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Abstract

The production of prompt charmed mesorfs D* and D'*, and their antiparticles, was measured
with the ALICE detector in Pb—Pb collisions at the centravaiss energy per nucleon pajrsw,

of 2.76 TeV. The production yields for rapidily| < 0.5 are presented as a function of transverse
momentum,pr, in the interval 1-36 GeXt for the centrality class 0-10% and in the interval 1—
16 GeVkfor the centrality class 30—-50%. The nuclear modificati@deRaa was computed using a
proton—proton reference gfs= 2.76 TeV, based on measurements/at= 7 TeV and on theoretical
calculations. A maximum suppression by a factor of 5-6 wétspect to binary-scaled pp yields is
observed for the most central collisionspgtof about 10 GeYc. A suppression by a factor of about
2-3 persists at the highegt covered by the measurements. At lgw (1-3 GeVL), theRaa has
large uncertainties that span the range 0.35 (factor oftebeuppression) to 1 (no suppression). In
all pr intervals, theRaa is larger in the 30-50% centrality class compared to centifikions. The
D-mesonRap is also compared with that of charged pions and, at largecharged hadrons, and
with model calculations.
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1 Introduction

A state of strongly-interacting matter characterised lghténergy density and temperature is predicted
to be formed in ultra-relativistic collisions of heavy neicl According to calculations using Quantum
Chromodynamics (QCD) on the lattice, these extreme camditiead to the formation of a Quark—Gluon
Plasma (QGP) state, in which quarks and gluons are deconfindcthiral symmetry is partially restored
(see e.g. 11;4]).

Heavy quarks are produced in the hard scattering procdsaesdcur in the early stage of the collision
between partons of the incoming nuclei. Their productiahisracterised by a timescdle< 1/(2mcp),

~ 0.1 fm/c for charm and~ 0.01 fm/c for beauty quarks, that is shorter than the formation timehef
QGP medium, about.B fm/c at Large Hadron Collider (LHC) energieB [5]. They can susiwedy in-
teract with the constituents of the medium and lose part @f tenergy, via inelastic processes (gluon
radiation) |[]3|]7] or elastic scatterings (collisional peeses)ﬂd;iO]. Energy loss can be studied using
the nuclear modification fact®aa , which compares the transverse-momenty) fifferential produc-
tion yields in nucleus—nucleus collisiondNgh /dpr) with the cross section in proton—proton collisions
(dopp/dpr) scaled by the average nuclear overlap functiding))

1 dNAA/de
Ra = . : 1
A(pT) <TAA> dUpp/de ( )
The average nuclear overlap functigfaa) over a centrality class is proportional to the number of
binary nucleon-nucleon collisions per A—A collision in tli@ass and it can be estimated via Glauber

model calculationsliii_,__ilZ].

According to QCD calculations, quarks are expected to less énergy than gluons because their cou-
pling to the medium is smalleﬂ[a 7]. In the energy regimehd LHC, light-flavour hadrons witlp
ranging from 5 to 20 GeXk originate predominantly from gluons produced in hard scatg) processes,
while for larger pt they originate mainly from light quarks (see e@[lS]). €had mesons, instead,
provide an experimental tag for a quark parent at all momértarefore, the comparison of the heavy-
flavour hadronRaa with that of pions is expected to be sensitive to the coldwarge dependence of
energy loss. However, other aspects than the energy lkeghk partorpr spectrum and fragmentation
into hadrons, influence the nuclear modification factor esgeﬁéﬁh]). The effect of the colour-charge
dependence of the energy loss should be then studied viathpazison with model calculations, that
include the description of the aforementioned aspects.

In addition, several mass-dependent effects are predictiefluence the energy loss for quarks (@ [15]
for arecent review). The dead-cone effect should reducd-smgle gluon radiation for quarks that have
moderate energy-over-mass values, i.e.for c and b quatksamenta up to about 10 and 30 Gey
respectively|i_1| 2]. Likewise, collisional energy losgredicted to be reduced for heavier quarks, be-
cause the spatial diffusion coefficient, which regulatesmtomentum transfers with the medium, scales
with the inverse of the quark mass for a given quark momer‘lﬁh In particular, the study of D mesons
from low-pr to high-pr allows to study the variation of the energy loss for différelmarm quark veloc-
ity: from a non-relativistic regime to an highly relativiisbne. Low-momentum heavy quarks, including
those shifted to low momentum by parton energy loss, couttgyzate in the collective expansion of
the system as a consequence of multiple interact @mt%as also suggested that low-momentum
heavy quarks could hadronise not only via fragmentatioménvacuum, but also via the mechanism of
recombination with other quarks from the meditm @ 26].

The nuclear modification factor of heavy-flavour productieas first studied at the Relativistic Heavy
lon Collider (RHIC). The PHENIX and STAR Collaborations ocefed measurements using heavy-
flavour decay electrons and muons in Au—Au and Cu—Cu cafissi@at centre-of-mass energy per nu-
cleon pair,,/s\w = 200 GeV EH:_SIO] A suppression with respect to binary sgalas observed fopt
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larger than about 3 GeV¥/reaching a minimunRaa of about 0.2-0.3 in the interval4 pr < 6 GeVkL.
The STAR Collaboration recently measured By of D° mesons in Au—Au collisions for the interval
0< pr<6GeVkt [@]. At pr of about 5-6 Ge\WtheRapa value is similar to that observed for electrons
from heavy-flavour decays and tRaa increases towards logwy, reaching a maximum value of about
1.5 at 1-2 GeM. This feature is described by heavy-flavour transport ¢atficuns that include radial
flow and a contribution due to recombination in the charm diadation procesﬁﬁl].

A first measurement of the production of prompt D mesons atnagidtlity in thepr interval 2—16 GeVc
was published, using the Pb—Pb data &y = 2.76 TeV collected in 2010 during LHC Run ﬁBZ].
A minimum Raa of about 0.2-0.3 was measured @t of about 10 GeW for the 20% most central
collisions. The measurement of D-meson production in p-dflsions at,/S,y = 5.02 TeV, showing an
Ropncompatible with unity, has provided clear evidence thastigpression with respect to binary-scaled
pp cross sections, observed in Pb—Pb collisions, canndtrii®iged to cold nuclear matter effects fof
larger than 2 Ge\Wand is, thus, caused by final-state interactions in the hibtlanse mediunﬂkS].

In Pb—Pb collisions, the nuclear modification factor at Ipwresults from the interplay of different
effects occurring in the initial and in the final state. Theasueed D-meson nuclear modification factor in
p—Pb callisions, although consistent with unity, is alsealied within uncertainties by calculations that
include substantial initial-state effects, such as pastwadowing or saturatioﬂb3], that could manifest
as a reduction of the yields in Pb—Pb (and thus ofRag) by up to 50% at lowpr. In addition, the
measurement of a significant azimuthal anisotropy of D-mésoduction, with respect to the estimated
direction of the reaction plane in non-central Pb—Pb doliis, indicates that charm quarks participate
in the collective expansion of the mediuﬂ[ 35]. Therefoadial flow could play a relevant role as
well. In order to investigate these aspects, it is importariiave a precise measurementafy down

to low pr. In the highpr region, where parton energy loss is expected to be domirmteddiative
processes, the extension of the D-meBap beyond 20 GeYc would provide the first measurement of
identified-hadrorRaa at such highpr.

In this article we present the measuremenpefdifferential yields and nuclear modification factors of
prompt P, Dt and D" mesons (including their antiparticles), reconstructedthieir hadronic decays
in Pb—Pb collisions a{/s,y = 2.76 TeV, using the data sample recorded in 2011. For centliédions,
the integrated luminosity is larger by a factor of about léntlthat used for the previously published
results|[32]. This allows us to extend the measuremeRxgfto lower and highepr (from 2-16 GeVc

to 1-36 GeV/c), to improve its precision, and to perform the study in amasr class of the most central
collisions (10% most central instead of 20% most central).

The article is organised as follows: the experimental agtparis described in Sectibh 2, together with the
data sample. In Sectién 3, the D-meson decay reconstruatidrll corrections applied to the yields are
presented, along with the procedure used to obtain the pperefe at/s= 2.76 TeV. In Sectiof 4 the
systematic uncertainties are discussed. The resultsdd@-th0% (central) and 30-50% (semi-peripheral)
centrality classes are presented in Sedfion 5. In the sact®oSeesults obtained in Pb—Pb collisions
are compared with the nuclear modification factor measungo-Pb collisions at/s,y = 5.02 TeV.

A comparison with charged pions, charged partictds énd with theoretical model predictions is also
reported. These comparisons are presented in terms oftlbeR,%A/RZ’,fh as well. Conclusions are
drawn in Sectiofl6.

2 Experimental apparatus and data sample

The ALICE experimental apparatdﬂBG] is composed of varidatectors for particle reconstruction
and identification at mid-rapidity|ff| < 0.9), a forward muon spectrometer4 < n < —2.5) and a set
of forward-backward detectors for triggering and eventrabirization. The detector performance for
measurements in pp, p—Pb and Pb—Pb collisions from the LHCIRsIpresented iljn__[_t7].
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The main detector components used in this analysis are tlie¥é@tor, the Inner Tracking System (ITS),
the Time Projection Chamber (TPC) and the Time Of Flight (JO@&tector, which are located inside a
large solenoidal magnet providing a uniform magnetic fidl6.6 T parallel to the LHC beam direction
(zaxis in the ALICE reference system) and the Zero Degree ©@ader (ZDC), located at 114 m from
the interaction point.

Pb—Pb collision data were recorded with a minimum-biag&utgon trigger based on information from
the VO detector, which consists of two scintillator arrapsering the full azimuth in the pseudorapidity
intervals—3.7<n <—-17and28<n <5.1 [@]. The trigger logic required the coincidence of signal
on both sides of the detector. An online selection basedek @hsignal amplitudes was used to enhance
the sample of central and mid-central collisions througb s&parate trigger classes. The scintillator
arrays have an intrinsic time resolution better than 0.%nd,their timing information was used together
with that from the ZDCs for offline rejection of events proddcby the interaction of the beams with
residual gas in the vacuum pipe. Only events with a recoctstiuinteraction point (primary vertex)
within +10 cm from the centre of the detector along the beam line weed in the analysis.

Collisions were divided into centrality classes, deterdifrom the sum of the VO signal amplitudes and
defined in terms of percentiles of the total hadronic Pb—Bbscsection. In order to relate the centrality
classes to the collision geometry, the distribution of tllesummed amplitudes was fitted with a function
based on the Glauber mod@[ 12] combined with a two-carapbmodel for particle productioﬂ39].
The centrality classes used in the analysis are reporteddfiIT together with the average of the nuclear
overlap functionTaa, the number of events in each cladk g9 and the integrated luminosity.

The charged-patrticle tracks used to reconstruct the deicBynoesons were measured in the TPC and
ITS. The tracking algorithm, based on a Kalman filtef [404rtst from three-dimensional space points in
the TPC, a large cylindrical drift detector with both totahfth and diameter of about 5 m, covering the
pseudorapidity ranggg | < 0.9 with full azimuthal acceptancE[4l]. Tracks are reaoreséd in the TPC
with up to 159 space points and with a measurement of thefgpaeiisation energy lossefdx with a
resolution of about 6%.

Hits in the ITS are associated to the prolongation of the THa€ks, forming the global tracks. The ITS
consists of six cylindrical layers of silicon detect][.4Ihe two innermost layers, placed at 3.9 and
7.6 cm from the beam line, consist of Silicon Pixel Detec{@BD). The third and fourth layers use
Silicon Drift Detectors (SDD) and the two outermost layevsatain double-sided Silicon Strip Detectors
(SSD). The effective spatial resolutions, including theimsic detector resolutions and residual mis-
alignments, are about 14, 40 and 28, for SPD, SDD and SSD, respectively, along the most precise
direction ¢¢) [42].

Global tracks are used to reconstruct the primary intesactiertex and the secondary vertices of D-
meson decays. The transverse momentum resolution forldiato&s ranges from about 1% pt =
1 GeV/c to about 2% at 10 Ge)¢, both in pp and Pb—Pb collisions. The spatial precision obal
tracks is quantified by the resolution on the impact parantgtevhich is the signed distance of closest
approach between the track and the primary vertex irxyfiglane transverse to the beam direction. In
Pb—Pb collisions, thely resolution is better than 68m for tracks with a transverse momentum larger

Centrality class (Taa) (Mb™")  Nevens  Lint (407
0-10% 2344+0.76 164x10° 213+07
30-50% 387+0.18 90x10° 58+02

Table 1: Average of the nuclear overlap function, number of eventsategrated luminosity for the two centrality

classes used in the analysis. The uncertainty on the inesbitaninosity stems from the uncertainty of the hadronic
Pb—Pb cross section from the Glauber model [39].
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than 1 GeVc and reaches 20m for pr > 20 GeV/c [@].

The TOF detector is an array of Multi-Gap Resistive Platerfithers positioned at a distance of about
370 cm from the beam line and covering the full azimuth overtbeudorapidity intervah | < 0.9. TOF
particle identification is based on the difference betwderparticle arrival time at the TOF detector and
a start time determined using the arrival time of all pagsicbf the event with &2 minimization @].
The resolution §) of the time-of-flight measurement is about 80 ps for piongrat 1 GeV/c in the
Pb—Pb collision centrality intervals used in this analy$i®F provides charged-particle identification in
the intermediate momentum range, with@a$eparation up to about®2GeV/c for pions and kaons, and
up to about 4 GeYc for kaons and protonﬁb?].

3 Data analysis
3.1 D-meson reconstruction

DY D' and D' mesons, and their antiparticles, were reconstructed eia tladronic decay channels
D% — K" (weak decay with branching ratio, BR, aBB+ 0.05%), D" — Kt it (weak decay, BR

of 9.134+ 0.19%) and D+ — DO (strong decay, BR of 67 + 0.05%) followed by [ — K~ 11" [44].

D? and D" mesons have mean proper decay lengtin ¢f 123 and 312um, respectively|E4]. In the
case of the D', the decay topology of the produced Was exploited. The transverse momentum of the
soft pions produced in the*D decays typically ranges from 0.1 to 1.5 G&y depending on the D

pr.

DC and D" candidates were formed using pairs and triplets of trackis thie correct charge-sign com-
bination, requiringn| < 0.8, pr > 0.4 GeV/c, at least 70 associated space points (out of a maximum of
159) and fit qualityx?/ndf < 2 in the TPC, and at least two hits (out of six) in the ITS, outvbich at
least one in either of the two SPD layers:'Drandidates were formed by combining Eandidates with
tracks withpr > 0.1 GeV/c and at least three hits in the ITS, out of which at least onBérSPD.

The aforementioned track selection limits the D-meson @ecee in rapidity. The acceptance drops
steeply to zero foty| > 0.5 at low pr and|y| > 0.8 for pr > 5 GeV/c. A pr-dependent fiducial ac-
ceptance cutlyp| < vig(pr), was therefore applied to the D-meson rapidity. The cute/afy(pr),
increases from 0.5 to 0.8 in the rangecor < 5 GeV/c according to a second-order polynomial func-
tion and with a constant value of 0.8 fpf > 5 GeV/c.

The selection of the decay topology was based on the dispkteof the decay tracks from the interac-
tion vertex (via their impact parametal), the separation between the secondary and primary vertice
(decay lengthl) and the pointing angle of the reconstructed D-meson mameta the primary vertex.
This pointing condition was applied via a selection on thgl@,,ining between the direction of the
reconstructed momentum of the candidate and the straightchnnecting the primary and secondary
vertices. The projections of the pointing angle and of theagidength onto the transverse plaﬁhmg
andL®) were also used. The selection requirements were tunedvidera large statistical significance
for the signal and to keep the selection efficiency as highoasiple. The chosen selection values depend
on thepr of the D meson and become tighter from peripheral to centdisons. A detailed description

of the selection criteria was reported , 35].

In order to further reduce the combinatorial backgroundnpiand kaons were identified using the TPC
and TOF detectors. A@ compatibility cut was applied to the difference between rieasured and
expected signals (for pions and kaons) for the TEZIO” and TOF time-of-flight. Tracks that are not
matched with a hit in the TOF detector were identified usinty ¢tme TPC information. Particle iden-
tification (PID) was not applied to the pion track from thé'Ddecay. This PID selection provides a
reduction of the background by a factor of 2—3 at Ipwwith respect to the case without applying the
selection, while having an efficiency of about 95% for thenalg
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Figure 1: (K, m) (top row) and (KT, 1) (central row) invariant-mass distributions for the catity class 0-10%.
Bottom row: Distribution of the mass differenéé = M(Krm) — M(Km) for the centrality class 0-10%. The
distributions are reported in threg intervals for each meson (left, middle and right column)eTih functions
used to describe the background (dash), the backgroundutisignal reflections (only for 8 long-dash) and the
total distribution including the signal (solid) are shown.

The raw D-meson yields were obtained from fits to the candidtatariant-mass distributiondl (K )

for DO, M(K ) for DT, and the mass differend®M = M (K rtrr) — M (K ) for D**. The [P and D"
candidate invariant-mass distributions were fitted withracfion composed of a Gaussian for the signal
and an exponential term to describe the background shaptee 0+-10% centrality class, the background
in theM (K ) distribution for the interval & pr < 2 GeV/c could not be accounted for by an exponential
shape and was instead modelled with a fourth-order polyalofunction. TheAM distribution of D"
candidates was fitted with a Gaussian function for the signdla threshold function multiplied by an
exponential for the background:/AM — m,;- @M—mr),

In the case of Bmesons, an additional term was included in the fit functicactount for the background
from “reflections”, i.e. signal candidates that remain ia thvariant-mass distribution when t, )
mass hypotheses for the two decay tracks are swapped. Aatsitypulations showed that about 70%
of these reflections are rejected by the PID selection, whéeresidual contribution results in a broad
invariant-mass distribution, which can be described uaisgm of two Gaussians. In order to account for
the contribution of reflections in the data (2—5% at lpyy about 10% at higlpt), a template consisting
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Figure 2: (K, m) invariant-mass distribution for the intervakl pt < 2 GeV/c for the 0—-10% (left) and 30-50%
(right) centrality classes, obtained after the subtractibthe background estimated by a fourth-order polynomial
function for the most central collisions and an exponeritiathe 30-50% centrality class. The contribution of
reflections is also included in the fit. The fit function usedéscribe the signal (solid line) is shown.

of two Gaussians was included in the fit. The centroids anthsjds well as the ratios of the integrals of
these Gaussians to the signal integral, were fixed to thesalbtained in the simulations (see also [35]).

In the centrality class 0-10%, the signal extraction wasopered in the interval k pr < 24 GeV/c
for D® mesons, divided in @r bins, and in the interval & pr < 36 GeV/c for D™ and D" mesons,
divided in 8 pr bins. In the centrality class 30-50%, the signal extracti@s possible in the interval
1 < pr < 16 GeV/c for D° mesons and in the interval 2 pr < 16 GeV/c for D* and D" mesons.
Beyond these intervals, the signal extraction was predeoyethe low signal-over-background ratio at
low pr, and by the low signal yield at highy. Figure[dl shows the Pand D' invariant-mass distributions
and D" mass difference distributions in thrge intervals for the centrality class 0—-10%. In the interval
16 < pr < 24 GeV/c the fit range for the Bcase is asymmetric. The range was limited to values larger
than 168 GeV/c? because the invariant-mass distribution(Kf, 71) pairs from D mesons decaying in
three or more prongs produces a wide structure below ab@atGeV/c?, which cannot be accounted
for by the background terms of the fit function.

Figure[2 shows the background-subtracted ibvariant-mass distribution for the interval<l pr <
2 GeV/c for the 0-10% (left panel) and 30-50% (right panel) certyraliasses.

For all three D-meson species, the position of the signdt pes found to be compatible with the world
average value and itgr-dependent width with the values observed in the simulatidhe statistical
significance of the observed signalg\&5+ B varies from 3 to 18, while the signal-over-background
ratio S/B ranges from 0.01 to 1.8, depending on the mesonespeg interval and centrality class.

3.2 dN/dpr spectra corrections

The D-meson raw yields were corrected in order to obtairpihdifferential yields of prompt D mesons

f 1 ND+5
ﬁ _ prompl( pT) 2 Nraw (pT) Iyl<ia (2)
dpr [y|<0.5 Apr-ay- (Acc x g)pfompl(pT) -BR- Nevents’
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where prompt refers to mesons not coming from weak decayshafdBons. The raw yields2;.P were
divided by a factor of two to obtain the charge-averagedti@arand antiparticle) yields. To correct for
the contribution of B-meson decay feed-down, the raw yieldee multiplied by the fraction of promptly
produced D mesondyompt (discussed in details later in this section). Furthermthey were divided
by the product of prompt D-meson acceptance and effiCi¢ACE X €)promps DY the decay channel
branching ratio (BR), by the transverse momentum intenidtiw(Apr) and by the number of events
(Nevent9- The factoray = yriq/0.5 normalises the corrected yields measurety/jir< ysig to one unit of
rapidity |y| < 0.5, assuming a uniform rapidity distribution for D mesonshe tneasured range. This
assumption was validated to the 1% level with simulati@@].

The correction for acceptance and efficieféycc x €)prompt Was determined using Monte Carlo sim-
ulations with a detailed description of the detector anddtgponse, based on the GEANT3 transport
package@?]. The simulation was tuned to reproduce theeftspendent) position and width of the
interaction vertex distribution, as well as the number divaaead-out channels and the accuracy of the
detector calibration. The underlying Pb—Pb eventg®f = 2.76 TeV were simulated using the HIJING
v1.383 generatomS] and D-meson signals were added watHP¥THIA v6.421 generatoﬁhg] with
Perugia-0 tune [50]. Each simulated PYTHIA pp event comtdia € or b pair, and D mesons were
forced to decay in the hadronic channels of interest for tiayais. Out of all the particles produced in
these PYTHIA pp events, only the heavy-flavour decay pradwetre kept and transported through the
detector simulation together with the particles producszbeding to HIJING. In order to minimise the
bias on the detector occupancy, the number of D mesonsédjécto each HIJING event was adjusted
according to the Pb—Pb collision centrality. In the mostti@revent class, thg@y distribution of D
mesons was weighted in order to match the shape measurduef@f meson. In the semi-peripheral
centrality class, the D-mesapyr distribution was weighted so as to match the shape given leglfix
order-next-to-leading-log perturbative QCD calculasidirONLL) tﬂ@] multiplied by theRaa (pr)
computed using the BAMPS modm@-SS].

The efficiencies were evaluated from simulated events that the same average charged-particle multi-
plicity, corresponding to the same detector occupancybssreed in data in the centrality classes 0-10%
and 30-50%. Figuild 3 shows th&,* and D" acceptance-times-efficiengpcc x €) for primary and
feed-down D mesons with rapidity| < ysiq(pr) in the centrality class 0-10%. The efficiencies range
from about 0.1% at lowpr to 10-30% at higlpr, because of the momentum dependence of the D-meson
decay length and of the topological selections applied éndifferent momentum intervals. Also shown
in the figure are théAcc x ¢€) values for the case where no PID is applied. The relativewdifice with
respect to th¢Acc x €) obtained using the PID selection is about 5%, illustratimg high efficiency of
the PID criteria. ThéAcc x ¢) for D mesons from B-meson decays is larger than for prompt Bome

by a factor of about 1.5, because the decay vertices of tllede@n D mesons are more separated from
the primary vertex and are, therefore, more efficientlycelt by the analysis cuts.

The forompt factor was obtained, following the procedure introduce@'], as

N D+Dfeed-down
f -1 raw
prompt= 1 —

Nai” 3)
FONLL, EvtGen
-1 Rfeed—down (TAA> ( do ) ApT Ay - (ACC X S)feed-down' BR - Nevents
=1—Rxa X == . - )
dpr feed-downly|<0.5 % N%J,FVD

In this expression, the symbols denoting thedependence have been omitted for brewity;° is the
measured raw yields arINﬁjVDfeed‘do""”is the estimated raw yields of D mesons from B-meson decays. |
detail, the B-meson production cross section in pp coliisiat,/s = 2.76 TeV, estimated with FONLL
calculations6], was folded with the B- D + X decay kinematics using the EvtGen pack@ [57] and
multiplied by (Taa ) in each centrality class, by tiiécc x ¢) for feed-down D mesons, and by the other
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Figure 3: Product of acceptance and efficiency for D mesons in Pb—Risioak for the 0-10% centrality class.
The rapidity interval igy| < yiiq (See Section 3.1). The values for prompt (solid lines) aed{f@own (dotted lines)
D mesons are shown. Also displayed, for comparison, areahees for prompt D mesons without PID selection
(dashed lines).

factors introduced in Eq[]2). In addition, the nuclear nfiodtion factor of D mesons from B-meson
decays was accounted for. The comparison ofRfg of prompt D mesonsRa2™) [5€] with that
of J/¢ from B-meson decayﬂb9] measured in the CMS experimentates that charmed hadrons
are more suppressed than beauty hadrons. The R{gdo“n— 2. R°™ was used to compute the
correction, and the variation over the range Resd-4o/RII™Pt - 3 was considered for the evaluation
of the systematic uncertainties, in order to take into ant@ossible centrality angy dependences.
AssumingRieed-down_ . RROMP! the resultingfprompt ranges from about.85 to 0.85, depending on the

D-meson species and on the interval.

3.3 Proton—proton reference forRaa

The pr-differential cross section of prompt D mesons wigh< 0.5 in pp collisions at/s=2.76 TeV,
used as reference for the nuclear modification factor, wesrdd as follows:

— inthe interval 2 pr < 16(24) GeV/cfor D° (D* and D'"), the measurement gfs=7 TeV LA:'IS]
scaled to,/s= 2.76 TeV with FONLL calculationsIEG] was used;

— in the interval 1< pr < 2 GeV/c for D°, an average of the aforementiong@ = 7 TeV scaled
measurement and of the measuremenRfst 2.76 TeV @] was used;

— in the interval 1624) < pr < 24(36) GeV/c for D° (D and D'*), where their cross sections
were not measured in pp collisions, the FONLL calculatioy/at= 2.76 TeV @] was used as a
reference, after scaling it to match the central value ofidta at lowerpr.

The pr-dependent scaling factor frogfs = 7 TeV to /s = 2.76 TeV was determined with FONLL
calculations and its uncertainties were determined byingrthe parameters (charm-quark mass, fac-
torisation and renormalisation scales) as describda]l [Bie uncertainties on the scaling factor range
from T379% for 1 < pr < 2 GeV/c to about+5% for pr > 10 GeV/c. The result of the scaling of the
V/S=7 TeV pr-differential cross sections tg's= 2.76 TeV was validated with measurements from a

9
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smaller data sample in pp collisions g = 2.76 TeV @)]. These measurements cover a redysed
interval with a statistical uncertainty of 20-25% and tifiere they were not used as a pp reference for
pr > 2 GeV/c.

For the lowespr interval for the ¥ meson, the two references (obtained from the measuremppiciol-
lisions at,/s=2.76 TeV and from the/s= 7 TeV scaled measurement) have comparable uncertainties.
Therefore, in this interval, the two values were averageadguhe inverse of the squared relative uncer-
tainties as weights. In particular, the statistical uraiaties and the uncorrelated part of the systematic
uncertainties, i.e. the systematic uncertainty from datdyais (yield extraction, efficiency corrections)
and the scaling uncertainty, were used in the weight. Themmioties on the feed-down subtraction
were considered as fully correlated among the two measuntsirend were propagated linearly.

The cross section measurements for D mesons in pp collisibRés = 7 TeV are limited topr <

16 GeV/c for D? and topr < 24 GeV/c for D™ and D*. Beyond these limits the pp reference was ob-
tained using the cross section from the FONLL calculatiop'st 2.76 TeV @L;]. Since the central value
of the FONLL calculation underestimates the measuremenpfa> 5 GeV/c at both,/s= 2.76 TeV
and./s=7 TeV LA:*@)] the FONLL cross section was multiplied by aliscpfactor (k)

d d FONLL
(o} (o}
apr (E) | @

\/5=2.76TeV,|y|<0.5

The factork was determined by fitting with a constant the data-to-theatio at/s= 7 TeV in the
interval 5< pr < 16 GeV/c. Since the measurements.@é = 2.76 TeV are less precise, they do not
constrain further the scaling factor. Depending on the Banespecies, the factarranges from 1.4 to
1.5, for the central values of the FONLL calculation parare{56]. The statistical uncertainty of the
extrapolated cross section was determined by propagdnstatistical uncertainties of the measurement
in the determination ok and it amounts to about 5%. The systematic uncertainties exaluated under
the conservative assumption that the systematic unceesmiof the measurement are fully correlated
over pr, i.e. by repeating the calculation &f after shifting all data points consistently within their
systematic uncertainties. In addition, the calculatiofé (4) was performed considering the FONLL
cross sections obtained from combinations of the renosa@in and factorisation scales with values
(0.5,1,2)- \/m2+ p%c [@], as well as the upper and lower limits of their envelﬂ)p‘éhis resulted in a

total systematic uncertainty on tipge-extrapolated cross section of abd@@%.

4 Systematic uncertainties
4.1 Systematic uncertainties on the D-mesopr spectra

The systematic uncertainties were estimated as a functimarsverse momentum for the two centrality
classes. Tablg 2 lists the uncertainties for thpgéntervals for each meson species.

The systematic uncertainty on the raw yield extraction wasuated by repeating the fit of the invariant-
mass distributions while varying the fit range; by fixing thean and sigma of the Gaussian term to
the world-average value and the expectations from MontéoGanulations, respectively; and by using
different fit functions for the background. Specificallysfirand second-order polynomials were used
for D° and D', and a power law multiplied by an exponential or a threshotafion for D'*. A method
based on bin counting of the signal after background sufitragvas also used. This method does not
assume any particular shape for the invariant-mass diivibof the signal. The estimated uncertainties
depend on the centrality class and on girénterval, ranging from 5% to 15% for$)8% to 10% for D

and 5% to 10% for D, typically with larger values in the lowest and highestintervals.

lWherem¢ and pr ¢ are respectively the mass and the transverse momentum cfiéinen quark considered in the calcula-
tions.
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Particle DO D+ D**

0-10% centrality class
pr interval (GeV/c) 1-2 6-8 16-24 34 6-8 24-36 34 6-8 24-36
Yield extraction 15% 5% 15% | 10% 8% 8% | 12% 5% 10%
Tracking efficienc 10% 10% 10% | 15% 15% 15% | 15% 15% 15%

g y

Selection cuts 15% 5% 5% | 10% 10% 10% | 10% 10% 10%
PID efficiency 5% 5% 5% 5% 5% 5% 5% 5% 5%
MC pr shape 15% 1% 1% | 6% 1% 1% | 4% 1% 1%
FONLL feed-down corr. | 72% *.8% 196 | T %06 T5%% 5% | "3% *3% 3%
Rigg domn /RO Eq [3) | T 2% R K | T T tHee | T S
BR 1.3% 2.1% 1.5%
Centrality class definition < 1% <1% <1%

30-50% centrality class
pr interval (GeV/c) -2 6-8 12-1 2-3 6-8 12-16 2-3 6-8 12-16
Yield extraction 10% 8% 8% | 10% 10% 12% | 12% 8% 5%
Tracking efficiency 10% 10% 10% | 15% 15% 15% | 15% 15% 15%
Selection cuts 10% 10% 15% | 10% 10% 15% | 15% 10% 5%
PID efficiency 5% 5% 5% 5% 5% 5% 5% 5% 5%
MC pr shape 5% 1% 3% | 10% 2% 2% | 10% 1% 1%
FONLL feed-down corr. | ©,2% *.006 8% | 000 T 5% *Ho | "3 "% 3%
Riged-donn /RO (Eq. @) | “ 2% o6 o6 | Tl F 3% 1% | T %t %
BR 1.3% 2.1% 1.5%
Centrality class definition 2% 2% 2%

Table 2: Relative systematic uncertainties on the prompt D-mesodymtion yields in Pb—Pb collisions for three
selectedpr intervals, in the two centrality classes.

For D° mesons, the systematic uncertainty due to signal reflectiothe invariant-mass distribution was
estimated by changing by50% the ratio of the integral of the reflections over the iraegf the signal
(obtained from the simulation) used in the invariant-maswith the reflections template. In addition,
the shape of the template was varied using a polynomial peteaigsation (of third or sixth order) of the
simulated distribution, instead of a double-Gaussianmetarisation. A test was carried out using, in the
fit, a template histogram of the reflections obtained diyeficim the simulation, rather than a functional
form. The variation observed in the raw yields, ranging fré¥h to 7% from low to highpr, was added

in quadrature as an independent contribution to the yielicetion systematic uncertainty.

The systematic uncertainty on the tracking efficiency wdsnesed by comparing the probability to
match the TPC tracks to the ITS hits in data and simulatiod, @nvarying the track quality selection

criteria (for example, the minimum number of associated initthe TPC and in the ITS, and the maxi-
mum x ?/ndf of the momentum fit). The efficiency of the track matchamgl the association of hits in the
silicon pixel layers was found to be well reproduced by tmewation with maximal deviations on the
level of 5% in thepr range relevant for this analysis (0.5-25 G/e)/[@]. The effect of mis-associating

ITS hits to tracks was studied using simulations. The mé®eaiation probability is about 5%, for central
collisions, in the transverse momentum intervat pr < 3 GeV/c and drops rapidly to zero at largpt.
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It was verified that the signal selection efficiencies arestimme for D mesons with and without wrong
hit associations. The total systematic uncertainty onrhektreconstruction procedure amounts to 5%
for single tracks, which results in a 10% uncertainty f@rrDesons (two-tracks decay) and 15% for D
and D' mesons (three-tracks decay).

The uncertainty on the D-meson selection efficiency reflagiessible non-exact description of the D-
meson kinematic properties and of the detector resoluionsalignments in the simulation. This effect
was estimated by repeating the analysis with differentagbf the selection cuts, significantly modifying
the efficiencies, raw yield and background values. As exggedarger deviations in the corrected yields
were observed at loyr, where the efficiencies are low and vary steeply vgth because of the tighter
selections. Due to this, the systematic uncertaintiesligitgly larger in thesepy intervals. The assigned
systematic uncertainty varies from 5% to 15% fdt, Bquals 10% for D, and varies from 10% to 15%
for D* .

A 5% systematic uncertainty related to the PID selection @aduated by comparing the ratio of the
corrected yields extracted with and without particle idfesation.

The uncertainty on the efficiencies arising from the diffe® between the real and simulated D-meson
transverse momentum distributions depends on the widtheght intervals and on the variation of the
efficiencies within them. This uncertainty also includes #ffect of thepr dependence of the nuclear
modification factor. As explained in Sectibn13.2, for thetcality class 0-10%, the D-meson transverse
momentum distribution from the PYTHIA simulation was reighged in order to reproduce the®D
spectrum shape observed in data, while for the 30-50% digntciass, the weights were defined in
order to match theoy distributions from FONLL calculations multiplied by thRza from the BAMPS
model. A systematic uncertainty was estimated by using tiesrative D-mesorpr distributions in
both centrality classes: i) FONLpy distributions, ii) FONLL pr distributions multiplied byRaa from

the BAMPS model. In addition, for the most central eventdffarént parameterisation of the measured
pr spectrum was used. The resulting uncertainties decredlanereasingpr, varying from 5-6% to
1% in the interval 2< pr < 36 GeV/c. For D’ mesons, efficiencies increase by more than a factor
five within the interval 1< pr < 2 GeV/c in the most central collisions. As a consequence, a larger
uncertainty of 15% resulted from a detailed study of theibtalof the corrected yields when changing
the pr spectrum in the simulation.

The systematic uncertainty on the subtraction of feed-dfram B decays (i.e. the calculation of the
forompt fraction) was estimated i) by varying the-differential feed-down D-meson cross section from
the FONLL calculation within the theoretical uncertaisti@) by varying the hypothesis on the ratio of
the prompt and feed-down D-mes8aa in the range 1< RieSd-down/RRIOMPt - 3 "and jii) by applying

an alternative method to computgompt This second method is based on the ratio of charm and beauty
FONLL cross sections, instead of the absolute beauty cexston. The procedure is the same used
for previous measurements of D-meson production with AL[@ @@3} The resulting uncertainty
ranges between,2% at low pr and "3% at highpr for the 0-10% centrality class, and betwegg%

at low pr and jg% at high pr for the 30-50% centrality class. The uncertainty from theati@n of

the feed-down D-mesoRaa hypothesis ranges from 6 to 16%, as shown in Eig. 4, whereetlagve
variation of the prompt Byield is shown as a function of the hypothesisRIgg? 4" /R for four
pr intervals.

The uncertainties on the branching ratios were also com;i(@l] as well as the contribution due to
the 1.1% uncertainty on the fraction of the hadronic crostiae used in the Glauber fit to determine
the centrality classeﬂ39]. The latter was estimated frioenveariation of the D-mesonNydpr when
the limits of the centrality classes are shiftedb%.1% (e.g. shifted from 30-50% to 30.3-50.6% and
29.7—49.5%)@2]. The resulting uncertainty, common topallintervals, is smaller than 1% for the
0-10% centrality class and about 2% for the 30-50% centrelktss.
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Figure 4: Relative variation of the prompt®yields as a function of the hypothesis Bﬁﬁ*dOW”/R,ﬂfmptfor the
B-meson feed-down subtraction.

4.2 Systematic uncertainties orRaa

The systematic uncertainties on tRga measurement include those on the D-meson corrected yields,
those on the proton—proton cross section reference, anthtteatainties on the average nuclear overlap
function.

The systematic uncertainties on the D-meson correctedsyaale obtained considering as uncorrelated
the different contributions described in the previousisect

The uncertainty on the pp reference used for the calculaifdRaa has two contributions. The first
is the systematic uncertainty on the measupgelifferential D-meson cross section gfs= 7 TeV.
This uncertainty is about 25% at the lowgst and 17% at the highegir for D° mesons, excluding
the uncertainty for feed-down corrections, and few perd¢amfer for D" and D" mesons@S]. The
systematic uncertainty on the feed-down subtraction otgyifrom the variation of the parameters of the
FONLL calculation and from the use of the alternative metteodomputef,omptWas considered to be
correlated in the Pb—Pb and pp measurements. These vasiati&re carried out simultaneously for the
numerator and denominator Bfa, so only the residual effect was attributed as a systematerntainty.
Therefore, the variation of the value BESS 9o /RIP™ hetween 1 and 3 is the main contribution to
the feed-down uncertainty dRaa .

The second contribution to the pp reference uncertaintyasstaling to,/s = 2.76 TeV. It ranges from
f%% in the interval 2< pr < 3 GeV/c to about 5% fompr > 10 GeV/c [61]. Note that the upper/lower
uncertainties are reversed when considefag, where the pp reference is in the denominator. In the
interval 1-2 GeW, this scaling uncertainty is much Iargejrﬂ%), but its impact on the pp reference
was reduced by about a factor of two by using a weighted agesithe cross section scaled from 7 TeV

and the measured cross section at 2.76 TeV (see Séction 3.2).

The extrapolation of the pp reference to the intervals: 1 < 24 GeV/c for D° mesons and 24 pr <
36 GeV/cfor D and D't mesons resulted in a total systematic uncertainty of abgﬁ%, as described
in Sectio 3.P.
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Particle DO D+ D**
0-10% centrality class
pr interval (GeV/c) 1-2 6-8 16-24 3-4 6-8 24-36 34 6-8 24-36

dNpp_pp/dpr (excl. feed-down), 28%  14% 22% | 22% 20% 22% | 24% 20% 21%
dNpp/dpr (excl. feed-down) 21%* 16% 17% | 20% 19% 20% | 17% 17% 18%

/S— scaling of the pp ref. TRoer Tl — | FB% % - | 2w 5w -

High-pr extrapolation — - | - - | - - %

FONLL feed-down corr. Tl T2 0 | T2 Tl TR | Tlw TIn 3%

REghdom/REMP EG. B)) | oo tMoo TI6 | Tl B A9 | TSt * %

Normalisation 4.8% 4.8% 4.8%
30-50% centrality class

pr interval (GeV/c) 1-2 6-8 12-1§ 2-3 6-8 12-16 2-3 6-8 12-16

dNpp_pp/dpr (excl. feed-down), 20%  20% 22% | 25% 21% 22% | 29% 19% 18%
dNpp/dpr (excl. feed-down) 21%* 16% 17% | 20% 19% 20% | 17% 17% 18%

_ i + 6gs*% + 60 +50 + 8p + 6 +50 + 9o + 6, +5¢,
v/s—scaling of the pp ref. To¥* T 0% 2% | To% T 0% 2% | g% g% 2%
FONLL feed-down corr. Tl T2 T3t Tlw T3 | Tlw T3 Tiwn
feed—down ;pPrompt +12 +14, +15 + 9 +13 +17 + 7 +10, +9
Raa /Raa  (EQ. 3)) T% T% T% | TI% g% g% | D% D% T g%
Normalisation 6.2% 6.2% 6.2%

Table 3: Relative systematic uncertainties on the prompt D-mé&anfor threepr intervals, in the two centrality
classes. Uncertainties marked with a * were obtained as/trage of the measurement@é= 2.76 TeV and the
measurement af's = 7 TeV, scaled using FONLL_[56], as described in Sedfioh 3.3.

The uncertainties oRaa are listed in Tad]3. The uncertainties on the normalisati@nthe quadratic
sum of the pp normalisation uncertainty (3.5%) and the uat#y on(Taa ), which is 3.2% and 4.7%
in the 0—-10% and 30-50% centrality classes, respectively.

All the uncertainties described in this Section that relsath detector effects are considered to be largely
correlated over transverse momentum, with the exceptitimeofield extraction uncertainty that depends
on the S/B in eaclpy interval. The uncertainties related to the feed-down agsiams and to the/s-
scaled pp reference are fully correlated opgrwith the exception of that for the hypothesis on the ratio
of the prompt and feed-down D-mesBRra that might not be constant as a functionpgt

5 Results and discussion

5.1 D-mesonpr spectra andRaa

The transverse momentum distributionsl /dipr of prompt ¥, D and D't mesons are shown in
Figs.[5(@), [5(8) and 5(c) for the 10% most central Pb—Pbsiolis. The results are presented in the
interval 1< pr < 24 GeV/c for the D’ mesons and & pr < 36 GeV/c for D* and D't mesons. They
are compared to the corresponding pp cross section reterealtiplied by(Taa ). The vertical bars rep-
resent the statistical uncertainties, the empty boxesytstematic uncertainties from the data analysis,
and the shaded boxes the systematic uncertainty due tolitraction of the feed-down from B-hadron
decays. Uncertainties on the pp cross section normalisatid on the branching ratios are quoted sep-
arately. A clear suppression of the D-meson yields is oleskat intermediate (3 pr < 8 GeV/c) and
high transverse momenta( > 8 GeV/c) in central Pb—Pb collisions as compared to the binaryescal
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Figure 5: Transverse momentum distributiond (dpt of prompt B (a), Dt (b) and D'+ (c) mesons in the 0-10%
centrality class in Pb—Pb collisions @& = 2.76 TeV. The pp reference distributiofiiaa ) do/dpr are shown

as well. Statistical uncertainties (bars) and systematettainties from data analysis (empty boxes) and from
feed-down subtraction (shaded boxes) are shown. Horikbata represent bin widths, symbols are placed at the
centre of the bin. TheM/dpr distributions of the three D-meson species in the 10% madtald®b—Pb collisions
are compared to each other in panel (d), where thiefoduction yields are scaled by a factor of five for visilyilit

pp reference. In Fid. 5(d) the transverse momentum disioibs of prompt ¥, D and D" mesons
in the 10% most central collisions are compared to each .offtez d\/dpr values of D™ mesons are
scaled by a factor of five for visibility.

The D-meson N /dpr distributions measured in the 30-50% centrality class laoevs in Fig[®. Also

for this centrality class, a clear suppression of the D-mgselds as compared to the expectation based
on binary scaling of the pp yields is observed fgr> 3 GeV/c. In Fig.[6(d), the 8 /dpr of prompt [,

D' and D" (the latter scaled by a factor of five) are compared to eacér.oth
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Figure 6: Transverse momentum distribution tpr of prompt @ (a), D* (b) and D (c) mesons in the 30—
50% centrality class in Pb—Pb collisions@&n = 2.76 TeV. The pp reference distributiofifaa ) do/dpr are
shown as well. Statistical uncertainties (bars) and systiemincertainties from data analysis (empty boxes) and
from feed-down subtraction (shaded boxes) are shown. blatdat bars represent bin widths, symbols are placed
at the centre of the bin. The\tfdpr distributions of the three D-meson species in Pb—Pb coliisin the 30-50%
centrality class are compared to each other in panel (d)renthe D+ production yields are scaled by a factor of
five for visibility.
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Figure[T shows ther-dependent ratios of D and D'+/DP for central Pb—Pb collisions. They are
found to be compatible within uncertainties with those mead in pp collisions at/s= 7 TeV |62].
Similar results were also found for the 30—-50% centraligss! Therefore, no modification of the relative
abundances of these three D-meson species is observed thighturrent uncertainties in central and
semi-central Pb—Pb collisions relative to the pp ones at eH€rgies.

The Raa of prompt ¥, D* and D" mesons is shown in Fig] 8 for the 0-10% (left panel) and 30—
50% (right panel) centrality classes. The statistical vaiaties, represented by the vertical error bars,
range from 10% in the intermediafg range up to about 25-30% in the lowest and highmgsinter-

vals, for the 10% most central collisions. The statisticatertainty on the reference measurement at
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v/S= 7 TeV dominates this uncertainty in the intervak2pr < 16 GeV/c. For the 30-50% centrality
class, the statistical uncertainties at low and internedia are similar in magnitude to those of central
collisions and are about 20% in the interval 42t < 16 GeV/c. The total pr-dependent systematic
uncertainties, described in the previous Section, are staswempty boxes. The normalisation uncer-
tainty is represented by a filled boxRta = 1. The nuclear modification factors of the three D-meson
species are compatible within statistical uncertaintiedbth centrality classes. For the 10% most cen-
tral collisions, the measurd@ha shows a suppression that is maximal at aroppe= 10 GeV/c, where

a reduction of the yields by a factor of 5-6 with respect tolihmary-scaled pp reference is observed.
The suppression decreases with decreapinfpr pr < 10 GeV/c, and it is of the order of a factor of 3

in the interval 3< pr < 4 GeV/c, while theRaa ranges from about 0.35 to 1 in the first tyg intervals.

For pr > 10 GeV/c, the suppression appears to decrease with increggingut the large statistical
uncertainties do not allow us to determine the trend ofRRg. A suppressionRaa < 0.5) is still ob-
served for D mesons witpr > 25 GeV/c. For the 30-50% centrality class, the suppression amounts
to about a factor of 3 gpr = 10 GeV/c, which indicates that the suppression of the hghb-meson
yields is smaller than in the 0-10% centrality class. Aslfier¢entral collisions, the suppression reduces
at lower momenta, withRaa increasing with decreasingr up to a value of about 0.6 in the interval
3 < pr <4 GeV/c. For lowerpr the suppression is further reduced & is compatible with unity.

The average nuclear modification factor of, D+ and D" mesons was computed using the inverse
of the squared relative statistical uncertainties as wigighhe systematic uncertainties were propagated
through the averaging procedure, considering the cotiwitisl from the tracking efficiency, the B-meson
feed-down subtraction and the FONLL-basgd-scaling of the pp cross section fropds = 7 TeV to
\/s=2.76 TeV as fully correlated uncertainties among the three é3an species. The average D-
mesonRaa for the two centrality classes is shown in the left panel of.Bi. A larger suppression, by
about a factor of two, is observed in the 10% most centralsiolis compared to the 30-50% centrality
class forpr > 5 GeV/c. The stronger suppression observed in central collisiamsbe understood as
resulting from to the increasing medium density, size afedithe from peripheral to central collisions.
TheRaa values measured for the 0-10% centrality class are sligihgr, although compatible within
uncertainties, than those reported in Ref] [32] for the 20&6teentral collisions, measured with the
2010 data sample. As a consistency check, the analysis a2Ditie data sample was also performed
in the 0-20% centrality class and the resultiRga value was found to be compatible with the one
measured with the 2010 sample within statistical and syatiemincertainties, considering that the pp
reference uncertainties are the same in the two measureniaraddition, the larger sample of central
Pb—Pb collisions used in this analysis, compared to thal irs¢he previous publication, enables the
measurement of the D-mes®\a in a wider pr range (the intervals & pr < 2 GeV/c and py >

16 GeV/c were not accessible with the previous sample), with a sobataeduction (by a factor of
about 2-3) of the statistical uncertainties.

Figure[9 (left) also shows the average D-meson nuclear neatdin factor measured in minimum-bias
p—Pb collisions at/S, = 5.02 TeV [33]. Since no significant modification of the D-meseaduction

is observed in p—Pb collisions fgrr > 2 GeV/c, the strong suppression of the D-meson yields for
pr > 3 GeV/c observed in central and semi-central Pb—Pb collisions atalo& explained in terms of
cold nuclear matter effects and is predominantly due to-tete effects induced by the hot and dense
medium created in the collisions.

5.2 Comparison with results at lower collision energy

In the right panel of Figl19, the average D-medn for the 10% most central Pb—Pb collisions is
compared to the Bnuclear modification factor measured by the STAR Collabonafor the 10% most
central Au—-Au collisions at/sw = 200 GeV Eh]. The D-mesoRaa measured at the two energies
are compatible within uncertainties f@r > 2 GeV/c. It should be noted that the simil&&aa of D
mesons with high momentunpy > 5 GeV/c, i.e. in the range where the nuclear modification factor is
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expected to be dominated by the effect of in-medium part@arggnloss, does not necessarily imply a
similar charm-quark energy loss at the two collision ereggiSince the nuclear modification factor is
also sensitive to the slope of tipg spectra in pp collisions, the combined effect of a denseriunednd

of the harderpr spectra at the LHC could result in similar valuesRafy as at lower collision energies
(see e.g. Ref [63)]).

At low momentum (1< pr < 2 GeV/c), the Raa measured by STAR shows a maximum. This effect
can be described by models including parton energy loskativke radial flow and the contribution of
the recombination mechanism to charm-quark hadronis@h The ALICE results at highey/sy do

not show a maximum. However, the large uncertainties anddheser binning at lovpr prevent a firm
conclusion from being drawn. A different pattern could bplaied by the different role of initial-state
effects or of radial flow at the two collision energies. In thitial state, the modification of the parton
distribution functions in a nuclear environment is preglitto lead to a stronger suppression of the heavy-
quark production yields at loyr with increasing,/Sw [@], because of the smaller values of Bjorken-
probed. In addition, the momenturkrf broadening effect, which gives rise to an enhancementeof th
Raa at intermediatepr (Cronin peak), is known to be more pronounced at lower c'toﬂisenergies@S,
@]. In the final state, in addition to energy loss, the coiNecexpansion of the medium is also predicted
to affect the momentum distribution of charmed hadrons aviidgon collisions. Indeed, the interactions
with the medium constituents are expected to transfer mamreto low-pr charm quarks, which could
take part in the collective radial flow of the medium. Thiseeffcould be enhanced by hadronisation
via recombination, which is predicted in some models to romte significantly to hadron formation
at low and intermediat@r [IE]. The momentum distributions of identified light-flavdeadrons at the
LHC [@@] indicate that the radial flow of the medium at LH@eggies is about 10% higher than
at RHIC @)]. However, this stronger radial flow does not sseeily give rise to a more pronounced
bump-like structure in thé&kaa at low pr with increasing collision energy, because its effect can be
counterbalanced by the different shape of the momentunirsgagp collisions at differen{/s [IE,].

5.3 Comparison with pion and charged-hadronRaa

As described in Sectidd 1, the colour-charge and quark-aigssndence of the energy loss can be tested
with the comparison of D-meson and pion nuclear modificafamtors. In the left panel of Fig.10,
the D-mesorRaa (average of B, Dt and D) measured for the 10% most central Pb—Pb collisions is
compared with the pioRaa in the interval 1< pr < 20 GeV/c and with theRaa of charged particles

in 16 < pr < 40 GeV/c. The charged-particlBaa is shown in order to extend the comparison up to the
higherpr interval in which the D-meson yield was measured. The coispaiof D mesons with charged
hadrons at highpr is relevant because theya of different light-flavour hadron species are consistent
with one another fopr > 8 GeV/c [ﬂ]. Moreover the contribution of pions dominates the gear
hadron yields apy of about 20 GeYc with respect to other hadron species (about 6) [74]. Alammi
comparison is performed in the right panel of Figl 10 for tBeS)% centrality class.

The Raa of D mesons and light-flavour hadrons are consistentpior- 6 GeV/c for both centrality
classes. Fopr < 6 GeV/c, theRaa of D mesons tends to be slightly higher than that of pionss Tan

be also observed from the ratio of nuclear modification fagtpresented in Fi§. 13. Considering that
the systematic uncertainties of D-meson yields are mainietated withpr, we observeR}, > RY, at
low pr with a significance of about & in four pr intervals, in the most central events. In the 30-50%
centrality class, the significance of the effect is smahantin central collisions.

A direct interpretation of a possible difference betweesm Brmeson and pioRRaa at low pr is not
straightforward. In the presence of a colour-charge andkguass dependent energy loss, the harder
pr distribution and the harder fragmentation function of chguarks compared to those of light quarks
and gluons could lead to similar values of D-meson and Bign as discussed in ReﬂlS]. In addition,

it should be considered that the pion yield could have a ankiat contribution from soft production pro-
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Figure 9: Left: prompt D-mesorRaa (average of B, D* and D) as a function ofp in Pb—Pb collisions
at/Sw = 2.76 TeV in the 0-10% and 30-50% centrality classes. PrompteBem nuclear modification factor
(average of B, D* and D) as a function ofpr in p—Pb collisions at/Sw = 5.02 TeV E:k]. Right: prompt
D-mesonRaa (average of B, D™ and D) as a function ofpy in the 10% most central Pb—Pb collisions at
V/Sw = 2.76 TeV compared to PHRaa measured by the STAR Collaboration in Au—Au collisions atl&kt
/Sw =200 GeV Eil]. A zoomed-in plot of the intervalkd pr < 8 GeV/cis shown in the inset. Statistical (bars),
systematic (empty boxes), and normalisation (shaded babRs = 1) uncertainties are shown. Horizontal bars
represent bin widths. Symbols are placed at the centre dfithe
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Figure 10: Prompt D-mesorRaa (average of B, D™ and D) as a function ofpr compared to the nuclear
modification factors of pion@Z] and charged partic@] [M3the 0-10% (left) and 30-50% (right) centrality
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shown. Horizontal bars represent bin widths. Symbols aequl at the centre of the bin.

cesses up to transverse momenta of about 2—3/Gd\e to the strong radial flow at LHC energies. This

soft contribution, which is not present in the D-meson yji&ldes not scale with the number of binary
nucleon—nucleon collisions. Finally, the effects of radliew and hadronisation via recombination, as

20



Transverse momentum dependence of D-meson productionHAtPtollisions  ALICE Collaboration

é 1.44 L ‘ TTTT ‘ LB ‘ TTTT ‘ TTTT ‘ TTTT TTTT T T4 é 1.44% L ‘ TTTT ‘ LB ‘ TTTT ‘ TTTT ‘ TTTT TTTT T T4
o ALICE o b ALICE
1 o[ 0-10% Pb-Pb, Sy =276 TeV 1. olfs 0-10% Pb-Pb, Sy = 2.76 TeV

- e Average D°, D, D*' |y|<0.5

L O with pp pT—extrap. reference

Average D°, D", D*' |y|<0.5
with pp pT—extrap. reference

Djordjevic eumn Cao Qin, Bass

....... MC@sHO+EPOS
WHDG rad+qol| —_ POWLAI\?G
——— Vitev, Rad+dissoc

....... BAMPS el.
Vitev, Rad o BAMPS el.+rad
— HSD

=== CUJET3.0

’
d

1
"\\\‘\\\‘\\*\\‘\\\

HMHMHMH\HHHMH

0.2 = \/
N 4 z ‘ S -
0 L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l 0 Il \'\ Il ‘ L1l ‘ L1l ‘ L1l
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
P, (GeVi/c) P, (GeVi/c)
(@) (b)
1.4“‘\“‘\‘“\“‘\“‘\“‘\“‘\“‘“‘“‘ 1_4T:\\\\\\\\\\\\\\\\\\\\\\\\\\\\Y
2 i ALICE ] 2 [ e ALI‘CE o ]
o L of  30-50% Pb-Pb, Vs, = 2.76 Tev 4 @ L 30-50% Pb-Pb, s = 2.76 TeV 1
T T e Average D’, D", D', |y|<0.5 ] 1.2 %, e Average D°, DY, D¥, ly|<0.5 B
L o 5 [ i
T TRTT B [ ——TTE
F WHDG rad+coll F mrmna Sl%o@gw'QEaESPSOS E
[ Vitey radedi J I 5 i
0.8 [[Ir~ ——Vievegsee o M o EOWEANS™
L . - CUJET3.0 B ol ... BAMPS el.+rad -
- I . - .. PHSD .
0.6 I - - 0.6;-’,_; _____ -
O e | = oali
0.2)- . 0.2F
7\ 11 ‘ L1l ‘ L1l ‘ L1 ‘ L1 ‘ L1l ‘ L1l ‘ L1 ‘ L1l ‘ Ll \7 07\ 11 ‘ L1l ‘ L1l ‘ L1 ‘ L1 ‘ L1l ‘ L1l ‘ L1 ‘ L1l ‘ 1| \7
2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
P, (GeVic) P, (GeVic)
(© (d)

Figure 11: Average of prompt B, D* and D" Raa in the centrality classes 0-10% (a and b) and 30-50% (c
and d) compared with model calculatiorijordjevic [Iﬂ], CUJET3.0 [IE,],WHDG [@],Vitev [@] (aand

c), TAMU dlastic [70], Cao, Qin and Bass [79], MC@sHQ+EPOS, Coll+Rad(LPM) [80], POWLANG [81,(82],
BAMPS [@—@],PHSD [@] (b and d). Some of the model calculations are shown bylitves to represent their
uncertainties.

well as initial-state effects, could affect D-meson andhdiiight-flavour particle) yields differently at a
given pr, thus introducing an additional complication in interprgtthe magnitude of thRaa in terms
of different in-medium parton energy loss of charm quarightlquarks and gluons.

5.4 Comparison with models

Figure[11 shows the comparison of the average D-m&s@anfor the two centrality classes 0-10% (a
and b) and 30-50% (c and d) with most of the available modeutations. The model calculations are
described and compared in arecent review [15]. A conciseraamnis given in the following paragraphs.

The interaction of heavy quarks with the medium constitseéatcomputed considering radiative and
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collisional processes in the calculations indicatedasdjevic [@], WHDG [@—@] CUJET3.0 [IE

], MC@sHQ+EPOS [@], BAMPS [@—@5] andCao, Qin, Bass [IE]. Only collisional interactions
are considered in the model calculatidP@WLANG [@?@],TAMU elastic E] and PHSD|I8|3]. In
BAMPS, two different options are considered: including only isidinal energy loss but introducing a
scaling factor to match RHIC highr data (where radiative energy loss is expected to be dominant
or including both collisional and radiative energy loss.sé\lfor theVitev model @] two different
options are considered: including only radiative energg [gitev rad) or also considering the in-medium
dissociation of heavy-flavour hadrondtév rad+dissoc).

The medium is described using an underlying hydrodynamitadiel in CUJET3.0, Cao, Qin, Bass,
MC@sHQ+EPOS BAMPS, POWLANG, TAMU elastic andPHSD, while Djordjevic, WHDG andVitev
use a Glauber model nuclear overlap without radial expansio

The initial heavy-quarkpr distributions are based on next-to-leading order (NLO) ONEL pertur-
bative QCD calculations in all model calculations, exceptGao, Qin, Bass, which uses the PYTHIA
event generatoﬁh9]. The EPS09 NLO parameterisa@n [BHeonuclear parton distribution functions
is included byPOWLANG, MC@sHQ+EPOS, TAMU €elastic, PHSD andCao, Qin, Bass.

All model calculations use in-vacuum fragmentation of lyegquarks for the high-momentum region.
At low momentum this is supplemented by hadronisation vimgbination in theMC@sHQ+EPOS,
POWLANG E Cao, Qin, Bass, TAMU €elastic and PHSD models. The two last models also include
scattering of D mesons in the hadronic phase of the mediureo fr theCao, Qin, Bass model, the
hadronic-rescattering effects have been studied in a rexdsication [[__&h] and no large differences in
theRaa are observed, when these processes are considered.

Several model calculations provide a good description efntieasure®aa for both centrality classes.
The MC@sHQ+EPOS model has recently improved the description of R in the pr interval 2—

8 GeV/c including the EPS09 shadowing parameterisation in additioin-medium energy loss, the
TAMU elastic model overestimates tHeaa in central collisions in thepr interval 6-30 GeYc and the
POWLANG model underestimates it in the interval 5-36 (8—16) Gev the 0-10% (30-50%) centrality
class. Interestingly, these model calculations providairadescription of the D-mesow measured at
LHC [@] and of the D-mesoRaa measured at RHId__[jal]. On the other hand, the model calonisti
that do not include a hydrodynamical medium expansion addomésation via recombination, namely
Djordjevic, Vitev, WHDG —and as a consequence do not describe the features obsentle\, at the
LHC and theRaa at RHIC in the momentum region up to about 3-5 GeV- provide a good description
of theRaa in the full “high pr interval”, above 5 GeYc. The\Vitev model shows a better agreement when
including the D-meson in-medium dissociation mechanisiie BAMPS model with collisional energy
loss describes the data better for the Ipwinterval, as is the case for the D-mesgr@]. The inclusion
of radiative energy loss improves the agreement at pighrheCao, Qin, Bass model describes theaa

in both centrality classes, but underestimates the D-mezs@]. ThePHSD model describes theaa

in both centrality classes.

Figure[12 shows th€AMU elastic andMC@sHQ+EPQOScalculations of the nuclear modification factor,
for the 10% most central events, with and without includihg EPS09 shadowing parameterisation.
For both models the inclusion of shadowing reducesRRg by up to about 30-40% in the interval
pr < 5 GeV/c, resulting in a better description of the data.

Four of the model calculations also provide the nuclear fization factor of pions and charged particles
(Djordjevic, CUJET3.0, WHDG andVitev). All these calculations include radiative and collisibeaergy
los§. The left panel of Figl 13 shows the comparison with the meabkaharged-piorRy, (pr <

2Note that recombination was not included in the version efRBWLANG model used for the comparison with the D-
mesornv, measurement ilJn__[_135].
3The in-medium formation and dissociation process, indudlgVitev for D mesons, is not relevant for pions, which have
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andMC@sHQ+EPOS models calculations with and without including EPS09 shiédg parameterisations [64].
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Figure 13: Left: Raa of charged pionsgy < 16 GeV/c) [72] and of charged particlepf > 16 GeV/c) [73]
compared with model calculations that compute also the BemBaa . Right: ratio of theRaa of prompt D
mesons (average of’DD* and D" as shown in Fig—11) and tieaa of charged pions (fopr < 20 GeV/c) or
charged particles (fopr > 20 GeV/c), compared with the same model calculations shown in thigafel.

16 GeV/c) [72] and charged-particl®, (pr > 16 GeV/c) [73]. The model calculations provide a
reasonable description of the measurements, WHDG generally showing smalldRaa values than
seen in data, although consistent within experimental bhedretical uncertainties.

The right panel of Fig_13 shows th&, /RE, (pr < 16 GeV/c) andRR, /RY} (pr > 16 GeV/c) ratios
for data and for these four model calculations. In the casdatd, the uncertainties of D-meson and
charged-pion (or charged-particle) measurements wepmpgeted as uncorrelated uncertainties, except

a much larger formation time.
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for the uncertainty ofiTaa ), which cancels in the raﬁo In the case of model calculations, the theoretical
uncertainty, when provided, was propagated assuming €utetation between D mesons and pions
(charged patrticles), since it accounts for a variation efritedium density (or temperature). Only the
Djordjevic and CUJET3.0 models, which use radiative and collisional energy loss,d=scribe the two
Raa results and their ratio over the fulir interval in which they provide the calculationpr(> 5 and

8 GeVL, respectively). Th&dtev model can describe the data at the lowgs(2—6 GeVE) only if the
dissociation mechanism is included, suggesting that tfeetei relevant in this model. However, the
model overestimates the data in the interval 6-12 GeV/

6 Conclusions

We have presented the measurements of the production ofppth D+ and D' mesons at central
rapidity in Pb—Pb collisions at a centre-of-mass energynpeteon pair,/S,y = 2.76 TeV, as well as
their nuclear modification factd®aa. The measurements cover the intervat pr < 36 GeV/c for the
0-10% centrality class and< pr < 16 GeV/c for the 30-50% centrality class.

The nuclear modification factor shows a maximum reductiothefyields with respect to binary scaling
by a factor 5-6, for transverse momenta of about 10 &edr the 10% most central Pb—Pb collisions.
A suppression of a factor about 2—3 persists in the higpgdnterval covered by the measurements
(24-36 GeVe). At low pr (1-3 GeVt), theRaa has large uncertainties, that span the range from 0.35
(factor of three suppression) to 1 (no suppression). Ipalhtervals above 5 GeX¢, the Raa for the
30-50% centrality class is about twice that for the 0—10%reéity class. The suppression observed for
pr > 3 GeV/cis interpreted to be due to interactions of the charm quartgmthe high-energy density
medium formed in the final-state of Pb—Pb collisions. Thiddmonstrated by the nuclear modification
factor measurements in p—Pb collisions &, = 5.02 TeV, which indicate that D-meson production is
consistent with binary collision scalinEﬂ33].

The D-mesorRaa was compared with that of charged pions in the interval fir < 16 GeV/c, also

in terms of the ratidR?, /RY, , and with that of charged particles up e = 36 GeV/c (R}, /R&L). In

the interval 1< pr < 6 GeV/c, the Raa values of D mesons are higher than those of pions, although
consistent within uncertainties. For the 10% most cent#isions, the ratioRY, / R’Arfh is larger than
unity by about Io of the total uncertainties, which are to some extent caedl@amongpr intervals.

For pr > 8 GeV/c, the Raa values are compatible with those of pions and charged festigp to

pr = 36 GeV/c.

Several models provide a good description of R for both centrality classes. Interestingly, the
models that show larger deviation from the data, espedialtiie highpr region, are among those that
provide a good description of the D-mesanmeasured at the LHC and of the D-medqn measured
at RHIC, in the lowpr region. On the other hand, the models that do not include eoldydamical
medium expansion and recombination, and as a consequema describes, in the momentum region
up to about 3-5 GeV¢/ provide a good description of tHa at the LHC in the full highpy interval,
above 5 Ge.

Only two out of the four models that comptf&A/RZ’ACh can describe this measurement over the (il
interval for which they provide the calculations. In thesed®ls, the nuclear modification factors of D
mesons and pions turn out to be very similar as a consequéampensation among the larger energy
loss of gluons with respect to that of charm quarks (mainky tduthe larger colour coupling factor), the
different amount of gluon and light quark yields on the plRxx and the hardepr distribution and
fragmentation of charm quarks with respect to those of guand of light quarks.

4The uncertainty on the normalisation (integrated lumity)sif the pp reference cross sections for D mesons and pions
(charged particles) does not cancel in the ratio, becawsevih cross sections were measured in two data samples exediff
centre-of-mass energies.
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