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Abstract

The production of prompt D mesons was measured for the first time in collisions of heanye
with the ALICE detector at the LHC. The analysis was perfatnoe a data sample of Pb—Pb
collisions at a centre-of-mass energy per nucleon pagy, of 2.76 TeV in two different centrality
classes, namely 0-10% and 20-50%J Besons and their antiparticles were reconstructed at
mid-rapidity from their hadronic decay channef B+ g™, with ¢ — K~K™, in the transverse
momentum intervals & pr < 12 GeV/c and 6< pr < 12 GeV/c for the 0-10% and 20-50%
centrality classes, respectively. The nuclear modificetator Raa was computed by comparing
the pr-differential production yields in Pb—Pb collisions to #gan proton—proton (pp) collisions at
the same energy. This pp reference was obtained using tbe @ection measured@s= 7 TeV and
scaled to,/s= 2.76 TeV. TheRaa of D mesons was compared to that of non-strange D mesons
in the 10% most central Pb—Pb collisions. At high (8 < pr < 12 GeV/c) a suppression of the
Dg-meson yield by a factor of about three, compatible withinertainties with that of non-strange

D mesons, is observed. At lowpt (4 < pt < 8 GeV/c) the values of the D-mesorRaa are larger
than those of non-strange D mesons, although compatibiénwincertainties. The production ratios
D¢ /D% and O /D were also measured in Pb—Pb collisions and compared to/diaizs in proton—
proton collisions.
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1 Introduction

Calculations of Quantum Chromodynamics (QCD) on the lafpiedict that strongly-interacting matter
at temperatures exceeding the pseudo-critical value aftaez 145— 165 MeV and vanishing baryon
density behaves as a deconfined Plasma of Quarks and Glu@#) (@/2]. In this state, partons are the
relevant degrees of freedom and chiral symmetry is predliiidoe restored. The conditions to create a
QGP are expected to be attained in collisions of heavy natleigh energies. This deconfined state of
matter exists for a short time (few fo)/ during which the medium created in the collision expanus$ a
cools down until its temperature drops below the pseudaalivalueT; and the process of hadronisation
takes place.

Heavy quarks (charm and beauty) are sensitive probes tstigage the properties of the medium formed
in heavy-ion collisions. They are produced in quark-ardigupairs predominantly at the initial stage

of the collision in hard-scattering processes chara&driz/ timescales shorter than the QGP formation
time [3+5]. The heavy quarks propagate through the expgrithhand dense medium, thus experiencing
the effects of the medium over its entire evolution. Whibkvarsing the medium, they interact with its

constituents via both inelastic and elastic QCD processad)anging energy and momentum with the
expanding medium [5]6]. For heavy quarks at intermediatehégh momentum, these interactions lead
to energy loss due to medium-induced gluon radiation arisimrlal processes.

Evidence for heavy-quark in-medium energy loss is proviogthe observation of a substantial modifi-
cation of the transverse momentupy) distributions of heavy-flavour decay leptons[[7-10], D ores
[11/12] and non-prompt ¢/[13] in Au—Au and Pb—Pb collisions at RHIC and LHC energies@asapared

to proton—proton (pp) collisions. This modification is ulbpguantified by the nuclear modification fac-
tor Raa, defined as the ratio between the yield measured in nuclaakeus collisions and the cross sec-
tion in pp interactions scaled by the average nuclear gudulaction. In absence of nuclear effed®a

is expected to be unity. Parton in-medium energy loss causeppression of hadron yield3,a < 1,

at intermediate and high transverse momentpm> 3 GeV/c). In central nucleus—nucleus collisions
at RHIC and LHC energie®aa Vvalues significantly lower than unity were observed for lyeffavour
hadrons withpr values larger than-3 4 GeV/c. In this pr range, the D-meson yields measured in p—Pb
collisions at,/S,y = 5.02 TeV are consistent with binary-scaled pp cross sectibd providing clear
evidence that the suppression observed in Pb—Pb colligarst due to cold nuclear matter effects and
is induced by a strong coupling of the charm quarks with theahd dense medium.

In case of substantial interactions with the medium, heawrkp lose a significant amount of energy
while traversing the fireball and may participate in the ective expansion of the system and possibly
reach thermal equilibrium with the medium constituentsthis respect, the measurement of a positive
elliptic flow v, of D mesons at LHC energies [15,16] and of heavy-flavour detegtrons at RHIC
energies[[8,9, 17] provides an indication that the intéoast with the medium constituents transfer to
charm quarks information on the azimuthal anisotropy ofsysem.

It is also predicted that a significant fraction of low- anteimmediate-momentum heavy quarks could
hadronise via recombination with other quarks from the medj18-:20]. An important role of hadro-
nisation via (re)combination, either during the deconfipbdsel[[211] or at the phase boundaryl|[22], is
indeed supported by the results ofyJuclear modification factor and elliptic flow at lopt [23-+25].
Hadronisation via recombination allows in some models, R6-28], a better description of heavy-
flavour production measurements at RHIC and LHC energigsriticular theRaa of D® mesons at low
pr measured in Au—Au collisions gf'S,y = 200 GeV [12] and the positive and sizable D-mesgin
Pb—Pb collisions af/S\ = 2.76 TeV [15].

The measurement of Dmeson production in Pb—Pb collisions can provide crudidlitéonal informa-
tion for understanding the interactions of charm quarkdlie strongly-interacting medium formed
in heavy-ion collisions at high energies. In particulae -meson yield is sensitive to strangeness
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production and to the hadronisation mechanism of charmkguar

An enhancement of strange particle production in heavyewllisions as compared to pp interactions
was long suggested as a possible signal of QGP formatiof8029 Strange quarks are expected to be
abundant in a deconfined medium due to the short time needeédb equilibrium values among the
parton species and to the lower energy thresholdSproduction. A pattern of strangeness enhancement
increasing with the hadron strangeness content when goorg pp (p—A) to heavy-ion collisions
was observed at the SPS [81}-34], at RHICI [35] and at the [B6the frame of the statistical
hadronisation models, strange particle production in yréaw collisions follows the expectation for a
grand-canonical ensemble. In contrast, for pp collisicarsoaical suppression effects are found to be
important, reducing the phase space available for straadiles [37],38]. In this context, the increase
in strange particle yields in heavy-ion collisions comjpkt® pp interactions is viewed as due primarily
to the lifting of the canonical suppression.

This strangeness enhancement effect could also affectadegtion of charmed hadrons if the dominant
mechanism for D-meson formation at low and intermediate emmis in-medium hadronisation of
charm quarks via recombination with light quarks. Underséheonditions, the relative yield of D
mesons with respect to non-strange charmed mesons gildsvpredicted to be enhanced in nucleus—
nucleus collisions as compared to pp interactidng [[30—4The comparison of ther-differential
production yields of non-strange D mesons and gfesons in Pb—Pb and pp collisions is therefore
sensitive to the role of recombination in charm-quark haihation.

A consequence of the possibly enhanced productionfofhi2sons in heavy-ion collisions would be a
slight reduction of the fraction of charm quarks hadromgsimto non-strange meson species. Therefore,
the measurement of thelBmeson production is also relevant for the interpretatibthe comparison

of the nuclear modification factors of non-strange D mesmoslight-flavour hadrons (pions) [1/1,142],
which is predicted to be sensitive to the quark-mass andic@loarge dependence of parton in-medium
energy loss[[6, 43, 44]. Furthermore, due to this possibldification of the relative abundances of D-
meson species, measuring the field at low pr is needed also to determine the total charm production
cross section in Pb—Pb collisions.

The pr-differential inclusive production cross section of prcﬂ@s+ mesons (average of particles and
antiparticles) was measured in pp collisions,/@= 7 TeV with the ALICE detector and it was found
to be described within uncertainties by perturbative QCQED) calculations[[45]. The D nuclear
modification factor was measured in p—Pb collisions /&, = 5.02 TeV and found to be consistent
with unity [14]. In this paper, we report on the measuremenprompt D -meson production and
nuclear modification factor in Pb—Pb collisions,&&y = 2.76 TeV. D mesons (and their antiparticles)
were reconstructed at mid-rapidity| < 0.5, through their hadronic decay channel B> g™ with a
subsequent decay— K~ K™. The production yield was measured in two classes of coflisentrality,
central (0-10%) and semi-central (20-50%), and comparadiinary-scaled pp reference obtained by
scaling the cross section measure¢/at= 7 TeV to the Pb—Pb centre-of-mass energy via a pQCD-driven
approach. The experimental apparatus and the data sanipbe-Bb collisions used for this analysis are
briefly presented in Sectidn 2. In Sectldn 3, the Deson reconstruction strategy, the selection criteria
and the raw yield extraction from the KKinvariant mass distributions are discussed. The cormestio
applied to obtain thepr-differential production yields of D mesons, including the subtraction of the
non-prompt contribution from beauty-hadron decays, aserileed in Sectiohl4. The various sources of
systematic uncertainty are discussed in detail in SeClids results on the Dmeson production yield
and nuclear modification factor are presented in Sefiométher with the comparison to non-strange
D-mesonRaa and to model calculations. TheiDD? and I /D yield ratios in threepr intervals for

Lin this paper, ‘prompt’ indicates D mesons produced at theraction point, either directly in the hadronisation o th
charm quark or in strong decays of excited charm resonardes.contribution from weak decays of beauty hadrons, which
gives rise to feed-down D mesons displaced from the interagertex, was subtracted.
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the 10% most central Pb—Pb collisions are compared to tingge collisions.

2 Apparatus and data sample

The ALICE detector and its performance are described inildet&efs. [46] and [47], respectively.
The apparatus consists of a central barrel covering thedpsapidity regionn| < 0.9, a forward muon
spectrometer{4.0 < n < —2.5) and a set of detectors for triggering and event centrdétgrmination.
The detectors of the central barrel are located inside a Griagnetic field parallel to the LHC beam
direction, that corresponds to tlzeaxis in the ALICE reference frame. The information prowday

the following detectors was utilised to perform the anaysiesented in this paper: the Inner Tracking
System (ITS), the Time Projection Chamber (TPC) and the Toh&light (TOF) detector were used
to reconstruct and identify charged particles at mid-riapiavhile the VO scintillator detector provided
the information for triggering, centrality determinatiand event selection. The neutron Zero Degree
Calorimeters (ZDC) were also used, together with the VOaletefor the event selection.

The trajectories of the D-meson decay particles are reearist from their hits in the ITS and TPC
detectors. Particle identification is performed utilisthg information from the TPC and TOF detectors.
The ITS consists of six cylindrical layers of silicon detast covering the pseudorapidity interval
In| < 0.9. The two innermost layers, located at 3.9 and 7.6 cm fronb#@en line, are composed of
Silicon Pixel Detectors (SPD). The two intermediate layanes equipped with Silicon Drift Detectors
(SDD) and the two outermost layers, with a maximum radius30®4m, are composed of double-sided
Silicon Strip Detectors (SSD). The high spatial resolutidrthe ITS detectors, together with the low
material budget+{ 7.7% of a radiation length aj = 0) and the small distance from the interaction point,
provides a resolution on the track impact parameter (ieediftance of closest approach of the track to the
primary vertex) better than g%m for transverse momenta > 1 GeV/cin Pb—Pb collisions [47]. The
TPC, covering the pseudorapidity interygl < 0.9, provides track reconstruction with up to 159 points
along the trajectory of a charged particle and allows itsiifieation via the measurement of specific
energy loss B/dx. Particle identification is complemented with the partiihee-of-flight measured with
the TOF detector, which is composed of Multi-gap ResistiadrChambers and is positioned at 370-399
cm from the beam axis, covering the full azimuth and the psepidity interval|n| < 0.9. The TPC
and TOF information provides pion/kaon separation at bdlten 3o level for tracks with momentum
up to 25 GeV/c [47].

The analysis was performed on a sample of Pb—Pb collisioosrdite-of-mass energy per nucleon pair,
V/Sw, 0f 276 TeV collected in 2011. The events were recorded with araition trigger that required
coincident signals in both scintillator arrays of the VOet#br, covering the pseudorapidity ranges
—3.7<n<—17and 28 < n < 5.1, respectively. An online selection based on the VO signgdldaude
was used to record samples of central and semi-centrasiooli through two separate trigger classes.
Events were further selected offline to remove backgrouach fbeam-gas interactions on the basis of
the timing information provided by the VO and the neutron ZB&tectors (two hadronic calorimeters
located az = 114 m on both sides of the interaction point covering theruigd | > 8.7). Only events
with an interaction vertex reconstructed from ITS+TPCKkeawith |zerex| < 10 cm were considered in
the analysis.

Collisions were classified in centrality classes based enstim of the signal amplitudes in the two
VO scintillator arrays. Each class is defined in terms of @etites of the hadronic Pb—Pb cross
section, as determined from a fit to the VO signal amplituddrithution based on the Glauber-model
description of the geometry of the nuclear collision][48-&0d a two-component model for particle
production [51]. The analysis was performed in two certiratlasses: 0-10% and 20-50%. In total,
16.5x 10° events, corresponding to an integrated luminokity= (21.5+0.7) ub~!, were analysed in

the 0-10% centrality class, and 13.50° events,Lin; = (5.9+0.2) ub~1, in the 20-50% class. The
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average values of the nuclear overlap functign (defined as the convolution of the nuclear density
profiles of the colliding ions[[50] and proportional to thenmber Nco; of binary nucleon—nucleon
collisions occurring in the Pb—Pb collision) are reportedabld 1 for the 0-10% and 20-50% centrality
classes, together with their systematic uncertainty edéchas described in [61].

Centrality class| (Taa) (mb 1) Nevt Lint (b ™)
0-10% 23.44+ 0.76 | 16.4x10° | 21.3+0.7
20-50% 5.46+ 0.20 | 13.5x10° | 5.8+0.2

Table 1: Average value of the nuclear overlap functidaa ), for the considered centrality classes, expressed as
percentiles of the hadronic Pb—Pb cross section. The valassobtained with a Monte Carlo implementation of
the Glauber model assuming an inelastic nucleon—nuclemss @ection of 64 mh [51]. The number of analysed
events and the corresponding integrated luminosity in eachrality class are also shown. The uncertainty on
the integrated luminosity derives from the uncertainty leé hadronic Pb—Pb cross section from the Glauber

model [51].

3 D¢ meson reconstruction and selection

DJ mesons and their antiparticles were reconstructed in tbeydehannel @ — @t — K~ K+ (and
its charge conjugate), whose branching ratio (BR) is (2:2%410)% [52]. Other D decay channels can

give rise to the same KK rr* final state, such asp— KK+ and O — fp(980)1r", with BR of (2.58
+0.11)% and (1.14: 0.31)%, respectively [52]. However, as explained in Red] [the applied cuts for
the selection of the Dsignal candidates strongly reduce contributions fromettobsinnels, and therefore
the measured yield is dominated by thg B> ot — K~ K* " decays. The decay channel through the
@ resonance was chosen because the narrower width gfithvariant-mass peak with respect 9980

andK™® provides the best discrimination between signal and backgt.

The analysis strategy for the extraction of the signal ow &drge combinatorial background is based
on the reconstruction of decay topologies with a secondaryex significantly displaced from the
interaction point. The secondary vertex position and itgadance matrix were determined from the
decay tracks by using the same analyticminimization method as for the computation of the primary
vertex [53]. The resolution on the position of th¢ @ecay vertex was estimated with Monte Carlo
simulations and it was found to be about 10én. D{ mesons have a mean proper decay length
¢t = 150+ 2 um [52], which makes it possible to resolve their decay vegifrom the primary vertex.
With the current data sample, the signal gf Besons could be extracted in thregintervals (4—6, 6-8
and 8-12 GeYc) in the 0-10% centrality class and in tvg intervals (6—8 and 8-12 G¢€%) in the
20-50% centrality class.

DJ candidates were defined from triplets of tracks with the pragharge sign combination. Tracks
were selected requiring| < 0.8 andpy > 0.6 (0.4) GeV/cin the 0-10% (20-50%) centrality class. In
addition, tracks were also required to have at least 70 (patreaximum of 159) associated hits in the
TPC, ax?/ndf < 2 of the track momentum fit in the TPC and at least one assddhitté one of the two
SPD layers. With these track selection criteria, the acoem in rapidity for D mesons drops steeply
to zero forly| 2 0.5 at low pr and for|y| 2 0.8 atpr 25 GeV/c. A pr-dependent fiducial acceptance cut
was therefore applied on the D-meson rapidiy< Viia(pr), With ysig(pr) increasing from 0.5t0 0.8 in
0 < pr < 5 GeV/c according to a second order polynomial function and takicgrestant value of 0.8
for pr > 5 GeV/c.

D¢ candidates were filtered by applying kinematical cuts anohggrical selections on the decay
topology, together with particle identification criterialhe selection criteria were tuned in eaph
interval and centrality class to have a good statisticahiiance of the signal, while keeping the
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selection efficiency as high as possible. It was also chethkatbackground fluctuations were not
causing a distortion in the signal line shape by verifyingttthe QI -meson mass and its resolution
were in agreement with the Particle Data Group (PDG) wovkelage value (69 GeV/c? [52]) and
the Monte Carlo simulation results, respectively. Theltaguselection criteria depend on the transverse
momentum of the candidate and provide a selection efficiémyincreases with increasing .

The main variables used to select thg Decay topology were the decay length),(defined as the
distance between the primary and secondary vertices, @andotine of the pointing angle (C8sint),
which is the angle between the reconstructed momentum and the line connecting the primary and
secondary vertices. Additional selections were applietherprojections of decay length and cosine of
pointing angle in the transverse plaxe(L,y, cos@éﬁim), in order to exploit the better resolution on the
track parameters in that plane. A further cut was appliet,pdivided by its uncertaintyly/oy, ). The
three tracks were also required to have a small distance tetonstructed decay vertex, by defining the
variabledyerex @s the square root of the sum in quadrature of the distan@sschftrack to the secondary
vertex. To further suppress the combinatorial backgrotimel angles9* (), i.e. the angle between the
pion in the KKrt rest frame and the KK flight line in the laboratory frame, anfl (K), i.e. the angle
between one of the kaons and the pion in the KK rest frame, esgaited. The cut values used fog D
mesons with 4< pr < 6 GeV/c in the 0-10% centrality class werk; Ly, > 500 um, Lyy/0i,, > 7.5,
COSBpoint > 0.94, cosegé'im > 0.94, Oyertex < 400 um, cos9* (1) > 0.05 and|cos’ 8’ (K)| < 0.9. Looser
selection criteria were used for{Dselection at highepr and in more peripheral events, due to the lower

combinatorial background.

In addition, to select D mesons decaying in the consider@d™ mode, withgp — K~K™, candidates
were rejected if none of the two pairs of opposite-chargadks had an invariant mass compatible with
the PDG world average for themass (1.0195 GeX¢? [52]). The difference between the reconstructed
K*K~ invariant mass and world-averagamass was required to be less than 4 Me3/(a selection that
preserves about 70% of the signal) for Bandidates in the thregey intervals considered in the 0-10%
centrality class, while looser selections were used fori-semtral events.

Particle identification was used to obtain a further redurctf the background. Compatibility cuts were
applied to the difference between the measured signalshasd expected for a pion or a kaon. A track
was considered compatible with the kaon or pion hypothésisth its ¢ /dx and time-of-flight were
within 30 from the expected values. Tracks without a TOF signal (mastllow momentum) were
identified using only the TPC information and requiring @ 2ompatibility with the expected/dx.
Triplets of selected tracks were required to have two trakapatible with the kaon hypothesis and
one with the pion hypothesis. In addition, since the decatigba with opposite charge sign has to be a
kaon, a triplet was rejected if the opposite-sign track watscompatible with the kaon hypothesis. This
particle identification strategy preserves about 85% offiesignal.

For each candidate, two values of invariant mass can be deapcorresponding to the two possible
assignments of the kaon and pion mass to the two same-siks trdignal candidates with wrong mass
assignment to the same-sign tracks would give rise to aibatitn to the invariant-mass distributions
that could potentially introduce a bias in the measured rabd yf DI mesons. It was verified, both in
data and in simulations, that this contribution is reducea miegligible level by the particle identification
selection and by the requirement that the invariant magwedfro tracks identified as kaons is compatible
with the ¢ mass.

The invariant-mass distributions of thg @andidates (sum of Dand o candidates) are shown in Fig. 1
in the threepr intervals for the 10% most central Pb—Pb collisions. Thesmnal yields were extracted
by fitting the invariant-mass distributions with a functitivat consists of the sum of a Gaussian term to
describe the signal peak and an exponential function toridbesthe background. The fit was performed
in the invariant-mass range8B < M (KK 1) < 2.1 GeV/c? in all pr intervals. The lower limit of 1.88
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Centrality class| printerval | NP5 ™ | S/B (30) | SA/S+B (30) | x2/ndf
(GeVic)
4-6 438+144 0.02 3.0 27.4/18
0-10% 6-8 117+ 38 0.10 3.2 17.5/18
8-12 89+ 21 0.38 5.0 26.5/18
20-50% 6-8 197+ 61 0.07 3.5 9.9/21
8-12 52+ 20 0.29 3.4 17.9/21

Table 2: Measured raw yieldsNP= "@%), signal over background (S/B), statistical significan@A(S+ B ) and
X?Indf of the invariant-mass fit for P and their antiparticles in the considerpd intervals for the 0-10% and
20-50% centrality classes. The uncertainty on tder8w yield is the statistical uncertainty obtained from the fi

GeV/c? was chosen to exclude the contribution of B» K-K*rrt decays, BR= (0.26570.95%)% [52],
which could give rise to a bump in the background shape fariant-mass values around the hass
(1.870 GeVc?) [52]. The mean values of the Gaussian functions in allghéntervals are compatible
within two times their uncertainty with the PDG world aveedgr the @I mass and the Gaussian widths
are in agreement with the expected values from Monte Canlalsiions.

S L I R ~N LI B BRI BT ~N T T T T
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Figure 1: Invariant-mass distributions of Dcandidates and charge conjugates in the three consigeliatervals
in the 10% most central Pb—Pb collisions.

In Table2 the extracted raw yields of Dnesons (sum of particle and antiparticle), defined as tlegiat

of the Gaussian functions, are listed for the diffeneptntervals in both the considered centrality classes,
together with the signal-over-background (S/B) ratios Hrastatistical significance (85+ B). The
background was evaluated by integrating the backgroundrfdtfons in+3c around the centroid of the
Gaussian.

4 Corrections

The raw yields extracted from the fits to the invariant-masgritutions of @ and [ candidates were
corrected to obtain the production yields of prompt (i.e.ceming from weak decays of B mesonsj D
mesons. Ther-differential yield of prompt @ was computed as

f . 1NDs raw
dNDs 1 1 prompt Pr) 2 (pr) |y|<Vria (1)

dpr ly|<0.5 ~ AprBR-New  2yia(pr) (Acc x &)prompf PT)

whereNPs aW(pr) are the values of the raw yields (sum of particles and ariigbes) reported in Tablg 2,
which were corrected for the B-meson decay feed-down darttan (i.e. multiplied by the prompt

7
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Figure 2: Left: Acceptance-times-efficiency for{Dmesons in the 10% most central Pb—Pb collisions. The
efficiencies for prompt (solid lines) and feed-down (dotlieés) DI’ mesons are shown. Also displayed, for
comparison, the efficiency for promptDmesons without PID selections (dashed lines). Right: Relaariation

of the prompt @ -meson yield in the 0-10% centrality class as a function efrtyjipothesis oRﬁd‘dOW”/R,ﬂfmpt

for the B feed-down subtraction approach based on[Eqg. (2).

fraction forompy, divided by the acceptance-times-efficiency for promptrBesons(Acc x €)promps, and
divided by a factor of two to obtain the charge (particle antiparticle) averaged yields. The corrected
yields were divided by the decay channel branching ratio)(BkR pr interval width Q@ pr), the rapidity
coverage (%iq) and the number of analysed everitgy).

The correction for the acceptance and the efficiency wagrdated using Monte Carlo simulations.
Pb—Pb collisions at/Sw = 2.76 TeV were simulated using the HIJING v1.383 event geneia#].
Prompt and feed-down D(and y) signals were added with the PYTHIA v6.4.21 generator [36].
order to minimize the bias on the detector occupancy, thdoeuwf D mesons injected into each HIJING
event was adjusted according to the Pb—Pb collision céytrahe pr distribution of the generatedD
mesons in the 0-10% centrality class was weighted in ordexatch the shape measured fdt esons

in central Pb—Pb collisions [42]. For the 20-50% centratilyss, the generategr distribution was
defined based on FONLL perturbative QCD calculations[[Spnditiplied by the nuclear modification
factor predicted by the BAMPS partonic transport model [38hich reproduces the measured non-
strange D-mesoRa, in semi-central collisions within uncertainties [16].

The generated particles were transported through the Ald&Ector using the GEANT3 [59] particle
transport package together with a detailed descriptionhefgeometry of the apparatus and of the
detector response. The simulation was tuned to reprodue@dhkition and width of the interaction
vertex distribution, the number of active electronic ctelarand the accuracy of the detector calibration,
and their time evolution within the Pb—Pb data taking period

The efficiencies were evaluated in centrality classes sparding to those used in the analysis of the
data in terms of charged-particle multiplicity, hence ofed¢or occupancy. In the left-hand panel of
Fig.[2, the(Acc x ¢) values for prompt and feed-dowriDnesons with rapidityy| < ysiq are shown for
the 0—10% centrality class. The same figure shows alspAtbex ¢) values for the case without the PID
selections, demonstrating that this selection is about 88iient for the signal.

The magnitude of Acc x €) increases with increasingy, from 0.4% in the lowespr interval up to
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2% in 8< pr < 12 GeV/c. The (Acc x ¢) values for @ from beauty-hadron decays are larger than
those for prompt D by a factor of approximately 2.5-3.5 dependingmmn because the decay vertices
of the feed-down D mesons are more displaced from the primary vertex and theyttarefore, more
efficiently selected by the analysis cuts. The efficiencyhef $elections used in the centrality interval
20-50% is higher by a factor of about two with respect to thahie most central events, because the
smaller combinatorial background in semi-peripheralisiolhs allowed the usage of looser selections
on the O candidates.

The ratio of prompt to inclusive contributions in thg Bneson raw yield fyromps Was evaluated using a
procedure similar to the one adopted for the pp measure@&htThe contribution of feed-down from B
decays in the raw yield depends pnand on the applied geometrical selection criteria. The-fimen
contribution was estimated using the beauty-hadron ptamucross section from FONLL perturbative
QCD calculations for pp collisions afs = 2.76 TeV scaled by the average nuclear overlap function
(Taa) in each centrality class, the-BD+X decay kinematics from the EvtGen package [60] and the
Monte Carlo efficiencies for feed-downiDmesons. The resulting sample of feed-dowh Besons is
composed of two contributions: about 50% of the feed-dovigirmates from B-meson decays, while the
remaining 50% comes from decays of non-strange B mesdhar(@ B"). A hypothesis on the nuclear
modification factor of feed-down D mesons,Rieg4-4 was introduced to account for the different
modification of beauty and charm production in Pb—Pb colfisiand for the possible enhancement of
the B) over non-strange B-meson yield due to the effect of hadatiois via recombinatior [61]. The
fraction of prompt O yield was therefore computed in eaphinterval as

NDs feed-down raw

fprompt: 1- W =
FONLL 2)
—1—(Tan)- do . Rfeed-down (ACC X €)teed-down 2Yiid APT - BR- Nevt
< AA> d AA Di raw ,
dydpr / teed-down NDs raw /2

where(Acc x €)teed-downiS the acceptance-times-efficiency for feed-dowhmesons. To determine the
central value offyrompy it Was assumed that the nuclear modification factors of-temdn and prompt
DS mesons were equaREgd-down— RROMPY - The resulting feed-down contribution is about 20-25%
depending on ther interval. To determine the systematic uncertainty the Hygsis was varied in the
range ¥3 < Rieed-down/RlPMPt - 3 a5 discussed in detail in Sectldn 5. It should be notedtieatentral
value and the range of the hypothesis RIfE%-9o"RE>™" differ from those used for non-strange D
mesons in Refs[[15, 16, 142], owing to the unknown role of nelgimation in the beauty sector, which
could enhance the ratio ofJBover non-strange B mesons, and to the large fraction of esdy D
mesons originating from non-strange B-meson decays.

The nuclear modification factor ofDmesons was computed as

Dy
Raa (pr) = — AA/IPT__ @)
(Taa) dopp /dpr

The values of the average nuclear overlap functifina ), for the considered centrality classes are
reported in TablEl1. Ther-differential cross section of promptiDmesons withy| < 0.5 in pp collisions
at \/s= 2.76 TeV, used as reference fBaa, was obtained by scaling in energy the measurement at
V/S= 7 TeV [45]. The ratio of the cross sections from FONLL pQCDccédtions [57] at,/s = 2.76
and 7 TeV was used as the scaling factor. Since FONLL doesawat & specific prediction for D
mesons, the cross sections of the D-meson admixture (709 ahB 30% of D) were used for the
scaling. The theoretical uncertainty on the scaling faotas evaluated by considering the envelope of
the results obtained by varying independently the facitiia and renormalisation scales and the charm
quark mass, as explained in detail in Ref/[62]. F8f D* and D' mesons, the result of the scaling was
validated by comparison with dafa [63].
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0-10% centrality 20-50% centrality
pr interval (GeV/c) || pr interval (GeV/c)
4-6 | 6-8 | 8-12 || 6-8 8-12
Raw yield extraction 8% 8% 8% 8% 8%
Tracking efficiency 15% | 15% | 15% || 15% 15%
Selection efficiency 20% | 20% | 20% || 20% 20%
PID efficiency 7% 7% 7% 7% 7%
MC pr shape 2% 1% 1% 1% 1%
Feed-down from B
FONLL feed-down corr. || T,5% | 73%% | 7,59 || *,5% L%
REge o R (Eq. @) || 3% | *30e | 306 || 3| 3%
Centrality limits <1% < 1%
Branching ratio 4.5%

Table 3: Relative systematic uncertainties pp-differential yields of prompt @ mesons in Pb—Pb collisions for
the two considered centrality classes.

5 Systematic uncertainties

The systematic uncertainties on the promgt-eson yields in Pb—Pb collisions are summarised in

Table[3.

The systematic uncertainty on the raw yield extraction v&isnated from the distribution of the results
obtained by repeating the fit to the invariant-mass speetrgng i) the fit range and ii) the probability
distribution functions used to model the signal and baadkgdocontributions. In particular, a second
order polynomial function was used as an alternative foneti form to describe the background. The
signal line shape was varied by using Gaussian functiofsméan and width fixed to the world-average
DJ mass and to the values expected from Monte Carlo simulatiespectively. Furthermore, the raw
yield was also extracted by counting the entries in the iaw&mass distributions after subtraction
of the background estimated from a fit to the side bands of thepBak. In case of fitting in an
extended mass range, it was verified that the effect on thgi€ld due to the possible bump produced
in the candidate invariant-mass distribution by Bs gt — K-K* ™ decays was negligible. An
additional test was performed by fitting the @andidate invariant-mass distribution after subtracting
the background estimated by coupling a pion track wittkKK pairs having an invariant mass in the side
bands of thep peak. The uncertainty was estimated to be 8% impgiintervals.

The contribution to the measured yield frony Becaying into the KKt final state via other resonant
channels (i.e. not via @ meson) was found to be negligible, due to the much lower Beteefficiency,
as discussed in Ref, [45].

Other contributions to the systematic uncertainty originfiom the imperfect implementation of the
detector description in the Monte Carlo simulations, whiohld affect the particle reconstruction, the
DJ selection efficiency, and the kaon and pion identification.

The systematic uncertainty on the tracking efficiency (idoig the effect of the track selection) was
estimated by comparing the efficiency (i) of track findinghe fTPC and (ii) of track prolongation from

the TPC to the ITS between data and simulations, and (iii)ayiag the track quality selections. The
estimated uncertainty is 5% per track, which results in 16f4tfe three-body decay ofDmesons.

The effect of residual discrepancies between data and afiong on the variables used to select the D
candidates was estimated by repeating the analysis wiralit geometrical selections on the decay
topology and varying the cut on the compatibility betwees ki K~ invariant mass and thg mass. A

10



Ds production in Pb—Pb collisions ALICE Collaboration

systematic uncertainty of 20% was estimated from the spétte resulting corrected yields.

The systematic uncertainty induced by a different effigjeioe particle identification in data and sim-
ulations was estimated by comparing the correctgdy®lds obtained using different PID approaches,
testing both looser and tighter cuts with respect to thelimesselection described in Sectibh 4. Due to
the limited statistical significance, an analysis witholi? Belection could not be carried out. Such a test
was performed in the analysis oPP— K~ "), Dt (— K~ rr") and D" (— D°mrt) and a 5% uncer-
tainty was estimated for the case aff ®uts on & /dx and time-of-flight signals, which correspond to
the loosest selections that could be tested for theBased on all these checks a systematic uncertainty
of 7% on the PID selection efficiency was estimated.

The efficiency is also sensitive to differences betweenghkand simulated Dmomentum distributions.
The effect depends on the width of tpe intervals and on the variation of the efficiency within thein.
systematic uncertainty was defined from the relative difiee among the efficiencies obtained using
different pr shapes for the generated; Dnesons, namely the measured/dpr of D° mesons in
central Pb—Pb collisions, thgr shape predicted by FONLL pQCD calculations with and withituet
nuclear modification predicted by the BAMPS partonic tramspnodel. The resulting contribution to
the systematic uncertainty was found to be 2% for the mommeiiterval 4< pr < 6 GeV/c, where the
selection efficiency is stronglgr dependent, and 1% at highey.

The systematic uncertainty due to the subtraction pfresons from B-meson decays was estimated
following the procedure described in Ref. [11]. The conttibn of the uncertainties inherent in the
FONLL perturbative calculation was included by varying tleavy-quark masses and the factorisation
and renormalisation scalgg andpR, independently in the rangess0< pg/mr < 2, 05 < pr/myr < 2,

with the constraint ® < pg/Ur < 2, wheremy = /p% + mé Furthermore, the prompt fraction obtained

in eachpr interval was compared with the results of a different procedn which the FONLL cross
sections for prompt and feed-down D mesons and their regpeldtonte Carlo efficiencies were the
input for evaluating the correction factor

-1

>\ FONLL
< d"o > feed-down
/ . (ACC X € )fBEd-dOWH dydpr / feed-down RAA ( 4)
rompt — : : .
prome (AccC X €)prompt ( g )FONLL Rgrgmpt
dydpr prompt

Since FONLL does not have a specific prediction fgr Desons, four different approaches were used
to compute the predictegy shapes of promptly produceddD (dza/dyde)Fo'\ILL as explained in

detail in Ref. [45]: (i) FONLL prediction for the admixturef charm hadrons;ro(rﬁ tFONLL prediction
for D** mesons (the D" mass being close to that of the' ) (iii) FONLL prediction for c quarks and
fragmentation functions from [64] with parameter (mp —m) /mp (Mp andm. being the masses of the
considered D-meson species and of the ¢ quark, respegtiyyFONLL prediction for ¢ quarks and
fragmentation functions from [64] with parametet 0.1 (as used in FONLL calculations) for all meson
species. In the latter two cases, thg"Dnesons produced in the c quark fragmentation were made to
decay with PYTHIA and the resulting Dwere summed to the primary ones to obtain the prompt yield.
The systematic uncertainty due to the B feed-down subtnaatias finally evaluated as the envelope of
the results obtained with the two methods, namely Eqg. (2){@nhdvhen varying the FONLL parameters
and the e+ D¢ fragmentation function used to determifd?a/dyde)Eg%: in Eq. (4).

The contribution due to the different nuclear modificatiantér of prompt and feed-downiDmesons
was estimated by varying the hypothesisRifg? 4o/ R in the range 13 < Riggd-downygRrompt - 3

for both feed-down subtraction methods. The variation effiipothesis is motivated by the combined
effect on theRaa Of (i) the different energy loss of charm and beauty quarkénQGP, as predicted
by energy loss models and supported by experimental dataroeddn and non-prompf ¢ Raa at the

11
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pr interval (GeV/c)
4-6 | 6-8 | 8-12
Data systematics in pp 26% | 25% | 29%

- + 4o + 6¢ + 5o,
Feed-down from B 7% | TR% | 3%

J/Sscaling of the pp reference t19% | 126 | * 8o

Normalisation 3.5%
Branching ratio 4.5%

Table 4: Relative systematic uncertainties on the pp references@estion. The row labeled ‘Data systematics’
reports the sum in quadrature of the contributions due to yi#hd extraction, tracking efficiency, selection
efficiency, PID efficiency, MQpr shape and 'other resonant channels’ from Refi. [45].

LHC [11]13[42,65,66]; (ii) the possibly different contuiion of coalescence in charm and beauty quark
hadronisation, leading to a different abundance pfabd Eg mesons relative to non-strange mesons; and
(iii) the possibly different modulation of D and B spectraedw radial flow. The resulting uncertainty
for the case of B feed-down subtraction approach based o@E@ shown in the right-hand panel of
Fig.[2 for the thregr intervals in the 0—-10% centrality class.

The Pb—Pb data are also affected by a systematic uncertaintlye determination of the limits of the
centrality classes, due to the 1.1% relative uncertainttherfraction of the total hadronic cross section
used in the Glauber fit [51]. This contribution was estimdted the variation of the D-mesorNddpr
when the limits of the centrality classes are shifted4b}.1%. The resulting uncertainty, which is
common to allpt bins, is less than 1% for both the 0-10% and the 20-50% cintridsses.

Finally, the 4.5% uncertainty on the branching ratiol [52kwansidered.

In the calculation of th&®aa, the uncertainties on the reference cross section for pigiools, the Pb—Pb
yields, and the average nuclear overlap function were densd.

For the pp reference, the uncertainties on the measuremerg-a 7 TeV, described in Refl [45] and
those due to the FONLL-based scalingi& = 2.76 TeV, described in Sectidd 4, were summed in
guadrature. The contributions to the systematic unceytaimthe pp reference cross section are reported
in Table[4.

The uncertainties on the pp reference were added in quaetatthose on the Pb—Pb prompt Bields,
described above, except for the BR that cancels out in tieaat the feed-down contribution deriving
from FONLL uncertainties, that partly cancels in the rafibis contribution was evaluated by comparing
the Raa values obtained with the two methods for feed-down comectif Eq. [2) and[{4) and with the
different heavy quark masses, fragmentation functiordpfesation and renormalisation scales used in
FONLL. In this study, these variations were done simultaisgofor the Pb—Pb yield and for the pp
reference cross section, so as to take into account thdat@ns of these sources in the numerator and
denominator oRaa.

Finally, theRaa normalisation uncertainty was computed as the quadraticafthe 3.5% pp normal-
isation uncertainty [45], the contribution due to the 1.1Atertainty on the fraction of hadronic cross
section used in the Glauber fit discussed above, and thetaimtgron(Taa ), which is of 3.2% and 3.7%
for the 0-10% and 20-50% centrality classes, respectively.

6 Results

The transverse momentum distributions/dpr of prompt D mesons in Pb—Pb collisions are shown in
Fig.[3, for the 0—-10% and 20-50% centrality classes. Theyietported in Fid.]3 refer to particles only,
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Figure 3: Transverse momentum distributionsl (py of prompt DY mesons in the 0-10% (left panel) and
20-50% (right panel) centrality classes in Pb—Pb collisian /Syw = 2.76 TeV. Statistical uncertainties (bars),
systematic uncertainties from data analysis (empty baxed)systematic uncertainties due to beauty feed-down
subtraction (shaded boxes) are shown. The reference pibdigins(Taa ) do/dpr are shown as well.

since they were computed as the average of particles angbédities under the assumption that the
production cross section is the same far Bnd 0. The vertical error bars represent the statistical
uncertainties. The symbols are positioned horizontallyhat centre of eactpr interval, with the
horizontal bars representing the width of flieinterval. The systematic uncertainties from data analysis
are shown as empty boxes around the data points, while thoaseodthe B feed-down subtraction,
which include the contributions of the FONLL uncertaintesd of the variation of the hypothesis on
Rieed-dowry ROIO™P! are displayed as shaded boxes. The normalisation untésaare reported as text on
the figures.

The pr-differential yields measured in Pb—Pb collisions are careg to the reference yields in pp
collisions at the same energy, scaled by the nuclear ovéulagiion (Taa ), reported in Tabl€ll. The
pp reference ay/s= 2.76 TeV is obtained by scaling the cross section measuredeW a3 described in
Sectior 4. A clear suppression of the fneson yield in the 10% most central Pb—Pb collisions redati
to the binary-scaled pp yields is observed in the higipesinterval (8< pr < 12 GeV/c). In the 20—
50% centrality class, an indication of suppression is fomrl< pr < 12 GeV/c. At lower pr, in both
centrality classes, it is not possible to conclude on thegree of a suppression of thg Bneson yield
in heavy-ion collisions with respect to the pp reference.

The nuclear modification fact®aa of prompt O mesons was computed from thid pr distributions.
The results are shown as a functiorpgfin the left-hand panel of Fifl 4 for the two centrality class€he
vertical bars represent the statistical uncertaintiesethpty boxes are the totp}-dependent systematic
uncertainties described in Sectigh 5, except for the nasatadn uncertainty, which is displayed as a
filled box atRaa = 1. A suppression by a factor of about three of theeson yield in Pb—Pb collisions
relative to the binary-scaled pp cross section is observéitei highespr interval (8< pr < 12 GeV/c)

for the 10% most central collisions. A smaller suppressioyn & factor of about two) is measured
in the 20-50% centrality class in8 pr < 12 GeV/c, even though with the current uncertainties no
conclusions can be drawn on the centrality dependence dbtheeson nuclear modification factor
at high pr. Since no significant modification of thelBmeson production relative to binary-scaled pp
collisions is observed in p—Pb reactions in fherange considered heiie [14], the substantial suppression
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Figure 4: Left: Raa oOf prompt @I mesons in the 0-10% and 20-50% centrality classes as adonuitipr.
For the 20-50% case, the symbols are displaced horizoritallyisibility. Right: Raa of prompt O} mesons
compared to non-strange D mesons (average®fD and D [42]) in the 0-10% centrality class. Statistical
(bars), systematic (empty boxes), and normalisation foX) uncertainties are shown.

of the DI -meson yield at higlpr in Pb—Pb collisions cannot be explained in terms of initiateseffects,

but it is predominantly due to strong final-state effectsutet by the hot and dense partonic medium
created in the collisions of heavy nuclei. At lowgrthe central values of the measurement show a larger
Raa, however the large statistical and systematic uncerésirdd not allow to draw a conclusion on the
pr dependence of the Dnuclear modification factor.

The Raa of prompt O mesons in the 10% most central collisions is compared inighe-hand panel

of Fig.[4 to the average nuclear modification factor & D™ and D't mesons measured in the same
centrality class[[42]. This comparison is meant to addriessekpected effect of hadronisation via quark
recombination in the partonic medium on the relative abooda of strange and non-strange D-meson
species. In the threpr intervals, the values of the DmesonRaa are higher than those of non-strange
D mesons, although compatible within uncertainties. Ewvemsitlering that a part of the systematic
uncertainty is correlated between strange and non-strBngesons, the current uncertainties do not
allow a conclusive statement on the expected enhancemeahe dii -meson yield relative to that of
non-strange D mesons in heavy-ion collisions.

An alternative approach to study the predicted modificatbbthe charm-quark hadronisation in the
presence of a QGP is to compare the ratios between the meagatds of Qi and ’(D*) mesons

in Pb—Pb and pp collisions. This comparison is shown in Eigor5the 10% most central Pb—Pb
collisions. In the left-hand panel theDDP ratio is displayed, while the right-hand panel shows the
ratio D /D*. The ratios F/D° and O /D™ in pp collisions are taken from the measurements at
V/s=T7TeV [EE No strong dependence on the collision energy is expectl[#H] and references
therein). In the evaluation of the systematic uncertagntie the D-meson yield ratios, the sources of
correlated and uncorrelated systematic effects werecttesgparately. In particular, the contributions of
the yield extraction, topological selection efficiency &i® efficiency were considered as uncorrelated
and summed in quadrature. The uncertainty on the trackiiigjezfcy cancels completely in the ratios
between production cross sections of meson species reactest from three-body decay channels™ (D

2 The values from Ref.[]45] were re-computed with the most mecealue for the branching ratio of the
Dd — ot — K~K™ ™ decay chain, which is 2.24% [52], while it was 2.28% at theetiofithe pp publication.
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Figure 5: Ratios of prompt D-meson yields {BD° and QI/D*) as a function ofpr in the 10% most central
Pb—Pb collisions a{/S\y = 2.76 TeV compared to the results in pp collisions/@= 7 TeV. Statistical (bars) and
systematic (boxes) uncertainties are shown.

and ), while a 5% systematic uncertainty (4% in the pp case) wasidered in the ratio to the®D
yields, which are reconstructed from a two-particle finatest To propagate the uncertainty due to the B
feed-down subtraction, the contribution of the FONLL cresstion was treated as completely correlated
among the D-meson species. It was estimated from the spfahd B-meson yield ratios obtained by
varying the factorisation and renormalisation scales hadeavy-quark mass in FONLL coherently for
the three meson species. The contribution due to the hygistbaR{eed-dowry/REOMP a5 considered as
uncorrelated betweeniDand non-strange D mesons and summed in quadrature. Theddéebetween
the D¢ /DP ratios in pp and in central Pb—Pb collisions is of abouat df the combined statistical and
systematic uncertainties in both the two lowpstintervals, 4< pr < 6 GeV/c and 6< pr < 8 GeV/c.

An enhancement of {ID ratios in heavy-ion collisions is predicted if recomiioa contributes to charm
guark hadronisation in the QGP. However, considering thecati level of experimental uncertainties,
no conclusion on charm-quark hadronisation can be drawm ftos first measurement of Bmeson
production in Pb—Pb collisions.

In the framework of the Statistical Hadronisation Model |88 68], thepr-integrated ratios of D-meson
abundances for a chemical freeze-out temperaturel56 MeV (as extracted from fits to the measured
abundances of light-flavour hadrons [[69]) and vanishingdx@hemical potential, are expected to be
D¢ /D% = 0.338 and I /D* = 0.830, which are higher by a factor of about two with respecthi® t
values calculated for pp collisions at LHC energles [45].

In Fig.[d, the measureBaa of non-strange D mesons and of are compared to the prediction of
the TAMU model [27,6l1]. Among the several models availalmedpen charm production in heavy-
ion collisions, TAMU is the only one providing a quantitaiprediction for the D-meson nuclear
modification factor. This is a heavy-quark transport mod@eidal on heavy-quark diffusion, implemented
via simulations based on the relativistic Langevin equitio a hydrodynamically expanding medium.
The interactions of the charm quarks with the medium are tedd@acluding only elastic processes,
which are assumed to govern the heavy-quark scatteringitaags at low and intermediate momenta.
The heavy-quark transport coefficients are calculated imvith non-perturbativel -matrix approach,
where the interactions proceed via resonance formatidrirdnasfers momentum from the heavy quarks
to the medium constituents. The hadronisation of charmkguar performed via recombination with
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Figure 6: Raa Of prompt I and non-strange D mesons (average 8f D™ and D't) in the 0-10% centrality
class compared to predictions of the TAMU modell[61]. Thedsashown for the TAMU predictions encompass
the charm-shadowing uncertainty.

thermalized up, down and strange quarks. The remainingrcljaarks are converted to hadrons using
the vacuum fragmentation functions from [64] and fragmemafractions f(c — D) from PYTHIA.
This model predicts an enhancement of the @ver the non-strange D-mesd@a at low pr as a
consequence of the recombination of charm quarks with thynequilibrated strange quarks in the
QGP. At higherpy, where the dominant hadronisation mechanism is fragnientatimilarRaa values
are predicted for the different D-meson species. The moelgtribes the measured Bneson nuclear
modification factor within uncertainties and at Iqwy provides also a reasonable description of non-
strange D-mesoRaa. The measured suppression of non-strange D mesons is stidetted at higher
pr, where the contribution of inelastic processes (gluonataat), which are missing in this transport
calculation, is expected to play a major role.

7 Summary

The production of @ mesons was measured for the first time in heavy-ion collssidine measurement
was carried out on a sample of Pb—Pb collisiong/agfy = 2.76 TeV in two centrality classes, namely
0-10% and 20-50%.

The results for the 10% most central collisions indicate lastantial suppressiorRfa ~ 0.3) of the
production of Q mesons at higlpr (8 < pr < 12 GeV/c) with respect to the expectation based on the
pp cross section scaled by the average nuclear overlagdondthe observed suppression is compatible
with that of non-strange D mesons and can be described bylsoududing strong coupling of the
charm quarks with the deconfined medium formed in the colisi

At lower momenta (& pr < 8 GeV/c), the values of the D-meson nuclear modification factor are
larger than those of non-strange D mesons, although cobtpatithin uncertainties. This result provides
a possible hint for an enhancement of/[D ratio, which is expected if the recombination process
significantly contributes to the charm quark hadronisatiothe QGP.

The precision of the measurements will be improved usindaiger data samples of Pb—Pb collisions
that will be collected during the ongoing LHC Run-2. The &rgample size will allow us to observe
the DI signal with less stringent selections, thus reducing tis¢esyatic uncertainty on the efficiency
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correction. In addition, the higher Pb—Pb collision cemtfenass energy will reduce the impact of the
y/s-scaling of the pp reference. This will open the possibil@yexploit the measurement of{Bmeson
production in heavy-ion collisions to assess the recontibinaffects in the charm-quark hadronisation
and to provide further constraints to models describingctheling of heavy quarks with the medium.
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