons with the TPC and TOF detectors. A +£3¢0 window around the
expected mean values of dE/dx and time-of-flight was used for the identification, where o
is the resolution on these two quantities. A tighter PID selection criterion (420) was used
for DT (for pr < 3GeV/c) and D*T candidate daughters in central collisions because of
the large background of track triplets.

An alternative analysis method, not based on the reconstruction and selection of the
displaced decay-vertex topology, was previously developed and applied for the two-body
decay of DY mesons in pp and p-Pb collisions, in order to extend the measurement down
to pr = 0 [37, 52]. This technique, which is used for the first time in the analysis of
Pb—PD collisions, does not use geometrical selections on the displaced decay vertex (which
are not effective at very low pr), but relies mainly on particle identification and on the
estimation and subtraction of the combinatorial background. The DY candidates were
formed combining pairs of tracks with opposite charge sign (unlike sign, ULS), with || <
0.8 and pr > 0.4GeV/c. Single-track and particle identification selections as well as the
fiducial acceptance selection of the reconstructed candidates were performed using the same
strategy adopted in the analysis with decay-vertex reconstruction previously described.
The contribution to the invariant-mass distribution of ULS K= pairs due to combinatorial
background is estimated with the event-mixing technique. The events are grouped in pools,
before the event-mixing, based on the primary vertex position along z and on the event
multiplicity, quantified by the number of track segments reconstructed in the two innermost
layers of the ITS. Then, the kaon tracks of a given event are mixed with the pion tracks of
other events. The top left panel of figure 1 shows the invariant-mass distribution of ULS
K7 pairs together with that of the background estimated with the event-mixing technique
in the interval 0 < pr < 1GeV/c. The latter distribution was normalised to match the
yield of ULS pairs at one edge of the invariant-mass interval considered for the extraction
of the DY raw yield.

The D-meson raw yields, including particles and antiparticles, were obtained from
binned maximum-likelihood fits to the D? and D* candidate invariant mass (M) distribu-
tion and to the mass difference AM = M (Knr) — M (Kn) distribution for D** candidates.
Figure 1 shows examples of fits for these distributions in the 0-10% centrality class and
for four pr intervals. In the analysis of the DY meson without decay-vertex reconstruc-
tion, the fit is performed after subtracting the estimated background from the ULS Kn
invariant-mass distribution as shown in the top right panel.

The fit function was composed of a Gaussian term to describe the signal and an ex-
ponential function for the background for D and DT candidates at intermediate and
high pr in the analysis with vertex reconstruction. At low pr (pr < 3GeV/c for D°
and pr < 5GeV/c for D), a second-order polynomial function is used to model the
background invariant-mass shape in both centrality classes. In the D analysis without
vertex reconstruction, instead, the background was parametrised for pp < (>) 2GeV/c
with a fourth-order (third-order) polynomial function. The AM distribution of D** can-
didates was fitted with a Gaussian function for the signal and the following function for



x10° 10°

<<.\ 35 =T T T T T (? [ T T T T T T '
§ -hb.I:ICE 0-10% Pb-Pb, VSNN =5.02 TeV A ;’ [ D° - Kx* and chargeconj. 0< p, < 1GeV/ic A
% [ D° - K'n* and charge conj. % [ _W/o vertexing 7
< 30 w/o vertexing ] N = g
[2] B T [2] :
c I 0<p <1GeVic 3 = 1 = 1867 + 2 MeV/c? ]
8 B[ o KnULS pairs - 8 5 6 =11 MeV/c? fixed to MC ]
[ — Ev. mix. background o N S = 3546114 + 758011 ]
3 E L Event-mixing background subtracted J
20 1 1 1 1  —. 0 1 1 1 1 1
1.75 1.8 1.85 19 1.95 1.75 1.8 1.85 1.9 1.95
M(Kn) (GeV/c?) M(Kn) (GeV/c?)
6 3
&‘\ 05 >(|1 0 T T T T T ] 6‘\ 6 _IJO T T T T T —
N e, D° - K'n* and charge conj. ] A [ D° — Kn* and charge conj. 1< p <15 GeV/c A
3 L with vertexing ] 3 I with vertexing E
= 04 - b - -
e N ] © [ ]
n [ ] : - .
§ 03k 1<pT<1.5GeV/C_ B 21 1
N ] o> r ]
8 | u=1867+2Mev/c? . £ 0-+ h
[ o =11 MeV/c? fixed to MC i . + ++ §
02F 5 - 13444 + 1955 - I + ]
CL 1 1 1 1 1 r 8 —2 - 1 1 1 1 1
1.75 1.8 1.85 1.9 1.95 2 (&) 1.75 1.8 1.85 1.9 1.95 2
M(Kn) (GeV/c?) M(Kn) (GeV/c?)
10°
&‘\ C T A A T T T T 1 &‘\ T N T 0 T i T T T T T
N l D" > Kn'n* 5<pT<5.5GeV/c- N I D">Dn" - Kn'n* 16<pT<24GeV/c:
% 1o and charge conj. . % 600} and charge conj. -
= 4 = - 1
© r ] e I W = 145.49 + 0.04 MeV/c? ]
5 10F - = 400}~ 6 =0.69 + 0.04 MeV/c® —
< E 1 8] i S=981+52
Q r 2 ] 5 -
S 8 u=1872+1MeV/c . 3 200l
L 6=9+1MeV/c? ] o UL
61— S =5476 + 369 — L ]
C 1 1 1 1 | 1 1 1 1 1 1 1
1.75 1.8 1.85 1.9 1.95 0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154
M(Knr) (GeV/c?) M(Knr) - M(Kr) (GeV/c?)

Figure 1. Invariant-mass (mass-difference) distribution of D°, DT, and D** meson candidates in
different pr intervals for the centrality class 0-10%. The fit functions are composed of a Gaussian
function for the signal and an additional term for the background, as described in detail in the text.
The values for the Gaussian mean p, width o, and raw yield S are also reported. Top row: D% meson
candidates with 0 < pp < 1GeV/c without reconstructing the decay vertex. The invariant-mass
distributions are shown before (left) and after (right) the subtraction of the combinatorial back-
ground estimated from event-mixing. Middle row: D%-meson candidates with 1 < pp < 1.5GeV /c
with reconstruction of the decay vertex before (left) and after (right) background subtraction. The
width of the Gaussian in this and in the previous pr interval is fixed to the value obtained from
simulations. Bottom row: DT-meson candidates with 5 < pr < 5.5GeV/c (left) and D**-meson
candidates with 16 < pr < 24 GeV /¢ (right).

the background: av/AM — m e!@M=m=) where m, is the pion mass and a and b are free
parameters.

In some cases a D-meson candidate can be also identified as a DY meson when the
two daughter tracks are compatible with both the kaon and pion hypothesis, leading to an
irreducible correlated background. Hence, in the D? meson analyses, an additional term
was included in the fit function to take into account this contribution to the invariant mass
of signal candidates, which is called reflections. It was parametrised with a double-Gaussian
distribution based on detailed Monte Carlo simulations. This contribution ranges between



2% and 3% of the raw signal depending on pr [30]. Given the critical signal extraction
for the D meson at low pr in the analysis with vertex reconstruction, due to the small
signal-to-background ratio, the width of the Gaussian for the signal was fixed to the value
obtained from the simulation for pr < 1.5GeV/c. We verified that the widths from the
simulation were consistent with those extracted from the data. For the same reason, in the
analysis without vertexing the Gaussian width was fixed to the one from the simulation
in the whole pr range. The statistical significance of the signal, defined as S/v/S + B
where S is the raw signal yield obtained by integrating the Gaussian function and B is the
background under the peak (within 30), varies from 4 to 60, depending on the D-meson
species, the pr interval, and the centrality class. In the D analysis without decay-vertex
reconstruction, the S/B in the pr range 0-1GeV/c is approximately ~ 8.5x10~% before
the mixed-event background subtraction.

3.2 Yield corrections and beauty feed-down subtraction

The D-meson raw yields were corrected to obtain the prp-differential yields of prompt D-
mesons according to:

eN 11 Forompt (1) % N2AP (pr)|

— lyl<ysa ] (31)
dy de 2 APT ay(pT) X (ACC X E)prompt(pT) X BR X Nevents

The raw yield values N D+ﬁ’raw, which contain the contribution of feed-down from beauty-
hadron decays, were multiplied by the fraction of promptly produced D mesons fprompt and
divided by a factor of two to obtain the charged-averaged yields. Furthermore, they were
divided by the product of prompt D-meson acceptance and efficiency (Acc X €)prompt, the
branching ratio BR of the decay channel, the width of the py interval (Apr), and by the
number of events Neyents- The factor oy (pr) normalises the corrected yields measured in
Ay = 2ygq(pr) to one unit of rapidity. It was computed as the ratio between the generated
D-meson yield in |y| < ysa(pr) and that in |y| < 0.5 using a data-driven pr shape and
a rapidity distribution from fixed order plus next-to-leading logarithms (FONLL) [53, 54]
perturbative QCD calculations, after verifying that the D-meson rapidity distributions in
FONLL are consistent with those from PYTHIA 8 [55].

The (Acc x €) correction was obtained separately for prompt and feed-down D mesons
using simulations with the GEANT3 transport package [56], including a detailed descrip-
tion of the detector geometry and response as well as of the LHC beam conditions. The
Pb-Pb collisions at \/sxy = 5.02TeV were produced with the HIJING v1.36 [57] event
generator and D-meson signals were added by injecting c¢ or bb pairs generated with the
PYTHIA v8.2.43 event generator with Monash tune [58]. The D-meson pr distributions
from the simulations were reweighted in order to use realistic momentum distributions in
the determination of the acceptance and the efficiency, which depend on pr. The weights
were defined with an iterative procedure to match the pr dependence measured for D°
mesons in the intervals used in the analysis, for both centrality classes and in the momen-
tum interval 1< pr < 50 GeV/c.
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Figure 2. Product of acceptance and efficiency (Acc X €) as a function of pr for prompt (red
circles) and feed-down (blue squares) D mesons in Pb—PDb collisions for the 0-10% centrality class.

Figure 2 shows the (Acc x ¢) for prompt and feed-down D (top panels), D (bottom
left panel), and D*T (bottom right panel) mesons with |y| < ygq as a function of pr in
the 0-10% centrality class. For the analysis that does not exploit the selections on the
DY-meson decay vertex (top left panel), the efficiency is higher by a factor of about 100 (5)
at low (high) pr as compared to the analysis with decay-vertex reconstruction (top right
panel). The (Acc x €) is almost independent of pr (the mild increase with increasing pr
is mainly determined by the geometrical acceptance of the detector) and is the same for
prompt and feed-down D?, as expected when no selection is made on the displacement of
the D%-meson decay vertex from the interaction point.

The efficiencies for the analysis with geometrical selections on the displaced decay-
vertex topology range from about 1072 at low pr to 0.1-0.3 at high pr, depending on the
D-meson species. The decreasing efficiency with decreasing pr is due to the fact that more
stringent selection criteria are needed at low pt because of the larger background and the



smaller average displacement of the decay vertex from the interaction point. The trend
of the efficiency with pr is not completely smooth, especially for DY and D**, reflecting
the pr intervals in which the optimisation of the selection criteria was performed. The
(Acc x €) is higher for semicentral collisions than for central collisions, since less strin-
gent selections are applied because of the lower combinatorial background. The difference
between the efficiencies for prompt and feed-down D mesons is due to the geometrical se-
lections applied since the latter are more displaced from the primary vertex due to large
B-meson lifetime (7 ~ 500 ym) and are therefore more efficiently selected by the majority
of the selection criteria applied in the analysis. However, the requirement on the difference
between measured and expected decay track impact parameter rejects efficiently D mesons
coming from beauty-hadron decays. This is particularly effective for D™ mesons (figure 2
bottom left panel) whose feed-down efficiencies become lower than the prompt efficiencies
after a selection on the aforementioned variable is applied.

The fraction of selected prompt D mesons fprompt Was obtained with the procedure
introduced in refs. [30, 59] to account for the contribution of D mesons from beauty-
hadron decays in the measured raw yield. The fprompt factor was estimated in each pr
interval using perturbative QCD calculations for the cross section of feed-down D mesons,
efficiencies from the simulations, and a hypothesis on the R of feed-down D mesons. In
detail, the expression for fprompt is:

D+D feed-down
N raw
D+D
Nraw

f prompt — 1—

do FONLL, PYTHIA 8
=1- Rfﬁii_down X <TAA> X ( )

dpt feed-down, |y|<0.5

% 2Apr x Oy X (ACC X 6)feed-dovvn X BR X Nevents
NDJrE

raw

Y

NDJrﬁ feed-down

where NP+D is the measured raw yield and N2

raw is the estimated raw yield of

D mesons from beauty-hadron decays. The beauty-hadron production cross section in pp
collisions at /s = 5.02 TeV, estimated with FONLL calculations [60], was folded with the
beauty-hadron— D + X decay kinematics from PYTHIA 8 and multiplied by the (Acc x ¢)
of feed-down D mesons, by the (Txs) of the corresponding centrality class, and by the
other factors introduced in eq. (3.1). Finally, the nuclear modification factor of D mesons
from beauty-hadron decays (RES491) was accounted for.

The comparison of the Ras of prompt D mesons (RR2™") at \/sxy = 5.02TeV [30]
with that of J/¢ from B-meson decays at the same energy measured by the CMS [61] and
the ATLAS [62] collaborations indicates that prompt charmed hadrons are more suppressed
than non-prompt charmed hadrons. The difference between the Raa values is about a
factor two in central collisions at a pyp value of about 10 GeV /c [30] and it is described by
model calculations with parton-mass-dependent energy loss. Therefore, for the centrality
classes 0-10% and 30-50%, the value RSO — 2 5 RR'O™P' was assumed to compute
the fprompt factor for D mesons with 3 < pr < 24GeV/c. To estimate a systematic
uncertainty, this hypothesis was varied in the range 1 < Rfg¢d-down / RRIO™PY 3 considering
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the data uncertainties and model variations. For pp < 3GeV/c and 24 < pp < 50 GeV /¢,
since model calculations predict a lower difference between RY's™* and RIgd-down (63 64],
the hypothesis RigsIdov® = 1.5 x RR'™P' was used, with a variation in the range 1 <
RfAeZd'dOW“ / R;:met < 2 for estimating the systematic uncertainty.

The resulting values of the fprompt factor, for the central hypotheses on Rfjd‘down /
RY'™P' range from about 0.80 to 0.95, depending on the D-meson species, centrality
class, and pr interval. The values of fyrompt for the DY analysis without decay-vertex
reconstruction are larger compared to those from the analysis with geometrical selections
since the feed-down component is not enhanced by the topological selection criteria. The
systematic uncertainties obtained from the variation of the hypotheses are discussed in

section 4.

4 Systematic uncertainties

The systematic uncertainties on the corrected yields of D°, D*, and D*t mesons were
estimated as a function of p for the 0-10% and 30-50% centrality classes considering the
following sources: (i) extraction of the raw yield from the invariant-mass distributions;
(ii) reconstruction efficiency of the decay-particle tracks; (iii) D-meson selection efficiencys;
(iv) PID efficiency; (v) generated D-meson pp and rapidity shape; (vi) subtraction of the
contribution originating from beauty-hadron decays. In addition, a global normalisation
uncertainty due to the branching-ratio uncertainty and the centrality interval determination
was considered. The estimated values of the systematic uncertainties are summarised in
table 2 for the three D-meson species in representative pr intervals.

The systematic uncertainty on the D-meson raw yield was estimated in each p interval
by varying the invariant-mass interval considered in the fit and the functional form of the
background fit function. The sensitivity to the line shape of the signal was tested by
considering the raw yield values obtained by counting the candidates in the invariant-mass
region of the signal peak after subtracting the background estimated from the side bands.
In the case of the D%-meson analysis without decay-vertex reconstruction, an additional
contribution related to the line shape of the signal was estimated by varying the width of
the Gaussian function by +10% with respect to the Monte Carlo expectation, based on
the deviations between the Gaussian width values observed in data and simulations for the
analysis with decay-vertex reconstruction. The systematic uncertainty was defined as the
RMS of the distribution of the signal yields obtained from all these variations. In the case
of DY mesons, an additional contribution due to the modelling of the reflection contribution
in the fit was estimated by varying (by +20%) the ratio of the integral of the reflections
to the integral of the signal and the shape of the templates used in the invariant-mass
fits. The assigned uncertainty ranges from 2% to 11% depending on the D-meson species
and pr interval, being on average smaller in the 30-50% centrality class due to the larger
signal-to-background ratio in this class as compared to central collisions.

The systematic uncertainty on the track reconstruction efficiency has two contribu-
tions. The first one was estimated by varying the track quality selection criteria. The
second contribution originates from possible differences in the probability to match the
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Particle DO Dt D**
pr interval (GeV/c) 0-1 1.5-2 75-8 | 335 7.5-8 | 3-3.5 7.5-8
Raw-yield extraction 9% 7% 2% 5% 5% ™% 3%
Correction factor
Tracking efficiency | 8% 9% 9% 14%  15.5% | 13% 9%
0-10% Selection efficiency | negl. 8% 2% 5% 5% 13% 4%
centrality PID efficiency negl.  negl. negl. | negl. negl. 1% 1%
MC pr shape negl.  0.5%  mnegl. | negl. mnegl. | 0.5%  negl.
Feed-down from beauty | *3¢% I5% T13%% | 133% Tii% | 5% A%
Branching ratio 0.8% 1.7% 1.1%
Centrality limits <0.1%
Raw-yield extraction 11% 4% 2% 4% 3% 5% 4%
Correction factor
Tracking efficiency | 7% 7.5% ™% 11% 1% | 10% 9%
30-50% Selection efficiency | negl. 8% 2% 4% 3% 9% 4%
centrality PID efficiency negl.  negl. negl. negl. mnegl. | negl.  negl
MC pr shape negl. 1% negl. negl. negl. | negl negl.
Feed-down from beauty | *21% *98,% FT14% | T33%  T55% | f85%  T09%
Branching ratio 0.8% 1.7% 1.1%
Centrality limits 2%

Table 2. Relative systematic uncertainties on prompt D-meson yields in Pb—Pb collisions at
V3xn = 5.02TeV for representative pr intervals. The first pr interval of the DY corresponds to
the analysis without decay vertex reconstruction. For the uncertainties on the correction factors,
values below 0.5% are considered negligible.

TPC tracks to the ITS hits in data and in simulations. It was estimated by comparing
the matching efficiency in data and simulations after weighting the relative abundances
of primary and secondary particles in the simulation to match those observed in data.
The uncertainty was estimated for the single track and propagated to the reconstructed
D mesons using the decay kinematics. The estimated uncertainty is the quadratic sum of
the two contributions and it depends on the D-meson species and pr, ranging from 3% to
10.5% for the two-body decay of DY mesons and from 5.5% to 15.5% for the three-body
decays of DT and D** mesons.

The uncertainty on the D-meson selection efficiency originates from imperfections in
the description of the D-meson kinematic properties and of the detector resolution and
alignment in the simulation. For the analyses with decay-vertex reconstruction, the sys-
tematic uncertainty was estimated by comparing the corrected yields obtained by repeating
the analysis with different sets of selection criteria resulting in a significant modification
of the raw yields, signal-to-background ratios, and efficiencies. The estimated uncertainty
depends on the D-meson species and pp interval, being larger at low pr and for central
collisions, where more stringent selections are used to obtain a good statistical significance
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of the signal. The values obtained in these analyses range from 2% (3%) to 8% (13%) for
the two-(three-) body decay channel. In the case of the D’-meson analysis without decay-
vertex reconstruction, no geometrical selections on the displaced decay-vertex topology are
applied, and the efficiencies are higher than those of the analysis with decay-vertex recon-
struction and almost independent of pp. The stability of the corrected yield was tested
against variations of the single-track pr selection and no systematic effect was observed.

The uncertainty on the PID selection efficiency was estimated by repeating the anal-
yses with decay-vertex reconstruction without applying the PID selections. The resulting
corrected yields were found to be compatible with those obtained with the PID selection
and therefore no systematic uncertainty was assigned. For the D’-meson analysis without
decay-vertex reconstruction, the analysis without applying PID selections could not be
performed due to the insufficient statistical significance of the signal. More stringent PID
criteria (at 20 level on TPC, or TOF or both) were tested and compatible values for the
corrected yields were obtained. Based on this result and on the fact that the PID selections
are the same as used in the analysis with decay-vertex reconstruction, no uncertainty due
to PID was assigned. In the case of the D*T analysis, more stringent PID selection criteria
were used in the 0-10% centrality class. A systematic uncertainty of 1% was estimated
by comparing the pion and kaon PID selection efficiencies in the data and in the simula-
tion and combining the observed differences using the D**-meson decay kinematics. For
this study, pure pion samples were selected from strange-hadron decays, while pure kaon
samples in the TPC (TOF) were obtained using a tight PID selection in the TOF (TPC).

An additional contribution to the systematic uncertainty on the efficiency originates
from a possible difference between the real and simulated D-meson pr and rapidity dis-
tributions. The effect of the pr shape was estimated by calculating the efficiency using
alternative D-meson transverse momentum shapes via a reweighting technique. In partic-
ular; the pr distributions from FONLL calculations with and without hot-medium effects
parametrised based on the R in central collisions from different models were considered.
For the analyses with decay-vertex reconstruction, the resulting uncertainty, which also
includes the effect of the pp dependence of the nuclear modification factor, was estimated
to be negligible for pr > 5GeV/c and to increase to 1-1.5% in the lowest pr intervals con-
sidered in the analysis, where the efficiency varies steeply with pr. Instead, no sensitivity
to the generated D° pr shape was observed in the results of the D%-meson analysis without
decay-vertex reconstruction. The simulated rapidity shape of D mesons affects the Acc x €
and the o, factors in the calculation of the cross section. It was verified that the D-meson
rapidity distributions in the PYTHIA 8 simulations and FONLL calculations are similar,
resulting in a negligible effect on the Acc x € and «, correction factors. For the latter
factor, an extreme assumption of a flat rapidity shape was tested and the difference with
respect to the FONLL case was found to be smaller than 1% for pp < 10 GeV/c and to be
smaller than 2% at higher pr. Considering that at high pt the assumption of a flat rapidity
shape is an extreme variation, the effect of the generated dN/dy shape was considered to
be negligible and no systematic uncertainty was assigned.

The systematic uncertainty on the fhrompt correction factor was estimated by varying
(i) the FONLL parameters (b-quark mass and factorisation and renormalisation scales,
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according to the prescription in ref. [60]) in the calculation of the pp-differential production
cross section of feed-down D mesons, and (ii) the ratio between the feed-down and prompt
D-meson Raa, as described above. The resulting uncertainty ranges between 2% and 14%,
depending on the D-meson species and pr and centrality interval.

The normalisation uncertainty due to the centrality interval definition was estimated
from the variation of raw yield observed when varying the limits of the centrality classes
to account for the uncertainty on the fraction of the hadronic cross section used in the
Glauber fit to determine the centrality percentiles (see ref. [29] for details).

In the calculation of the nuclear modification factor, the systematic uncertainties on the
D-meson yield in Pb—Pb collisions and on the pp reference cross section were propagated
as uncorrelated, except for the uncertainty on the BR, which cancels out in the ratio,
and the contribution to the feed-down uncertainty originating from the variation of the
parameters of the FONLL calculation, which was considered to be fully correlated between
the Pb—Pb and pp measurements. In particular, the contributions of the uncertainties on
(i) the normalisation of the pp cross section (due to the luminosity determination), (ii)
the centrality limits of the Pb—Pb samples, and (iii) the (Txa) estimated with the Glauber
model are common to all the pp intervals and therefore they constitute a normalisation
uncertainty on the Raa, which is shown separately from the other sources when displaying
the results.

5 Results

5.1 Transverse-momentum-differential yields

In this section, the results on the pp-differential (d2/N/dydpr) and pr-integrated (dN/dy)
yields of prompt D°, D, and D** mesons at midrapidity in Pb-Pb collisions at NG =
5.02TeV in the 0-10% and 30-50% centrality classes are presented. In the case of the
DY mesons, two results for the d2N/dydpr were obtained from the analyses with and
without selections on the decay-vertex topology. They are compared in figure 3, with
the inset showing their ratio in the common pt range. In the calculation of the ratio,
the results in the narrower pr intervals of the analysis with decay-vertex reconstruction
were merged together to match the binning of the analysis without vertexing, and the
systematic uncertainties were propagated treating the raw yield extraction as uncorrelated
between the two analyses, and all the other sources of uncertainty as correlated. The
vertical error bars represent the statistical uncertainties and the systematic uncertainties
are depicted as boxes except for the BR uncertainty, which is reported separately. The
symbols, representing the data points, are positioned horizontally at the center of each
interval and the horizontal bars represent the width of the pr interval. This convention is
adopted in all the figures shown in this section.

The two results for the pr-differential yield of prompt D° mesons are found to be
consistent within statistical uncertainties, which are independent between the two analysis
techniques because of the largely different signal-to-background ratios and efficiencies. The
usage of these two techniques allows the measurement of the D? pr-differential yields in a
wide transverse momentum range extending down to pr = 0 for the first time in Pb-Pb
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Figure 3. Transverse momentum distributions d? N/dydpt of prompt D® mesons from the analysis
with (open marker) and without (full marker) decay-vertex reconstruction in the 0-10% and 30—
50% centrality classes in Pb-Pb collisions at /sy = 5.02TeV. Statistical uncertainties (bars) and
systematic uncertainties (boxes) are shown.

collisions. The most precise measurement of the prompt D% meson pr spectrum, which will
be shown and used for comparisons throughout the paper, is obtained by using the results
of the analysis without decay-vertex reconstruction in the pr interval 0 < pr < 1GeV/c
and those from the analysis with decay-vertex reconstruction for pr > 1 GeV/c.

The pr-differential yields d> N/dydpr of prompt D, D* | and D** mesons are shown in
figure 4 for the 0-10% and 30-50% centrality classes. They are compared with the reference
yields from pp collisions, which are computed as (Taa) x dopp/dpr, where dop, /dp is the
D-meson pr-differential cross section measured in pp collisions at /s = 5.02 TeV [37, 65],
and (Taa) is the average nuclear overlap function [47]. The D-meson production cross
sections in pp collisions are measured up to 36 GeV/c and they are extrapolated with
FONLL towards higher pr, with the method described in refs. [29, 30]. The spectra in
the 30-50% centrality class are scaled by the factor reported in the legend for visibility. A
clear suppression of the production yield for pp > 3GeV/c is visible in Pb—Pb collisions
and it is stronger in central than in semicentral collisions.

Figure 5 shows the pp-dependent ratios of the production yields of prompt D' and
D** mesons relative to the D° ones, in the left panels, compared with the values measured
in pp collisions at /s = 5.02TeV [37]. The systematic uncertainties were propagated
to the ratios, considering the contributions from the tracking efficiency and the beauty-
hadron feed-down subtraction as fully correlated among the different D-meson species. The
values obtained in Pb—Pb and pp collisions are compatible within uncertainties and this
indicates there is no modification of the relative abundances of D°, D*, and D*t mesons
as a function of pr and for different centrality classes. The DT/DY and D** /DY ratios
are described within uncertainties by the GSI-Heidelberg statistical hadronisation model
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Figure 4. Transverse momentum distributions d?>/N/dydpt of prompt D° (left), DT (middle),
and D*T (right) mesons in the 0-10% (cross) and 30-50% (diamond) centrality classes in Pb-Pb
collisions at /Syy = 5.02 TeV. The reference pp distributions multiplied by (T'xa) are shown as well.
Statistical uncertainties (bars) and systematic uncertainties (boxes) are shown. The uncertainties
on the BRs are quoted separately and the horizontal bars represent bin widths. The spectra in
the 30-50% centrality class are scaled by the factor reported in the legend for visibility. Filled
and empty markers of the pp reference indicate the measured [37, 65] and pr-extrapolated values,
respectively, of the pr-spectrum.

(SHMc) [66, 67] (right panels of figure 5), which predicts the pr spectra of charm hadrons
with a core-corona approach. The low-pt region is dominated by the core contribution
described with a blast-wave function, while the corona contribution is more relevant at
high pr and is parametrised from pp measurements. The rise predicted by the model,
especially for D** /DY, are due to the different D-meson masses and to the collective radial
expansion of the system.

The visible production yields of prompt DY, D, and D** mesons in the two cen-
trality classes were evaluated by integrating the d?N/dydpr over the pr intervals of the
measurements. The results are reported in table 3. For the yield integration, the sys-
tematic uncertainty was propagated assuming all sources of uncertainty as fully correlated
among pr intervals, except for the one on the raw-yield extraction, which was treated as
uncorrelated because of the bin-to-bin variations of S/B and background invariant-mass
shape.

The production yield of prompt D mesons per unit of rapidity, dN/dy, was obtained
by extrapolating (where needed) the visible cross section to the full pr range. Since the pp-
differential yields of DY mesons in the 0-10% and 30-50% centrality classes were measured
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Figure 5. DT /DO (top left panel) and D**/D (bottom left panel) ratios as a function of pr in
central and semicentral Pb—Pb collisions compared to the results obtained from pp collisions [37].
The right panels show the ratios in central Pb—Pb collisions compared to the predictions from
the statistical hadronisation model (SHMc) [66, 67] with a core-corona approach and the FastReso
package [68] for resonance decays. Statistical (bars) and systematic (boxes) uncertainties are shown.

down to pr = 0, it was possible to obtain the dN/dy at midrapidity for the first time
in Pb—Pb collisions at the LHC without using models or assumptions to extrapolate the
pr-differential yield to unmeasured momentum range at low pp. Conversely, the dN/dy of
DT and D** mesons were obtained via an extrapolation procedure exploiting the measured
pr-differential ratios relative to the D meson. The measured pr-differential D*/D° and
D*+ /DY ratios, shown in figure 5, were fit with two different functions (a constant and
a constant plus logarithmic function) in order to extrapolate the ratios in the interval
0 < pr < 2GeV/e, where the yields could not be measured. The extrapolation in the
high-pr range is negligible because the fraction of D-meson yield in central (semicentral)
collisions with pt > 50 (36) GeV /c is negligible. The yields of D™ and D** mesons in the
interval 0 < pr < 2GeV /c were obtained by multiplying the measured D yield in this p
interval by the extrapolated ratio from the fit function. For the DT /DY ratios, which show
a flat trend as a function of pr, the fit to a constant was used in the determination of the
central value of the DT yield, while for the D** /DO ratio the fit with a constant plus a
logarithmic function was used. The systematic uncertainty due to the extrapolation was
estimated by evaluating the yields using the other fit function and the shape of the SHMc
predictions with normalisation parameter left free. The difference between the central
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Kinematic range Visible production yield
0-10% centrality
DY | 0 <pr < 50GeV/e | 6.819 + 0.457 (stat.) 0932 (syst.) + 0.054 (BR)

Dt | 2 <pp < 50GeV/c | 0.992 + 0.073 (stat.) 9123 (syst.) + 0.017 (BR)
D*t | 3 < pr < 50GeV/c | 0.438 + 0.037 (stat.) T50ss (syst.) & 0.005 (BR)

30-50% centrality
DY | 0 <pp <50GeV/c | 1.275 + 0.099 (stat.) T51%% (syst.) £ 0.010 (BR)

Dt | 2 < pp < 50GeV/c | 0.179 + 0.008 (stat.) T0927 (syst.) + 0.003 (BR)
D*t | 2 < pp < 36GeV/c | 0.230 £ 0.023 (stat.) 70035 (syst.) & 0.002 (BR)

Table 3. Visible production yield of prompt D, D* and D** mesons in |y| < 0.5 in the 0-10%
and 30-50% centrality classes of Pb—Pb collisions at /sy = 5.02 TeV.

Measured dN/dy SHMc dN/dy
0-10% centrality
D | 6.819 + 0.457 (stat.) T0932 (syst.) + 0.054 (BR) 6.42 + 1.07

DT | 3.041 £ 0.073 (stat.) T0-125 (syst.) £ 0.052 (BR) T892 (extrap.) | 2.84 + 0.47
D*t | 3.803 + 0.037 (stat.) 9952 (syst.) 4 0.041 (BR) T9-52 (extrap.) | 2.52 + 0.42

30-50% centrality
DO | 1.275 + 0.099 (stat.) T0157 (syst.) £ 0.010 (BR) 1.06 + 0.15

D* | 0.552 + 0.008 (stat.) 937 (syst.) 4 0.009 (BR) 09 (extrap.) | 0.471 + 0.069

D*t | 0.663 + 0.023 (stat.) 70938 (syst.) 4 0.007 (BR) TJ{a2 (extrap.) | 0.419 T390

Table 4. Measured pr-integrated yields of prompt D%, D*, and D** in |y| < 0.5 in the 0-10% and
30-50% centrality classes of Pb—Pb collisions at \/syy = 5.02TeV. The right column reports the
dN/dy predicted by the GSI-Heidelberg statistical hadronisation model [66, 67].

value and the yields obtained with other functions for the extrapolation was assigned as
systematic uncertainty and summed in quadrature to the uncertainty on the D yield in
the aforementioned pr interval. The results for the prompt D-meson production yields per
unit of rapidity dIN/dy in |y| < 0.5 are reported in table 4. In the case of the DY meson,
the result coincides with the visible yield because the measurement extends down to pp =
0 and the contribution of D? mesons with pr > 50 (36) GeV /c is negligible.

In the right column the dN/dy values predicted by the SHMc [66, 67] are reported.
In the SHMc approach, the yield of hadrons containing charm quarks can be calculated
utilising as input values (i) the temperature Tipem, (ii) the volume of the fireball at the
chemical freeze-out estimated from a fit to light-flavour hadron yields, and (iii) the number
of c¢€ pairs produced in the Pb—Pb collision. The latter was calculated from the charm-
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Figure 6. Raa of prompt DY, DT, and D*T mesons as a function of pt for the 0-10% (left panel)
and 30-50% (right panel) centrality classes. Statistical (bars), systematic (boxes), and normalisation
(shaded box around unity) uncertainties are shown. Filled markers are obtained with the measured
pp reference [37, 65], empty markers with the pr-extrapolated reference.

quark production cross section estimated from measurements in pp and p—Pb collisions
along with guidance from parameterisations of the nuclear modification of the PDFs [69].
The SHMc calculations agree with the measurements within uncertainties, even though
the data lie on the upper edge of the uncertainty band of the theoretical predictions,
which is related to the uncertainty on the total charm production cross section used in the
calculation. It is useful to note that the charm production cross section in pp collisions,
which was used to determine the charm content of the fireball in the SHMc calculations,
is lower than the recent measurement reported in ref. [70] and therefore the yields from
the SHMc would increase if the measured cross section were used as the input to the
calculations. However, a firmer conclusion on the SHMc predictions for charm hadrons
will be drawn when the measured dN/dy of DI, AT, and J/¢ will be available in Pb-Pb

(O]
collisions and included in the comparison, since it is expected that the modifications of
the hadronisation mechanisms in the presence of a QGP affect the relative abundances of

different charm-hadron species [25, 71-76].

5.2 Nuclear modification factor

The Raa of prompt D°, DF, and D** mesons was computed, as defined in eq. (1.1), using
the d2N/dydpr measured in Pb-Pb collisions and the pp reference at the same centre
of mass energy reported in figure 4. The obtained results are shown in figure 6 for the
two centrality classes. The nuclear modification factors of the three D-meson species are
compatible among each other within statistical uncertainties.

The average Raa of D°, Dt and D*t mesons was computed as a weighted average
using the inverse of the quadratic sum of the relative statistical and uncorrelated systematic
uncertainties as weights, in the pr intervals where more than one D-meson Raa value
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Figure 7. Left panel: prompt D-meson Raa (average of D, DT and D**) as a function of
pr measured in Pb-Pb collisions at /sy = 5.02TeV (2018 data sample) in the 0-10% and 30—
50% centrality classes compared with published results in the 60-80% centrality class (2015 data
sample) [30] and in p-Pb collisions at the same centre-of-mass energy [33]. Statistical (bars),
systematic (boxes), and normalisation (shaded box around unity) uncertainties are shown. Right
panel: prompt D-meson Raa in the 10% most central Pb-Pb collisions at /syy = 5.02TeV and
2.76 TeV [29] compared to the D® Ras measured by the STAR collaboration in Au-Au collisions
at /Sy = 200 GeV [32].

is available. The systematic uncertainties due to the raw-yield extraction and selection
efficiency were considered as uncorrelated among different D-meson species and therefore
they were used in the definition of the weights and propagated through the weighted average
as uncorrelated, while the other sources of uncertainty (tracking efficiency, generated pp
shape, and beauty hadron feed-down) were treated as fully correlated.

The prompt D-meson average nuclear modification factors in the 0-10% and 30-50%
centrality classes are shown in figure 7 together with the Raa in the 60-80% centrality class
taken from ref. [30], which was measured using the sample of Pb—Pb collisions collected in
2015. The suppression increases from peripheral to central collisions. The Raa shows a
minimum value at pp = 6-8 GeV /¢, corresponding to a suppression of the yields by a factor
5 and 2.5 with respect to the binary-scaled pp reference in the 0-10% and 30-50% classes,
respectively. The stronger suppression observed in central collisions is due to the increasing
medium density, size, and lifetime of the fireball from peripheral to central collisions. Also
shown in figure 7 is the nuclear modification factor R,p;, measured in p—Pb collisions at
VSnn = 5.02 TeV taken from ref. [33], which is compatible with unity within uncertainties,
confirming that the suppression observed in Pb—Pb collisions is to due final-state effects
induced by the formation of a hot and dense QGP medium.

The right panel of figure 7 shows the Raa of prompt D mesons measured by the ALICE
collaboration in Pb-Pb collisions at /sy = 5.02TeV and 2.76 TeV [29] and of DY mesons
measured at RHIC by the STAR collaboration in Au—Au collisions at /sxn = 200 GeV [32].
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The results from ALICE at the two different energies are compatible within uncertainties.
This similarity originates from the interplay between the higher medium temperature and
density at 5.02 TeV, which causes a larger energy loss and a lower Raa, and the harder
pr distribution of charm quarks at 5.02 TeV, which would increase the Ra 4 if the medium
temperature were the same at the two collision energies [63]. The nuclear modification
factor of D? mesons at RHIC energies shows a trend with pr similar to the one measured
at the LHC, with a possible hint for a smaller Ras at low py (< 2GeV/c) and a larger
Raa at high pr (> 4GeV/c) in collisions at /sy = 200 GeV compared to LHC energies.
This difference could be due to dependence with collision energy of the charm-quark pr
distributions, the initial-/final-state effects, and the medium properties. However, the
rather large uncertainties prevent a firm conclusion on a /sy dependence of the Raa
from being drawn.

In addition, the pr-integrated Raa of prompt DY mesons at midrapidity was calculated
from the pr-integrated yield in Pb-Pb collisions reported above and the D production cross
section measured in pp collisions at \/syy = 5.02TeV [37]. The results in the 0-10% and
30-50% centrality classes are:

RRmPt D% (0-10%) = 0.689 & 0.054 (stat.) 0104 (syst ),

(5.1)
Rt D% (30 50%) = 0.775 & 0.069 (stat.)T014T (syst.).

Figure 8 shows the results obtained in Pb—Pb collisions compared with the nuclear modifi-
cation factor R,pp, measured in p-Pb collisions at the same centre-of-mass energy [33]. The
total charm cross section is expected to scale with the number of binary collisions Ncgj, as
introduced in section 1, and thus the Raa should be equal to one. However, the nuclear
shadowing effect reduces the charm production in Pb—Pb (and p—PDb) collisions with respect
to pp interactions. In addition, the possible enhanced production of DI and Al due to
the hadronisation via recombination is expected to further decrease the fraction of charm
quarks that hadronise into DY mesons in Pb-Pb collisions compared to pp collisions [25, 71—
76]. The measured pr-integrated Rap is significantly below unity and this confirms the
suppression of the D%-meson yield in Pb-Pb collisions with respect to the binary-scaled
pp reference due to shadowing and the possible modifications in the hadronisation mech-
anism. Conversely, the pr-integrated D° Ry,py, is closer to unity, as expected from the
smaller shadowing effects in p—Pb compared to Pb—PDb collisions (where it affects the nu-
cleons of both the projectile and the target nuclei). The integrated Raa is also compared
with perturbative QCD calculations of D%-meson production including only initial-state
effects modeled using two different sets of nuclear PDFs, namely nCTEQ15 [77-81] and
EPPS16 [82, 83]. The calculations with EPPS16 do not include the dependence of the
shadowing on the impact parameter of the Pb—PDb collision and therefore they are the same
in the central and semicentral event classes. The predictions with nCTEQ15 are obtained
applying a Bayesian reweighting of the nuclear PDFs, which is constrained by measure-
ments of heavy-flavour production in p—Pb collisions at the LHC [78], and are labelled as
nCTEQ15,wur in figure 8. They include a modelling of the centrality dependence of the
nuclear modification of the PDFs. The uncertainty bands represent a 90% confidence level
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Figure 8. pr-integrated nuclear modification factors of prompt D® mesons measured in p-Pb [33]
and Pb-Pb collisions at /syy = 5.02TeV. Statistical (bars) and systematic (brackets) uncertainties
are shown. The results are compared with calculations at 90% of confidence level of theoretical
models nCTEQ15 (with Bayesian reweighting, see text for details) [77-81] and EPPS16 [82, 83]
that include only initial-state effects.

uncertainty. In the nCTEQ15 case they are determined by considering three different fac-
torisation scales in addition to the PDF uncertainties, with the scale variation constituting
the main source of uncertainty, as described in ref. [78]. Both model calculations include
only the initial-state effects due to the nuclear PDFs, but not the possible modifications of
the relative abundances of different charm hadron species due to hadronisation via recom-
bination. The measured Raa values lie on the upper edge of the theoretical predictions
and this could be due to a smaller shadowing effect in the data with respect to the model
expectations.

5.3 Discussion: energy loss regime

The comparison of the nuclear modification factor of prompt D mesons with that of pions
and of particles originating from beauty-hadron decays can provide essential insights into
the characteristics of the in-medium parton energy loss, in particular on its predicted
dependence on the colour charge and the quark mass. To investigate possible differences
with respect to light-flavour particles, the average Raa of prompt DY, Dt and D** mesons
in the 0-10% centrality class is compared in figure 9 with that of charged pions [84] and
charged particles [85]. The charged-particle Raa is shown for pp > 20GeV/c in order
to extend the comparison to light-flavour particles up to the highest pr interval of the
D-meson measurement. The Raa of charged particles can be used in this comparison at
high pr in place of the pion one because for pp > 8-10GeV/c. In this range, the nuclear
modification factors of different light-flavour hadron species are found to be consistent with
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Figure 9. Average Ra 5 of prompt D°, DT, and D** mesons in the 0-10% centrality class compared
to Raa of charged pions [84], charged particles [85], inclusive J/¢ measured by ALICE [87], and of
prompt and non-prompt J/¢ from CMS [61] in Pb—Pb collisions at /syy = 5.02 TeV.

each other and the particle composition is compatible with that measured in pp collisions,
that is dominated by pions [84, 86].

The Raa of D mesons is larger than that of pions for pp < 8 GeV /¢, providing a clear
evidence for a different nuclear modification factor of D mesons and light-flavour particles
at low and intermediate pp. This difference originates from the interplay of several effects
that concur in determining the magnitude and the prp-dependence of the Raa, so the
intepretation in terms of different in-medium parton energy loss of charm quarks, light
quarks, and gluons is not straighforward. As pointed out in ref. [19], also in the presence
of a colour-charge and quark-mass dependent energy loss, similar values of D-meson and
pion Raa are expected at high pr (2 8GeV/c) due to the harder pr distribution and
the harder fragmentation function of charm quarks compared to those of light quarks and
gluons. At low pr, where a large difference is observed between the D-meson and pion
RaA’s, it should be considered that the pion yield can have a significant contribution from
soft production up to transverse momenta of about 3-4 GeV /c due to the strong radial flow
at LHC energies. This soft component, which is not present in the D-meson production,
does not scale with the number of binary nucleon-nucleon collisions. In addition, effects
due to the radial flow and the hadronisation can affect D-meson and light-hadron yields
differently at a given pr, playing a role in the interpretation of their different Raa at
low and intermediate pr. For instance, an enhanced production of D mesons and charm
baryons in Pb—PDb collisions due to recombination would imply a reduction of the fraction
of charm quarks hadronising into non-strange meson species compared to pp collisions.

A quantitative understanding of the parton in-medium energy-loss from the Raa mea-
surements needs therefore to be carried out via comparisons with model calculations. In
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particular, in the high-pt region, where effects due to radial flow and modifications in
the hadronisation mechanisms are expected to be negligible, models based on perturbative
QCD (pQCD) calculations of high-pt parton energy loss are expected to describe the data.
The Raa and the elliptic flow vg of prompt D mesons (taken from ref. [36]) and pions (taken
from refs. [84, 88]) in the 0-10% and 30-50% centrality classes are compared in figure 10 to
three of these models, namely CUJET3.1 [89-91], DREENA-A [92-94], and SCET\,¢ [95].
The DREENA-A is a numerical framework that calculates the medium-modified distri-
bution of high-pt hadrons based on a dynamical energy-loss formalism coupled with a
modelling of initial parton momentum distributions, a full 3+1D hydrodynamic evolution
of the medium, and fragmentation functions. The dynamical energy-loss formalism [96—
98] is a model of jet-medium interactions incorporating collisional and radiative energy
loss mechanisms in a QCD medium of finite size and temperature composed of dynami-
cal scattering centers. It includes a colour-charge and quark-mass dependence as well as
finite magnetic mass effects and running strong coupling constant. The CUJET3.1 frame-
work provides a calculation of jet energy loss in a QCD medium described with relativistic
viscous hydrodynamics. The jet-medium interactions are based on the DGLV opacity
expansion model [22, 99, 100] including both inelastic and elastic scatterings with their
colour-charge and quark-mass dependence, and taking into account interactions with both
chromo-electric and magnetic charges of the medium. The SCETy;,g model implements
medium-induced gluon radiation via modified splitting functions. It is based on a soft-
collinear effective theory (SCET [101, 102]) describing the parton shower formed in the
vacuum via soft and collinear splittings. This effective theory was extended to the case
of massless [103, 104] and massive [95] quarks propagating in strongly-interacting matter
by including additional splitting processes induced by the interactions of the incident par-
ton with the QCD medium mediated by Glauber gluon exchange. These medium-induced
splittings are calculated to first order in the opacity series expansion, thus limiting the
applicability of these calculations to the high pr region.

The considered models provide a fair description of both the Ras and the vy of D
mesons and pions for pr > 10GeV /¢, where radiative energy loss is expected to be the
dominant interaction mechanism. This suggests that the dependences of radiative energy
loss on the colour charge and the quark mass of the hard-scattered parton, as well as
on the path length in the hot and dense medium are reasonably well described in these
calculations.

The comparison of the nuclear modification factors of particles originating from charm
and beauty quarks is also reported in figure 9, to provide insight into the predicted quark-
mass dependence of parton energy loss. In particular, the Raa of inclusive J/v¢ mesons
measured by ALICE [87] at midrapidity in the 0-20% centrality class and those of prompt
and non-prompt J /¢ from the CMS collaboration [61] are shown.

The Raa of prompt D mesons in the 0-10% centrality class is lower than that of
non-prompt J/1 mesons from beauty hadron decays measured in the same centrality in-
terval. This difference provides an indication for the predicted quark-mass dependence of
in-medium energy loss, even though a proper interpretation of the different nuclear mod-
ification factors in terms of energy loss requires a full modelling of the initial momentum
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Figure 10. Average Raa (top panels) and v, (bottom panels) of prompt D° DT, and D**
mesons [36] and pions (charged hadrons) [84, 85, 88] compared with predictions from models based
on pQCD calculations, namely CUJET3.1 [89-91], DREENA-A [92], and SCETy ¢ [95].

distributions of charm and beauty quarks, of the heavy-quark fragmentation, and of the
beauty-hadron decay kinematics. The model from ref. [105], which includes all these ef-
fects, provides a good description of the measurements of prompt D and non-prompt J/v
mesons. In this model, the large difference in the RaA’s in the pr interval around 10 GeV /¢
is mostly due to the different in-medium energy loss of ¢ and b quarks, as the effects of
initial distributions, quark fragmentation, and beauty-hadron decays are found to be small.

The comparison of the nuclear modification factors of prompt D mesons and prompt
(inclusive) J /1) mesons, also shown in figure 9, provides insight into the interplay of different
QGP medium effects in the charm sector, where they are expected to affect differently the
production of open charm and charmonium states. At high momentum (pr 2 10 GeV/c),
the Raa of prompt D mesons is compatible within uncertainties with that of prompt J/¢
mesons, as well as with that of light-flavour hadrons. This may suggest that in this pr re-
gion the yield of charmonia has a significant contribution from production within the parton
shower originating from the splitting of a hard-scattered gluon [106, 107], which experiences
in-medium energy loss before fragmenting [108, 109]. At lower pt (2 < pr < 4GeV/c), the
results for inclusive J/4, which are dominated by the prompt contribution, show a magni-
tude and a trend of the Raa similar to that of D mesons. In this region, J/v¢ production
is likely dominated by recombination of ¢ and € quarks in the medium either at the phase
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boundary or during the QGP expansion [87, 110], similarly to the recombination of charm
and light quarks forming D mesons. The similar Ra of J/¢ and D mesons in this momen-
tum region may signal the dominant contribution of hadronisation via recombination after
the interactions of the charm quarks with the QGP medium constituents [111-114], with
possible small differences arising from the different kinematics involved in the charm-quark
coalescence with ¢ and light antiquarks.

5.4 Discussion: transport models and an estimate of the spatial diffusion
coefficient

As discussed in section 1, the charm-hadron yields and angular distributions at low and
intermediate pr are sensitive to the diffusion and the possible thermalisation of charm
quarks in the medium. The comparison of the measured D-meson Raa and ve to models
implementing charm-quark transport in a hydrodynamically expanding QGP could there-
fore provide insight into the interactions of heavy quarks with the medium, constraining in
particular the spatial diffusion coefficient, which is the relevant transport coefficient in the
diffusion regime. In the left panels of figure 11 the measured nuclear modification factor of
prompt D mesons for the 0-10% (top) and 30-50% (bottom) centrality class, respectively,
is compared with various predictions from models implementing charm-quark transport
in a hydrodynamically expanding medium [76, 115-125]. In particular, the TAMU [76],
POWLANG-HTL [117, 118], PHSD [125], and Catania [122, 123] models describe the
interactions of the charm quarks with the medium constituents solely via collisional pro-
cesses, while the MC@sHQ+EPOS2 [115], DAB-MOD [116], LBT [119, 120], LGR [121],
and LIDO [124] calculations include also radiative processes. All the models, except for
DAB-MOD, include initial-state effects by using nuclear PDFs (nPDFs) in the calcula-
tion of the initial pr distributions of charm quarks. A contribution of hadronisation via
quark recombination, in addition to charm-quark fragmentation, is included in all theo-
retical predictions. The theoretical uncertainties, where available, are displayed with a
coloured band.

Most of the models capture the measured pr trend and magnitude of the nuclear mod-
ification factor and provide a good description of the data in the pr interval 6 < pr <
10 GeV/c where the minimum of the Raa is observed, but many of them show signifi-
cant deviations from the measurements at low pp (pr < 4-5GeV/c). In particular, the
LBT [119, 120], LIDO [124], MC@sHQ+EPOS2 [115], and Catania [122, 123] calculations
tend to underestimate the results for 2 < pp < 4 GeV/c in both centrality classes, while the
PHSD [125] prediction is above the measured Rx 4 in semicentral collisions for the same pp
range. The POWLANG-HTL [117, 118] calculation, instead, predicts a narrower and more
pronounced radial flow peak at low pr as compared to the measured one for the 10% most
central Pb—Pb collisions. Most of the models underestimate the measured Raa in both
centrality classes for pp < 1.5 GeV /¢, with the exception of Catania [122, 123] calculations,
which tend to overpredict the measured Raa at low pr in central and semicentral colli-
sions and PHSD predictions, which overestimate the Raa in the 30-50% centrality class.
Nevertheless, it is important to remark that the Raa at low pr is sensitive not only to the
modelling of the charm-quark interactions with the medium but also to the parametrisa-
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Figure 11. Average Raa (left) and elliptic flow vy [36] (right) of prompt D, D*, and D** mesons
in the 0-10% (top) and 30-50% (bottom) centrality classes compared with predictions of models
implementing the charm-quark transport in a hydrodynamically expanding medium [76, 115-125].

tion of the nPDFs used in the calculations and to the hydrodynamical description of the
underlying medium.

More stringent constraints to the implementation of the heavy-quark interactions with
the medium constituents can be provided by the simultaneous comparison of Raa and vs
measurements in Pb-Pb collisions at \/sxy = 5.02TeV [36] with models, as reported in
figure 11. All the models describe reasonably well the vs in the most central collisions,
while they tend to underestimate the measured points in the 2 < pp < 6 GeV/c interval
for the 30-50% centrality class, except for LBT which reproduces well the measured v
but misses completely the Raa in the same pp range. In this pr region, the measured vg
originates predominantly from the charm-quark interactions with the QGP constituents,
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which impart the flow of the medium to the heavy quarks, and from the hadronisation
via recombination, which enhances the charm-hadron vy with respect to the one of the
charm quark because the D meson picks up the vy of the light quark. Similarly, the
peak observed in the Raa for 2 < pp < 6 GeV/c is also due to the interplay between the
diffusion and recombination of the charm quarks with the medium constituents. Thus,
the measurements of the Raa and vy in this pr region are particularly sensitive to quark
diffusion and thermalisation with the medium, and to the hadronisation mechanisms.
The simultaneous description of Raa and vo is challenging for the models and there-
fore the data have the potential to constrain the model ingredients and parameters. The
global agreement between the measured Raa and the theoretical models was evaluated by
computing a x?/ndf, as done in refs. [36, 126]. The statistical and systematic uncertainties
(treating separately the contributions correlated and uncorrelated among pr intervals) were
considered in the calculation together with the theoretical ones, when available. Since the
upper pr limit of the predictions is different for each model, the x?/ndf was computed in
the 0 < pr < 8 GeV /¢ interval, which is common among all the models except for the LIDO
predictions which start from 1.5 GeV /c. Therefore, the x?/ndf computation for LIDO was
performed excluding the first two pr intervals of the Raa. This low-pr range provides
high sensitivity to charm-quark diffusion and hadronisation in the QGP. The 2 /ndf val-
ues are reported in table 5. The large spread in the computed x?/ndf is not only due to
the improved precision of the measurement, but also to the differences among the theoret-
ical models. They do not only differ in terms of the interaction of charm quarks with the
medium, as previously highlighted, but also in terms of the considered nuclear PDFs, the
bulk evolution of the medium (i.e. ideal or viscous hydrodynamics), the charm hadronisa-
tion mechanism (i.e. fragmentation and/or recombination), and whether a hadronic phase is
included or not. In particular, the charm-quark recombination mechanism is implemented
with different approaches in the various models: most of the models use an instantaneous
recombination based on the Wigner function formalism [127], while TAMU implements a
resonance-recombination model [128], PHSD a dynamical coalescence via a Monte Carlo
approach [125], and POWLANG an in-medium string formation approach [117]. The Raa
predictions are deeply influenced by these additional model ingredients, other than the
transport properties of the medium. Therefore, a rather mild requirement on the data-
to-model consistency, namely x?/ndf < 5, was applied to select the models considered
for the estimation of the heavy-quark spatial diffusion coefficient. With this criterion,
the selected models are TAMU [76], MC@sHQ+EPOS2 [115], LIDO [124], LGR [121],
and Catania [122, 123]. A similar analysis was performed for the elliptic and triangular
flow [36]. In order to further constrain the description of heavy-quark transport in the
medium and the spatial diffusion coefficient D, the results of the y2/ndf analysis for the
Raa model calculations were combined with those obtained for the elliptic and triangular
flow in ref. [36]. Note that some theoretical predictions for the vy were updated after the
publication of ref. [36], namely LBT [119, 120], LIDO [124], LGR [121], PHSD [125], and
TAMU [76]. Therefore the x2/ndf of these predictions with respect to the measured vo and
v was re-computed. The outcome did not change significantly with respect to ref. [36],
with the only exception of LIDO [124] for which the updated predictions provide a better
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x?/ndf
Model Raa global
0-10%  30-50%
Catania [122, 123] 94.9/15  48.9/15 143.8/30
DAB-MOD [116] 110.2/15 123.9/15 234.1/30
LBT [119, 120] 342.6/15 69.2/15 411.8/30
LIDO [124] 31.8/13  14.5/13  46.4/26
LGR [121] 47/15  45/15  9.2/30
MC@sHQ+EPOS2 [115] 31.8/15  24.8/15  56.6/30
PHSD [125] 103.2/15 191.4/15 294.7/30
POWLANG-HTL [117, 118] | 331.0/15 137.6/15 468.6/30
TAMU ([76] 16.7/15  13.5/15  30.2/30

Table 5. Summary of the y?/ndf values obtained in 0 < pr < 8 GeV/c for the different model
predictions compared with the measured D-meson R4 .

description of the data with respect to the old ones, resulting in a x2/ndf < 2. Thus, the
LIDO model is included among those providing a good description of vy and vz, while it
was not considered in ref. [36]. The models that describe reasonably well both Raa (with
x?/ndf < 5) and vy and v (with x2/ndf < 2) are TAMU [76], MC@sHQ+EPOS2 [115],
LIDO [124], LGR [121], and Catania [122, 123]. These models use a value of heavy-quark
spatial diffusion coefficient in the range 1.5 < 27D¢T. < 4.5 at the pseudocritical tem-
perature Ty, = 155 MeV [3]. According to 1QCD calculations the 2w DT, lies between 2
and 6 [129-131], and these results are also in agreement with the Dy range estimated from
the v measurements by ALICE (1.5-7 from ref. [36]), STAR (2-12 from ref. [132]), and
PHENIX (value of ~3 from ref. [133]). The inclusion of the Raa in the x?/ndf improved the
constraint on the spatial diffusion coefficient with respect to the range reported in ref. [36].
It is however important to remark that this coefficient is not the only key parameter of the
models describing the heavy-quark transport in an expanding medium, but there are other
ingredients (such as the parameters of the underlying hydrodynamics, the modelling of the
hadronisation, the description of the interactions in the hadronic phase, amongst others,
see e.g. refs. [17, 134]) playing an important role.

A deeper insight on the impact of the different implementations of the charm-quark in-
teraction and hadronisation in the QGP can be obtained from figures 12 and 13. In figure 12
the Raa and the v, measured in the 0-10% and 30-50% centrality classes, respectively,
are compared with two different implementations of the LIDO [124] and LGR [121] models,
in order to assess the role of elastic and radiative processes in the charm-quark interactions
with medium constituents. In particular, the first implementation is the standard one in-
cluding both elastic and radiative processes, while the second prediction was obtained by
switching off the radiative processes. At low pr (i.e. < 3-4 GeV/c), the collisional processes
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Figure 12. Prompt D-meson Ra in the 0-10% centrality class (left panel) and vy in the 30-50%
centrality class (right panel) compared with the LIDO [124] and LGR [121] predictions obtained
with and without including radiative processes in the charm-quark interactions with the medium.

are expected to be the dominant interaction and this is confirmed by the similarity of the
predictions for prompt D-meson Rpaa and vy with (full band) and without (striped band)
radiative processes. This is further supported by the agreement, in the same pr range,
between the experimental data and other theoretical models which implement only elastic
processes, like TAMU [76], PHSD [125], and POWLANG-HTL [117, 118]. Radiative pro-
cesses, instead, become dominant at intermediate and high pp. This can be observed in
figure 12 where the predictions without these processes overestimate (underestimate) the
measured Raa (ve) for pp 2 56 GeV/c.

Similarly, figure 13 shows the comparison of the experimental data for Raa and v
with two different versions of the PHSD [125], POWLANG-HTL [117, 118], and DAB-
MOD [116] models, in order to investigate the effects of the hadronisation mechanism,
and in particular the role of recombination. This plays a key role in the predictions for
Raa and we, since the relation between the momentum of the charm hadron and that
of the parent charm quark is different for the fragmentation process, where the hadron
inherits a fraction of the initial quark momentum, and the recombination, where the D-
meson pr is larger than the one of the charm quark and the charm hadron inherits also
the collective flow of the light quark. In figure 13, the predictions are provided with (solid
line) and without (dashed line) the implementation of the recombination process in the
hadronisation mechanism. The calculations performed including only the fragmentation
process underestimate both the Raa and vo, while the inclusion of the recombination of
charm quarks with light quarks pushes the predictions closer to the experimental data.
This indicates that recombination with light quarks from the medium plays a relevant role
in the hadronisation of charm quarks at the QGP phase boundary.
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6 Conclusions

We have reported the measurement of the pp-differential production yields of prompt DY,
DT, and D** mesons and charge conjugates at midrapidity (|y| < 0.5) in central and
semicentral Pb—Pb collisions at a centre-of-mass energy per nucleon pair /syy = 5.02 TeV.
The results were obtained with the data sample collected at the end of 2018 with the
ALICE detector. The pp-spectra were measured in finer pp intervals with respect to the
previous measurements at the same centre-of-mass energy [30], providing a more precise
description of the pr distribution. The large data sample allowed for the first measurement
of the D%-meson yield down to pr = 0 in Pb-Pb collisions at the LHC. This enabled the
determination of the pr-integrated production yields of prompt D°, which is obtained in
a model independent way, of prompt DT and D*T, and the comparison with predictions
from the statistical hadronisation model [66, 67]. The average Raa of the D°, D, and
D** mesons reaches a maximum suppression value of 5.5 (i.e. Raa ~ 0.18) and 2.7 (i.e.
Raa ~ 0.4) in the 0-10% and 30-50% centrality classes, respectively, at pp = 6-8 GeV /c.
This suppression becomes less pronounced in peripheral collisions with a minimum value
of 0.7-0.8, as observed in the 60-80% centrality class in ref. [30], and it is due to final-
state effects, since it is not observed in minimum bias p—Pb collisions [33]. However, it
was pointed out in refs. [135, 136] that event selection and geometry biases can cause an
apparent suppression of Raa, especially in peripheral collisions, even in the absence of
nuclear effect. The Raa of prompt D mesons at pp > 8 GeV/c is well described by models
which include both collisional and radiative energy loss processes. In addition, the pr-
integrated Raa of prompt DY mesons was obtained and compared with the R,pp, measured
in p—PDb collisions at the same centre-of-mass energy [33]. The results lie on the upper edge
of the calculations which consider nuclear modification of the PDFs.

~ 31—



In central collisions, the pp-differential Ras of prompt D mesons is compatible within
8 GeV/c and prompt J/1¢ mesons
for pp 2 10 GeV /¢, while an ordering in Raa is observed at lower pp. The latter is due

uncertainties with that of charged particles for pp 2>
to the interplay of different effects, such as the diffusion of charm quarks in the medium
possibly leading to their thermalisation in the QGP and the hadronisation via recombina-
tion with light quarks from the medium, which along with energy loss contribute to the
modification of the pp-distribution of the hadrons. The comparison of the R of prompt
D mesons and non-prompt J/v¢ for pr > 6 GeV/c together with model calculations sup-
ports the predictions of quark-mass dependent energy loss. At low and intermediate pr
(< 6-8GeV/c), the Rpp is well described by different transport model calculations for the
two centrality classes. However, most of them fail in describing simultaneously both Raa
and vy in central and semicentral Pb—Pb collisions. By considering the few models that
are in fair agreement with both observables, the heavy-quark spatial diffusion coefficient
was estimated to be in the range 1.5 < 27 DgT, < 4.5 at the pseudocritical temperature
Tpe = 155 MeV, which is a narrower interval as compared to estimations based on previous
D-meson measurements at LHC energies [36, 126]. Therefore, the simultaneous comparison
of the data with the theoretical predictions for these observables allowed for more stringent
constraints to the heavy-quark spatial diffusion coefficient and for significant progress in
the understanding of the interaction processes and the hadronisation mechanisms of charm
quarks in the high-density QCD medium.
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