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Abstract

The measurement of prompt D-meson production as a funcfionudtiplicity in p—Pb collisions
at /SuN = 5.02 TeV with the ALICE detector at the LHC is reported °,[D* and D" mesons
are reconstructed via their hadronic decay channels inéh&e-of-mass rapidity range0.96 <
Yems < 0.04 and transverse momentum intervat Jpr < 24 GeV/c. The multiplicity dependence
of D-meson production is examined by either comparing wiéhdp—Pb collisions in different event
classes, selected based on the multiplicity of produceticpes or zero-degree energy, with those in
pp collisions, scaled by the number of binary nucleon—rarctllisions (nuclear modification fac-
tor); as well as by evaluating the per-event yields in p—Rlistans in different multiplicity intervals
normalised to the multiplicity-integrated ones (relatytelds). The nuclear modification factors for
DO, D and D" are consistent with one another. The D-meson nuclear matiific factors as a
function of the zero-degree energy are consistent withywnithin uncertainties in the measuresl
regions and event classes. The relative D-meson yieldsjledéd in variougr intervals, increase as
a function of the charged-particle multiplicity. The reswre compared with the equivalent pp mea-
surements af/s= 7 TeV as well as with EPOS 3 calculations.
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1 Introduction

In high-energy hadronic collisions, heavy quarks (charh la@auty) are produced in hard parton scat-
tering processes. Due to their large masses, their pratuctioss sections can be calculated in the
framework of perturbative Quantum Chromodynamics (pQCaWrmlto low transverse momenta. The
differential cross section for heavy-flavour hadron praaurcin nucleon-nucleon collisions can be cal-
culated in the factorisation approach by the convolutiopaston densities in the incoming nucleon, the
short-distance partonic cross section of heavy quark mtamy and the fragmentation function that de-
scribes the transition of the heavy quark into a heavy-flahauaron [ﬂl]. Thus, heavy-flavour production
is sensitive to the gluon and the possible heavy-quark obiriehe nucleon and provides constraints on
the parton distribution functions (PDFs) in the proton amthie nucleu{[ﬂ 3]. Measurements of heavy-
flavour hadron production in hadronic collisions providstseof pQCD and constitute a crucial baseline
for the study of heavy-flavour production in heavy-ion cdins IELDS] A suppression of heavy-flavour
yields is observed in heavy-ion collisions at high transganomentumigr), and is interpreted as being
due to the formation of a Quark-Gluon Plasma (QGP).

Beauty production measurements @ gllisions at,/s= 1.96 TeV at the FNAL Tevatron coIIideH[6—
] and in pp collisions at/s= 7 TeV at the CERN LHC coIIiderﬂSEh] are described by diffdare
implementations of pQCD calculations, such as the Gendeals-Variable-Flavour-Number Scheme
(GM-VENS) , at next-to-leading order, and the Fixedder plus Next-to-Leading Logarithms
(FONLL) approach QS]. Analogously, inclusive charmsme production measurements at the
LHC ﬂﬁ] are reproduced within uncertainties by the mtwhs of GM-VFNS, FONLL and those
performed in the framework df factorisation in the Leading Order (LO) approximatim [22]

Recently, the study of heavy-flavour production as a functb the multiplicity of charged particles
produced in the collision has attracted growing interegsthSneasurements probe the interplay between
hard and soft mechanisms in particle production. At LHC gies; the multiplicity dependence of
heavy-flavour production is likely to be affected by the &rgmount of gluon radiation associated
with short-distance production processes, as well as bgahg&ibution of Multiple-Parton Interactions
(MPI) [IE—EEE] It has also been argued that, due to the dpdis&ibution of partons in the transverse

lane, the probability for MPI to occur in a pp collision ieases towards smaller impact parame@s [26—

]. This effect might be further enhanced by quantum-meiciaa fluctuations of gluon densities at

small Bjorkenx [@].

The measurements of prompt D mesons, inclusive and nongirdy in pp collisions at/s=7 TeV @
@], and of the thre& states in pp collisions ays= 2.76 TeV [32], provide evidence for a similar in-
crease of open and hidden heavy-flavour yields as a funcfimharged-particle multiplicity. These
results suggest that the enhancement probably originatasoit-distance production processes, and is
not influenced by hadronisation mechanisms. The enhandemenantitatively described by calcu-
lations including MPI contributions, namely percolatioroael estimatesiﬂ 4], the EPOS 3 event
generator@ 6] and PYTHIA 8.157 calculatiohs] [37].

In proton-nucleus collisions, several so-called ‘Cold ac Matter’ (CNM) effects occur due to the
presence of a nucleus in the colliding system, and, possiblthe large density of produced particles.
These CNM effects can affect the production of heavy-flavmdrons at all the stages of their formation.
In particular, the PDFs of nucleons bound in nuclei are medifith respect to those of free nucleons.
This modification of the PDFs in the nucleus can be descrilygghlenomenological parameterisations
(nuclear PDFs, or nPDFﬂ@m]. Alternatively, when thedpiction process is dominated by gluons
at low Bjorkenx, the nucleus can be described by the Colour-Glass Con@ef3aiC) effective theory
as a coherent and saturated gluonic sys@n@l—M]. Thenkities of the partons in the initial state
can be affected by multiple scatterings (transverse mamefiroadening, okr broadening)@lg?]
or by gluon radiation (energy Ios§ﬂ48] before the heavgrlpair is produced. Gluon radiation may
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also occur after the heavy-quark pair is formled [49]. Otheasurements in p—Pb collisions @y =
5.02 TeV, e.g. those of angular correlations between chargdities |[E_bl;_5|3] ofy(2S) suppressioﬂ’éq
and of the relative yields of the thrééstatesZ], indicate that final-state effects also playngpoirtant
role.

The measured charm production cross section in minimusgsi&b collisions af/syy = 5.02 TeV Eﬂi]

is consistent within uncertainties with that in pp colliséoat the same energy scaled by the atomic
mass number of the Pb nucleus. The nuclear modificationrfaas also found to be consistent with
calculations considering EPS09 nPDFs [38], CGC, or tramsvenomentum broadening and initial-state
energy loss. The influence of cold nuclear matter effects ohiplicity-integrated D-meson production
in p—Pb collisions is smaller than the measurement uncéigai

Additional insight into CNM effects can be obtained by meamyuthe heavy-flavour hadron yields as a
function of the multiplicity of charged particles produdedhe p—Pb collision. The aim of these studies
is to explore the dependence of heavy-flavour productiorhercollision geometry and on the density
of final-state particles. Indeed, it is expected that thetiplidity of produced particles depends on the
number of nucleons overlapping in the collision region, #retefore on the geometry of the collision
(i.e. on the collision centrality).

Most of the aforementioned models of CNM effects consideepeddence on the collision geometry,
usually expressed through the impact parameter of theswwili the number of participant nucleons
(Npar), or the number of nucleon-nucleon collisiorfs{;). In general, CNM effects are expected to
be more pronounced in central collisions, i.e. those hagrgmall impact parameter. Some of the
parameterisations of the nPDFs have studied the influentieedbcal nucleon density'jLBE—lSQ]. The
spatially dependent EPS09 and EKS98 nPDF sets, EPS09s é@BsKare formulated as a function of
the nuclear thicknesﬁbG]. The leading twist nuclear shaulp calculation Eb] assumes the Glauber-
Gribov approach of the collision geometry and predicts tepethdence of the nPDF on the collision
impact parameter. The estimates of the initial-stgtdroadening due to multiple soft collisions also
consider a dependence on the collision impact paran@dﬂé}ﬁlnitial-state parton energy loss is also
expected to evolve with the collision geometry as a consezpief the different nuclear density, though
detailed calculations including this effect are not yetilabde. Finally, if final-state effects were to affect
heavy-flavour production in p—Pb collisions, their influeneould also vary with the density of produced
particles.

In this paper, we report thpr-differential measurements of°DD+ and D' production as a function

of multiplicity in p—Pb collisions at/Syy = 5.02 TeV. The experimental setup and the data sample are
described in Se€l 2. The determination of the multiplicityl dhe estimation of the collision centrality
and of the number of nucleon-nucleon collisions are dismiss Sec[B. The D-meson reconstruction
strategy is explained in Sdd. 4. The results are reportdueiform of the D-meson nuclear modification
factor in different centrality classes (SEE. 5), and thatied D-meson yields as a function of the relative
charged-particle multiplicity at central and backwardidép (Sec[6).

2 Experimental apparatus and data sample

The ALICE apparatus is described in detail |ﬂ[61] and itsfarenance in EIZ]. It is composed of a
series of detectors in the central barrel for tracking antigla identification; the Muon Spectrometer
in the forward direction for muon tracking and identificaticand a further set of detectors at forward
rapidity for triggering and event characterisation. Thet barrel detectors are located inside a large
solenoid magnet that provides a 0.5 T field parallel to therbei@aection, which corresponds to thaxis

of the ALICE coordinate system. In this Section, the detectsed for the D-meson analysis are briefly
described.
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The Inner Tracking System (ITS), the Time Projection Chan{b®C) and the Time Of Flight detec-
tor (TOF) allow the reconstruction and identification of e particles in the central pseudorapidity
region. The VO detector, composed of two scintillator asrncated in the forward and backward pseu-
dorapidity regions, is used for online event triggering amdltiplicity determination. The Zero Degree
Calorimeters (ZDC) are used for event selection and to estirthe collision centrality via the zero-
degree energy.

The ITS is composed of six cylindrical layers of silicon detes, located at radii between 3.9 cm (about
1 cm from the beam vacuum tube) and 43.0 cm. The two innerragstd, which respectively cover
In| <2.0and|n| < 1.4, comprise the Silicon Pixel Detectors (SPD); the two imkediate layers, within
In| < 0.9, consist of Silicon Drift Detectors (SDD); and the two auggyers, also coveringn| < 0.9,
consist of double-sided Silicon Strip Detectors (SSD). Ibwematerial budget, high spatial resolution,
and position of the detector setup surrounding the beamuvadube and close to the interaction point
allow it to provide a measurement of the charged-particlpaiot parameter in the transverse plamg,(
i.e. the distance of closest approach between the trackharatimary vertex alonge, with a resolution
better than 75um for transverse momenta > 1 GeV/c [@].

The TPC is a large cylindrical drift detector, extendingnir&5 cm to 247 cm in the radial direction
and covering the range250 < z < 4250 cm along the beam axEt64]. It provides charged-particl
trajectory reconstruction with up to 159 space points @aktin the pseudorapidity range| < 0.9 and

in the full azimuth. The primary interaction vertex positiand covariance matrix are determined from
tracks reconstructed from hits in the TPC and the ITS v& analytic minimisation method.

The TOF detector is equipped with Multi-gap Resistive Pl@atambers (MRPCSL_[BZ]. It is placed
at radii between 377 cm and 399 cm, and has the same pseudityrapid azimuthal coverage as the
TPC. The TOF measures the flight times of charged partictes the interaction point to the detector
with an overall resolution of about 85 ps. For events with2B86 lowest multiplicities, the resolution
decreases to about 120 ps due to a worse start-time (collisiee) resolution. The start-time of the
event is determined by combining the time estimated usiagd#rticle arrival times at the TOF and the
time measured by the TO detector, an array of Cherenkov emultcated at +350 cm and -70 cm along
the beamline. Particle identification (PID) is performeddmynparing the measurement of the specific
energy depositiont/dx in the TPC and the time-of-flight information from the TOF wihe respective
expected values for each mass hypothesis.

The VO detector consists of two arrays of scintillator titesering the pseudorapidity regiors3.7 <

n <-17(VOC) and 28 < n < 5.1 (VOA) [@]. The data sample analysed in this paper was cialte
with a minimume-bias interaction trigger requiring at lease hit in both VOA and VOC counters coinci-
dent with the arrival time of the proton and lead bunches. 4ID€ is composed of two sets of neutron
(ZNA and ZNC) and proton (ZPA and ZPC) calorimeters posgbon either side of the interaction point
atz=+1125 m. Contamination from beam-background interactions wawwed via offline selections
based on the timing information provided by the VO and the ZNlAe signals registered by the SPD
and VO detectors were used to determine the event chargédi@anultiplicity; the SPD, VO and ZDC
detectors were also exploited to classify the events inraktytclasses, as will be described in 9ec. 3.

The data sample used in this paper was recorded in JanuaBy @0tdng the p—Pb LHC run. Protons
with an energy of 4 TeV were collided with Pb ions with an eyesfj1.58 TeV per nucleon, resulting in
collisions at a centre-of-mass energy per nucleon pén, of 5.02 TeV. With this beam configuration,
the centre-of-mass system moves with a rapidityAwng,s = 0.465 in the direction of the proton beam,
due to the different energies per nucleon of the proton aedethd beams. In the case of the D-meson
analyses presented here, performed in the laboratoryereferintervalyiap| < 0.5, this leads to a shifted
centre-of-mass rapidity coverage-00.96 < yems< 0.04. In the following, we will use the notatiopand

Viab to refer to the pseudorapidity and rapidity values in thetatory reference frame, amg@ms andycms
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for the values evaluated in the centre-of-mass referemmaedr A total of 18 minimum-bias triggered
events, corresponding to an integrated luminosityff = 48.6+ 1.6 ub~1, passed the selection criteria
and were analysed.

3 Multiplicity determination

The production of D mesons in p—Pb collisions has been stuatiea function of charged-particle multi-
plicity using two different observables.

One observable is thpr-differential nuclear modification factor, which is defined the ratio of the
pr-differential yields measured in p—Pb collisions in celitiyantervals to those in pp collisions, scaled
by the number of binary nucleon—nucleon collisions. Theredity intervals were defined using three
different estimators based on the multiplicity in the SP[ &0A detectors and the energy deposited in
the zero-degree neutron calorimeter in the Pb-going sitNAJZThe procedure used to determine the
number of binary nucleon-nucleon collisions for each ewtas is described in Séc. B.1 and [66].

The other observable, referred to as the relative yieldefgdd as the ratio of the per-event D-meson
yields in p—Pb collisions in different multiplicity inteals normalised to the multiplicity-integrated
yields. Details on the evaluation of the charged-particlgtiplicity are discussed in SeC._3.2. In this
analysis, the values of multiplicity measured in two diffler pseudorapidity intervals, namely at mid-
rapidity with the SPD and at large rapidity in the Pb-goingediion with the VOA, were considered.

3.1 Centrality estimators andT,pp determination

A centrality-dependent measurement of the nuclear motditéactor requires the p—Pb data sample to
be sliced into classes according to an experimental obslervelated to the collision centrality, as well
as a determination of the average nuclear overlap fun¢figss), which is proportional to the number of
nucleon—nucleon collisions., for each centrality class.

The minimum-bias p—Pb data sample was divided into fourrabtyt classes by exploiting the infor-
mation from: (i) VOA, the amplitude of the signal measuredtlyy VO scintillator array located in the
Pb-going side, covering@< n < 5.1, which is proportional to the number of charged particleslpced

in this pseudorapidity interval; (ii) CL1, the number of sters in the outer layer of the SPD, covering
In| < 1.4, which is proportional to the number of charged particlesia-rapidity; and (i) ZNA, the
energy deposited in the Zero Degree Neutron Calorimetatigosd in the Pb-going side by the slow
nucleons produced in the interaction by nuclear de-exuitgirocesses, or knocked out by wounded nu-
cleons. The multiplicity of these neutrons is expected tmgmonotonically with the number of binary
collisions, Ncoy.

Centrality classes were defined as percentiles of the gigitlss section, which was measured to be
(2.09+0.07) b @]. For the centrality classes defined using the CIAL\ADA multiplicities, a Glauber
Monte Carlo was used to calculate the relevant geometricaihtifies, namely the average numbers of
participant nucleonsN$a "5, of binary collisions(NS24P®), and the average nuclear overlap function
<TpGP'g“be'> [6€]. For the case where the ZNA information was used, thaembfNpart, Neoi and Topp
were obtained using the so-called hybrid metHod [66]. I #pproach, the determination @pp) in

a given ZNA-energy class relies on the assumption that tlaegel-particle multiplicity measured at

mid-rapidity (—1 < nems < 0) scales with the number of participant nucledd.

dN dn . Nmult.
(NG = (NSt i — 1= (Npao) - <7<(§NC;‘%”>“>,:B ) ~1, and (T/Y = (Neoii )i ac;lll\l i
—-1<n<0

where(NSQ?Q = 7.9 is the average number of participants in minimum-biassiolis andoyy = (70+
5) mb is the interpolated inelastic nucleon-nucleon crost@eat ,/Syy = 5.02 TeV @5]. The values

5
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of (Tppw) Obtained with the three estimators in the four multipliditero-degree energy) classes used for
the analysis are reported in Table 1.

It was demonstrated by the studies of charged-particleystazh reported in@G] that when centrality
classes are defined in p—Pb collisions, some biases arenpré&sestly, there is a multiplicity selection
bias due to the large multiplicity fluctuations for p—Pb maigions at a given impact parameter, which
are comparable in magnitude to the full dynamic range of timum-bias multiplicity distribution.

In addition, there is a jet-veto bias due to the contributiorthe overall multiplicity from particles
arising from the fragmentation of partons produced in tsaktering processes. This causes low- (high-
) multiplicity p—Pb collisions to correspond to a lower (hé&) number of hard scatterings per nucleon-
nucleon collision. Furthermore, a purely geometrical bias suspected to affect peripheral collisions
for all centrality estimators, due to the fact that the meapéact parameter between the proton and each
nucleon of the Pb nucleus, calculated from a Monte Carlo agimulation, rises significantly for
Npart < 6, thus reducing the average number of multi-parton intenas for peripheral collisions.

These biases cause the nuclear modification factor of cthgrgeticles to differ from unity in the cen-
trality classes even in the absence of nuclear effects. elhizses decrease with increasing rapidity
separation between the centrality estimator and the regi@re the nuclear modification factor is mea-
sured. A strong selection bias is observed for the CL1 estimdue to the full overlap with the tracking
region, which is reduced with the VOA estimator. By contréis selection based on the energy deposited
in the ZNA is expected to be free from the biases related teteat selection, and is only affected by
the geometrical bias.

For these reasons, the results based on the ZNA selectiach vglthe least biaseﬁbe], provide insight
into possible centrality-dependent nuclear effects ommh@oduction in p—Pb collisions. Moreover, the
measurements of the D-meson nuclear modification factoertrality intervals defined with the three
estimators described above offer the possibility to sthegé biases based on heavy-flavour production,
which, due to the large mass of the charm quarks, is expeztarate with the number of binary collisions
over the wholepy range, provided that cold nuclear matter effects are nibigig This is in contrast to
the charged-particle yield, where a scaling Wildy is expected to occur only in the high- region.

Centrality | (Typr) Glauber-NBD (mb?) | (Tppr) hybrid method (mb?)
(%) | VOA CL1  Syst (%) | ZNA Syst. (%)
0-20 0.183 0.190 11 0.164 6.5

20-40 | 0.134 0.136 3.7 0.136 3.9
40-60 | 0.092 0.088 5.0 0.101 5.9
60-100 | 0.037 0.037 23 0.046 6.2

Table 1: (Typp) values in p—Pb collisions gfSyn = 5.02 TeV obtained with a Glauber-model based approach for
VOA and CL1, and from the hybrid method for ZNA, as describe@].

3.2 Relative event multiplicity determination

The charged-particle multiplicitf\cn, was estimated at mid-rapidity by measuring the numberaaktr
lets, Niracklets reconstructed in the SPD. A tracklet is defined as a trackeagthat joins a pair of space
points on the two SPD layers and is aligned with the recoatduprimary vertexNyackietsWas counted
within |n| < 1.0.

The pseudorapidity acceptance of the SPD depends on thiopaosi the interaction vertex along the

beam linez,i, both due to the asymmetry of the collision system and thigdihtoverage of the detector.

In addition, the overall SPD acceptance varies as a functidime due to a varying number of active

channels. A data-driven correction was applied toNhg.kets distributions on an event-by-event basis
to account for these two effects. This was done by renoringlihe Ny ackiets distributions to the overall

6
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minimum with a Poissonian smearing to account for the flumna. Multiplicity classes were then
defined based on the percentiles of analysed events inNagliisrange.

The conversion oNgackiets t0 Nep Was performed using minimum-bias Monte Carlo simulatiombe
distribution of the measurdd,ackets@s a function of the number of generated “physical primafisisy,)

in the simulation was considered for this purpose. Phygidaharies are defined as prompt particles
produced in the collision and their decay products, exagdhose from weak decays of strange particles.
The proportionality factor was evaluated from a linear fithe distribution, and was then applied to
the meanNyackiets IN €ach interval to give the estimatédy, values. These values were then divided
by the width of the considereq range,An = 2, to give an estimatedNdn/dn. The uncertainty of
the Ngackiets t0 Nch conversion was estimated by testing its deviation fromdiitg. A linear fit to the
distribution was performed in each multiplicity interval évaluate the possible changing slope of the
distribution between intervals. From these fits, a seriealing factors were obtained and compared to
the multiplicity-integrated one, resulting in a 5% uncartya

The results are given as a function of the relative chargetigie multiplicity, (dNcn/dn )/ (dNen/dn),
where(dNqn/dn) = 17.644 0.01(stat ) + 0.68(syst) was measured by ALICE for inelastic p—Pb colli-
sions at,/Syn = 5.02 TeV with at least one charged particle withifj < 1.0 [@]. TheNgyackietsfanges
considered in this analysis, and the corresponding relatiultiplicity values, are given in Tablé 2.

The production of D mesons was also studied as a functionasfyeld-particle multiplicity in the region
2.8 < n < 5.1, as measured with the signal amplitude in the VOA detedgsa, reported in units of

the minimum-ionising-particle charge. This estimatopwat the multiplicity and the D-meson yields
to be evaluated in two different pseudorapidity intervddackward and centra}), avoiding possible

auto-correlations.

The averagé\yoa depends o1z, due to the varying distance between the primary vertex hedlé¢-
tector array. This effect was corrected with the same mettsedl for theNyackiets Case, leading to an
overall averagd\yoa Of 82.7. In this case, the results are considered as a funofithe VOA multi-
plicity relative to the mean multiplicity in the same rapydiegion, rather than performing a conversion
to d\cn/dn. The Nyoa intervals considered, and the corresponding relativeipfigity intervals, are
reported in Tablgl3.

It should be noted that the analyses performed as a functioantrality examine the events in samples
populated by 20% of the analysed events (40% for the mosplpemal events, see Talile 1), whereas
those performed as a function of charged-particle mutfigliexplore events from low to extremely high

multiplicities, corresponding to about 60% and 5% of thelgse events, respectively (see Tallés 2
and[3). For the latter analyses, the event classes were diefirstudy the D-meson yield at extreme
multiplicities.

Niracklets dNeh/dn  (dNch/dn )/ (dNcn/dn) Ng/(:ents/ 10°

1,21] 9.8 0.56 59.0
[2228) 239 1.36 12.8
29,34  30.3 1.72 8.0
3543  37.3 2.11 7.6
[4469  50.3 2.85 6.4
(70,199 753 4.27 0.47

Table 2: Summary of the multiplicity intervals at central rapiditgad for the analyses. The number of re-
constructed trackletSyackiets the average charged-particle multiplicitigl/dn (uncertainty of 5% not quoted),
and the relative charged-particle multiplicitgiNcn/dn )/ (dNgr/dn) (uncertainty of 6.3% not quoted) are listed
(see Sed_6l1 for the uncertainties description). The numbevents analysed for the®@neson analysis is also
reported for each multiplicity range.
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Nvoa  (Nvoa)/ (Nvoa) NDgno/10P

[0,90] 0.48 60.3
(91,132 1.32 15.3
(133172 1.81 9.7
(173226 2.36 6.5
227,798 3.29 4.0
(173798 2.72 10.5

Table 3: Summary of the multiplicity intervals at backward rapidityed for the analyses. The VOA sigiNaoa
intervals and the relative multiplicitiNvoa )/ (Nvoa) (uncertainty of 5% not quoted) are listed (see $ed. 6.1 for
the uncertainties description). The number of events aedljor the B-meson analysis is also reported for each
multiplicity range.

4 D meson reconstruction

The I, D*, and D" mesons were reconstructed via their hadronic decay crafel Kt (with

a branching ratio, BR, 0f.88+0.05%), D" — K~ " " (BR of 9.13+0.19%), and D™ — D% (BR

of 67.7+0.05%) followed by ¥ — K~ 7", and their corresponding charge conjuga@ [69]. TRe D
and D" weak decays, with mean proper decay lengtit$ ¢f about 123 and 312m, respectively, were
selected from reconstructed secondary vertices sepdratedew hundred microns from the interaction
point. The D" meson decays strongly at the primary vertex, and the degajoigy of the produced
was reconstructed along with a soft pion originating at tieary vertex.

Events were selected by requiring a primary vertex withitO cm from the centre of the detector along
the beamline. An algorithm to detect multiple interacti@rtices was used to reduce the pile-up contri-
bution. I and D' candidates were defined using pairs or triplets of trackb thi¢ proper charge sign
combination, within the fiducial acceptangg < 0.8 and with transverse momentupq > 0.3 GeVE.
Only good quality tracks were considered in the combinesolly requiring selection criteria as de-
scribed in E 5]. The selection of tracks witjj < 0.8 reduces the D-meson acceptance, which
drops steeply to zero fdgiap| > 0.5 at low pr and for|yiap| > 0.8 at py > 5 GeVk. Therefore, gor-
dependent fiducial acceptance region was defined, as rdp’md@,@]

The selection strategy of the D-meson decay topology wasdbas the displacement of the decay
tracks from the interaction vertex, the separation betwbkersecondary and primary vertices, and the
pointing angle, defined as the angle between the reconstiri@imeson momentum and its flight line
(the vector between the primary and the secondary vertiCBs} cuts on the selection variables were
chosen in order to obtain a large statistical significancthefD-meson signals, as well as an as large
as possible selection efficiency. Therefore, the cut valleggend on the D-mesagpr and species. In
the case of the analysis of the relative yields as a functionudtiplicity, the same selections were used
in all multiplicity intervals in order to minimise the effeof the efficiency corrections on the ratio of
the yields in the multiplicity intervals to the multipligitintegrated ones. On the other hand, for the
analysis of the nuclear modification factor in differenttrality classes, the cut values were optimised in
each centrality class. Particle identification criteriar@vapplied on the decay tracks, based on the TPC
and TOF detector responses, in order to obtain a furtherctieduof the combinatorial background as

explained inEﬁS].

The raw D-meson yields, both multiplicity-integrated anceach multiplicity or centrality class, were
extracted in the considerggr intervals by means of a fit to the invariant mab#) @istributions of the
selected candidates (for thé Dmeson the mass difference distributiakie = M (K rrrr) — M (K 1) were
used). The fit function is the sum of a Gaussian to describesitial and a function describing the
background shape, which is an exponential f8radd Dt and a threshold function multiplied by an
exponential &/AM — M;- ?®M-Mn) ‘\whereM,, is the pion mass and andb are free parameters) for
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Figure 1: Distributions of the invariant mass for’left column) and D' (middle column) candidates and of
the mass difference for’'D candidates (right column) in two centrality classes defiwéH the ZNA estimator:
0-20% and 60-100%. The red lines in each plot represent tteetfie background, and the blue lines represent
the sum of signal and background. Opginterval is shown for each meson species: Pr < 4 GeVk for DO,

4 < pr < 6 GeVkfor D', and 6< pr < 8 GeVk for D**.

the D'". The centroids and the widths of the Gaussian functions feered to be in agreement with the
world average D-meson masses and the values obtained itasong, respectively, in all multiplicity,
centrality andpr intervals. In particular, the widths of the Gaussian fumtsi are independent of multi-
plicity (or centrality) and increase with increasing D-roe®r. In the relative yield analysis, in order to
reduce the effect of the statistical fluctuations, the fitsenmerformed by fixing the Gaussian centroids
to the world average D-meson masses, and the widths to thesvabtained from a fit to the invariant
mass distribution in minimum-bias events, where the sigtalstical significance is larger.

Figure[l shows the ®and D invariant mass, and T mass difference distributions in the2pr <

4 GeVEk, 4 < pt < 6 GeVk, 6 < pr < 8 GeVk intervals, respectively, for the 0-20% and 60-100%
centrality classes defined with the ZNA estimator. The fit¢h® invariant mass distributions were
repeated under different conditions and the raw yields wee&teacted by using alternative methods in
order to determine the systematic uncertainties relatetthecextraction of the raw D-meson counts.
The fits were performed by varying the invariant mass rangelshén widths of the histograms, and
considering different functions to describe the backgdyuramely parabolic or linear functions. The
raw yields were also obtained by counting the entries of thgrams within a 8 interval centred on
the peak position, after the subtraction of the backgrowtichated from a fit to the side bands, far away
from the D-meson peaks.

The raw counts of D mesons extracted in epgland multiplicity interval were corrected for the accep-
tance and the reconstruction and selection efficiency. Dheection factor for each D-meson species
was obtained by using Monte Carlo simulations. Events @oinigaa c ¢ or b pair were generated by
using the PYTHIA v6.4.21 event enerat@[?O] with the Paw@tune [[_—Zh] and adding an underlying
event generated with HIJING v.1.36 [72]. Detailed deswip of the detector response, the geometry of
the apparatus and the conditions of the luminous region imeheded in the simulation. The generated
D-mesonpy distribution was tuned in order to reproduce the FONLLU [16dctrum at,/s=5.02 TeV.
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The reconstruction and selection efficiency depends on thigpticity of charged particles produced in
the collision, since the primary vertex resolution and #moiution on the topological selection variables
improve at high multiplicity. The generated events wereghitad on the basis of their charged-particle
multiplicity in order to match the multiplicity distributn observed in the data. The reconstruction and
selection efficiency depends on the D-meson species apg.dfor prompt [ mesons it is about 1-2%
in the 1< pr < 2 GeV/cinterval, where the selection criteria are more stringert i the higher com-
binatorial background, and it increases to 20% in<l@r < 24 GeV/c. The efficiency for D mesons
from B decays is higher because the decay vertices of feeti-@omesons are more displaced from the
primary vertex and they are more efficiently selected by dtipelogical selections. The efficiencies are
slightly larger at high multiplicity, by about 4—-10%.

The D-meson raw yields have two components: the prompt Demesntribution (produced in the
charm quark fragmentation, either directly or throughrsfrdecays of excited open charm states) and
the feed-down contribution originating from B-meson dexalhe yield of D mesons from B decays was
subtracted from the raw counts by applying a correctiorofadpromps Which represents the fraction of
promptly produced D mesons. Tligomptfactor was evaluated using the B-hadron production crass se
tion obtained from the FONLL pQCD calculatidﬂ@—w], the-BD + X kinematics from the EvtGen
package@:%], and the acceptance times efficiency for D nssfsom B decays obtained from the Monte
Carlo simulations [19]. The value dfromprdepends on the nuclear modification facR{fp?gr down of the
feed-down D mesons. This quantity is related to the nucleadification of beauty production, which
has not been measured in tpe interval of these analyses. Therefore, the nuclear motditdactor

of feed-down D mesons was assumed to be equal to that of plomsonsReed-down — RIAMPL g

a systematic uncertainty was assigned considering thatieariQ9 < Riet-down/RPImPt - 1 3 These
assumptions were based on the study of the possible moitificat the B-hadron production due to
the modification of the PDFs in the nucleus through either @GEEQCD calculations with the EPS09
parameterisation of the nPD@[@ 41].

5 Nuclear modification factor as a function of centrality

The nuclear modification factor of prompfD* and D't mesons was studied as a functiorpgfusing

the three different centrality estimators introduced ic.&21, based on different measurements of the
centrality in terms of multiplicity (CL1 and VOA estimatQrsr zero-degree energy (ZNA estimator). For
each estimator, the analysis of D-meson production wagdaout in four event classes, and the nuclear
modification factor was calculated as:

(AN° /dpr) S
(Tppp) x (da®/dpr)pp’

where(dND/de)[C)‘E,T)t is the yield of prompt D mesons in p—Pb collisions in a giventity class,
(da® /dpr)pp is the cross section of prompt D mesons in pp collisions asémee,/s, and(Typp) is the
average nuclear overlap function in a given centralityg;lagich was estimated with the Glauber-model
approach for the CL1 and VOA estimatofﬁf&g”beﬁ and with the hybrid method for the ZNA estimator

(Topa") (see Sed.311).

(@)

Qpr:

In contrast to the multiplicity-integrateBopn, = (do® /dpr)gpn/ (A- (do® /dpr)pp), Queo is influenced
by potential biases in the centrality estimation that areratated to nuclear effects, as explained in
Sec[3.1. Hence&Qypp may be different from unity even in the absence of nucleagctsf in particular

if measured with respect to the CL1 and VOA estimators. Cemphtary to this, the measurement
of Qppp With the ZNA estimator allows the least biased estimatiothefpossible centrality-dependent
modification of thepr-differential yields in p—Pb collisions with respect to thimary-scaled yields in
pp collisions.

10
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The cross sections of prompt D-meson production in pp ol at./s = 5.02 TeV were obtained

by a pQCD-based energy scaling of the-differential cross sections measured\& = 7 TeV with

the scaling factor evaluated by the ratio of the FONLL [ﬁ—dﬂculations at 5.02 and 7 Te‘ﬂ74].

In the case of B mesons, some refinements were considered for the lowestigheshpr intervals.

For 1< pt < 2 GeV/c, where the B cross section was measured at both 7 and 2.76 iﬂe[M 19],
both measurements were scaled to 5.02 TeV and averaged tbsinigverse squared of their relative
statistical and systematic uncertainties as weights. eSihe ALICE measurements of the® Bross
section in pp data are limited & < 16 GeV/c, the estimate for 1& pr < 24 GeV/cwas determined by
extrapolating the 7 TeV cross section to highemusing the FONLLpr-differential spectrum normalised

to the measurement inS pr < 16 GeV/c, and scaling it down to 5.02 TeV.

The raw numbers of D mesons in eapgh and centrality interval were extracted and corrected by the
acceptance and efficiency obtained from Monte Carlo sinwuist as described in Séé. 4. The feed-down
from B-hadron decays was subtracted from the extractedsyigy calculatingfyomptin each centrality
class independently, as described in S&c. 4.

5.1 Systematic uncertainties

The systematic uncertainties (yield extraction, recas$ion and selection efficiency determination and
feed-down subtraction) do not depend on the estimator wselkfine the centrality classes. A mild
dependence of the uncertainty on the multiplicity that patas the different centrality classes was ob-
served, resulting in slightly larger uncertainties in thierd class with the lowest multiplicity.

The systematic uncertainty of the yield extraction procedwuas estimated by varying the fit condi-
tions and by using the bin counting method as introduced m[8et is about 3—-4% at intermediate
pr (2 < pr < 6 GeV/c) and increases to 8-10% pt < 2 GeV/c and pr > 6 GeV/c. For the I
meson, the yield extraction systematic uncertainty inetuthe contribution to the raw yield of signal
candidates reconstructed by assigning the wrong mass fo#ietate hadrons (about 3—4% for gil
intervals) [[_EB].

The influence of the tracking efficiency was estimated by imanthe track selection criteria. The
corresponding uncertainty was found to be about 3% per traéskilting in a total uncertainty of 6%
(9%) for a two- (three-)particle decay. The uncertainty tuéhe D-meson candidate selection criteria
was evaluated by varying the topological selections usetas estimated to be 10% for the interval
1< pr <2 GeV/cand 5% forpr > 2 GeV/c.

The effect of the generated D-mespnshape used to compute the efficiency was estimated by compar-
ing the efficiency values obtained with the PYTHIA and the HQNbt spectra. A systematic uncertainty
of 2-3% was applied only in the intervakl pr < 2 GeV/c due to this. The uncertainty due to the mul-
tiplicity dependence of the reconstruction and selectifficiency was evaluated changing the weight
functions used to reproduce the measured charged-pantiglgplicity in the simulations. The multi-
plicity weights were determined by the ratio of the disttibn of the number of tracklets withim | < 1

in data and Monte Carlo. The weights were computed for: (ip@tnts selected in the analysis, (ii)
events with a D-meson candidate within approximatelyo of the invariant mass peak, and (iii) events
with a D-meson candidate in the3o invariant mass region. A deviation of about 10% is obsenazd f
D mesons at lowpr. For highpr D mesons ffr > 12 GeV/c), the weights have a smaller effect on the
efficiency determination, introducing a difference of oABp.

The analysis was repeated without applying the particlatifieation selections to the D-meson decay
hadrons. The corrected yields were consistent, withinssizd! fluctuations, with those calculated con-
sidering particle identification selections. Therefore corresponding uncertainty was assigned.

The systematic uncertainty due to the subtraction of femgihdD mesons from B decays was estimated
by considering the FONLL uncertainties on the normalisatind factorisation scales and using a second

11
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Figure 2: D°, D* and D' meson nuclear modification factors as a functiorpefor: (a) the 0—20% centrality
class and (b) the 40-60% centrality class selected with N &stimator. The vertical error bars and the empty
boxes represent the statistical and systematic unceesinéspectively. The grey-filled box@pp,= 1 represents
the normalisation uncertainty. Symbols are displaced fitwarbin centre for clarity.

subtraction method based on the ratio of FONLL calculatimn- and B-meson cross sectioﬂﬂ[lg].
The magnitude of this systematic uncertainty depends omtson species and on tpe interval con-
sidered in the measurement, since it is related to the tgmalbselections applied in each analysis. As
explained in Sed.]4, a variation of the feed-down D-mesoneananodification factor was also taken
into account as part of the systematics. The quadratic suhedivo contributions to th@,p,was found

to range from a few percent up to 30%.

The denominator of th€,pp has an uncertainty on th@,pr), which is reported in Tablel 1, and an
uncertainty on the pp reference. The latter has a contobutbming from the 7 TeV measurement
(ranging from 15% up to 25%) and one from the scaling factogirg from "3/ at pr = 1 GeV/c

to +3% for pt > 8 GeV/c. The uncertainty on the energy scaling factor was estimiayeearying the
calculation parameters as described.in [74]. A larger uaudy for D° in 16 < pr < 24 GeV/c was
guantified due to the extrapolation procedure explainedeihn that case the uncertaintyj%Z/;)S%. The
global Quppuncertainties were determined by adding the pp and p—Pbtairdées in quadrature, except
for the branching ratio uncertainty, which cancels out mrditio, and the feed-down contribution, which
partially cancels out.

5.2 Results

The nuclear modification factors of°PD* and D" mesons were calculated according to Eg. (2) in
four centrality classes (0—20%, 20-40%, 40-60% and 60-)@@&%tned with the ZNA estimator, and
applying the hybrid method to obtain ti&py) in each class. Figute 2 illustrates these results for 0-20%
and 40-60% centrality classes. TQgpy, of the three D-meson species were found to be consistent with
one another within the statistical and systematic ungsita for eachpr and centrality class consid-
ered. Therefore, the average of th D™ and D meson results was evaluated in each centrality class
considering the inverse square of the relative statistinakrtainties as weights. The systematic uncer-
tainties on the averages were computed considering thdrnpefficiency, the B feed-down subtraction
and the scaling of the pp reference as correlated uncertainirces among the three mesons. The av-
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erages of the B) D* and D't pr-differential nuclear modification factors in differentnteality classes
obtained with the ZNA estimator are presented in Ejg. 3 arfulé[A.J. The D-mesoi@Qpp;, results in
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Figure 3: Average ¥, D* and D" meson nuclear modification factors as a functiorpgfin the 0-20%, 20—
40%, 40-60% and 60—100% centrality classes selected watZWA estimator. The vertical error bars and the
empty boxes represent the statistical and systematic tanutes, respectively. The colour-filled boxe<xby = 1
represent the normalisation uncertainties. Symbols amatied from the bin centre for clarity.

the different centrality classes are consistent with uwiityin the uncertainties in the measurememnt
interval. Typical values of th@pp,uncertainties are of 7% (stat.) and 16% (syst.) fer gr < 4 GeV/c.

It should be noted that with this centrality estimator ncshimexpected due to the event selection, and
only a small bias in peripheral events, due to the geométoiea in the determination of the number
of hard scatterings, was observed in the studies with chapgeticles Eb]. Therefore, with the least
biased centrality estimator, the D-megQgpby results are consistent within statistical and systemaic u
certainties with binary collision scaling of the yield in ppllisions, independent of the geometry of the
collision.

5.2.1 Qpppwith CL1 andV0A estimators

The O, Dt and D" Qupp Were also calculated with the CL1 and VOA estimators in foemtcality
classes. Th&pp, results for the three D-meson species were found to be ¢ensiwith one another
within the statistical and systematic uncertainties famhgay and centrality class considered. Therefore,
the averages of the® D" and D" meson results and the systematic uncertainties were ¢edlas
explained before. The averages of fhyedifferential O’, D* and D" nuclear modification factors in
different centrality classes with CL1 and VOA estimatore presented in Fidl4 (see also Taliles|A.2
andA.3).

The centrality estimation from the CL1 multiplicity suffefrom a large bias introduced by multiplicity
fluctuations in the central rapidity region caused by flutituies of the number of hard scatterings per
nucleon collision, which affect théT,pp) determination|[66]. Th&Ss; results show an ordering from
low (60—100%) to high (0—20%) multiplicity, with a differea larger than a factor of two between the
most central and most peripheral classes, induced by tBeohithe centrality estimator.

The VOA estimator classifies the events as a function of thigpticity in the backward rapidity region.
The rapidity gap with respect to the central rapidity D-mreapalyses removes part of the event selection
bias. TheQF)’SbA values evolve from higher{ 1) to lower 1) values from the 0—-20% to the 60-100%

13
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Figure 4: Average ¥, D* and D't meson nuclear modification factors as a functiorpefin the 0—20%, 20—
40%, 40-60% and 60—100% centrality classes selected va)hthé CL1 estimator, and (b) the VOA estimator.
The vertical error bars and the empty boxes represent thstistal and systematic uncertainties, respectively. The
colour-filled boxes aQpp, = 1 represent the normalisation uncertainties. Symbols m@ated from the bin
centre for clarity.

centrality class. Th@gg/g results present a similar qualitative behaviour to(ﬂﬁé& ones, with a smaller
difference between centrality classes. This is consistéhtthe expectation of a smaller bias when there
is a rapidity gap between the regions where the centralitiytlae D-meson yield are studied.

5.2.2 Comparison with charged-particl®,pp

The average D-mesdQppy, results obtained with the three estimators, for pr < 4 GeV/c and 8<

pr < 12 GeV/c, are displayed as a function of centrality in Hif. 5. The DsoreQupp for 8 < pr <

12 GeV/cis compared with the analogous measurement for chargedreadith pr > 10 GeV/c [@].

In this transverse momentum region also the production afgetd hadrons is expected to scale with the
number of binary nucleon—nucleon collisions! [66].

The Qppp, results for D mesons and charged hadrons with> 10 GeV/c show a similar trend as a
function of centrality and estimator due to the bias in thetiedity determination, as observed E[GG]
based on highpr particle production in the light flavour sector. The respltssented in this paper allow
these studies to be extended into the charm sector and ddoww .

6 Relative yields as a function of multiplicity

DO DT and D" meson yields were also studied as a function of the chargeitie multiplicity in
two pseudorapidity intervals, see Sec]3.2. The D-mesddsyigere evaluated for various multiplicity
and pr intervals and the results are reported in terms of correptgeevent yields normalised to the
multiplicity-integrated values

(dZND/depT)J _ l Nrjaw D < 1 <Nraw D> ) (3)
<d2ND/dyde> Néventsgérompt D Nvs trigger/SMB trigger <€pr0mpt D> '
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Figure 5: Average ¥, D™ and D't mesonQgpp as a function of centrality with the CL1, the VOA and the
ZNA estimators for (a) 2 pr < 4 GeV/c and (b) 8< pr < 12 GeV/c. The average D-mesoQupp in 8 <

pr < 12 GeV/c is compared with the charged-parti€@gpy, calculated forpr > 10 GeV/c [@]. The vertical
error bars and the empty boxes represent, respectivelgtdtistical and systematic uncertainties on the D-meson
results. The filled boxes &,pp= 1 indicate the correlated systematic uncertainties: teg-filled box represents
the uncertainty on the pp reference and the p—Pb analysiafilirack selection uncertainties, common to all
estimators for a giverpr interval; the red-filled box represents the correlatedesystic uncertainty oMgo
determination for the ZNA energy estimator.

where the index identifies the multiplicity intervaINrjaW p is the raw yield extracted from the fit to

the invariant mass distribution in each multiplicity intef, %rompt p represents the reconstruction and
selection efficiencies for prompt D mesons, iJis the number of events analysed in each multi-
plicity interval. The efficiencies were estimated with Me@arlo simulations (see Sé&¢. 4). Equatidn (3)
holds under the assumption that the relative contributioihé raw D-meson yield due to the feed-down
from beauty-hadron decays does not depend on the multypb€ithe event, and therefore cancels out
in the ratio to the multiplicity-integrated values. Thisasption is justified by the beauty production
measurements as a function of multiplicity in pp collisipasd also by PYTHIA simulations [31]. The
acceptance correction, defined as the fraction of D mesatisnva given rapidity angy interval that
decay into pairs or triplets of particles within the deteaoverage, cancels out in this ratio. The num-
ber of events used for the normalisation of the multipligitiegrated yield must be corrected for the
fraction of inelastic events that are not accepted by thamrmim-bias trigger condition, expressed as
NMB trigger/ EMB trigger With &mB trigger = (96.4+3.1)% [67]. It was verified with PYTHIA 6.4.21 Monte
Carlo simulations that the minimume-bias trigger is 100%céedfit for D mesons in the kinematic range
of the measurement, meaning that the number of D mesons mitlimum-bias triggered events is the
same as in the sample of inelastic events.

6.1 Systematic uncertainties

In this section the systematic uncertainties estimatedhfierD-meson measurements as a function of
Niracklets@nd as a function of thish,ga multiplicity are outlined.

The most significant source of systematic uncertainty istteerelated to the signal extraction procedure.
The raw D-meson yields were obtained by fixing the positiothefGaussian signal peak to the world
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averages of the D-meson masses, and the widths to the vditeeed from the fit to the multiplicity
integrated invariant mass distributions. To estimate fleédyextraction uncertainty the fit parameters
were varied as described in SEL. 4. In addition to the vaniatlisted in Sed.]4, the fits were performed
also allowing the position and the width of the Gaussian ssomemain free in the individual multiplicity
intervals. The yield extraction uncertainty was estimataded on the stability of the ratio of the raw
yieldsN.,, o/ (Nraw p), Where the same raw yield extraction method was used in thigpifaity interval

j and for the multiplicity-integrated result. The magnituafehis uncertainty depends gi and meson
species. The contribution of the yield extraction procedaorthe systematic uncertainties varied between

4-10%.

The influence of D-meson selections, due to the PID and thadgjeal selections, were examined and
found to have no significant effect on the final result, sifwytenter equally into the numerator and
denominator of Eq[{3).

As mentioned in Se¢l] 4, the contribution of feed-down fromeBal/s to the raw yield was estimated
based on FONLL calculationﬂlS]. In this case, it was assuthat the fraction of D mesons that are
not from feed-down decaydpromps, remains constant as a function of multiplicity, causintpitancel
out in the numerator and denominator of the ratio in Ehy. (3)e feed-down contribution was therefore
not explicitly subtracted from the final result. A systeratncertainty related to this hypothesis was
assigned by assuming that the fract'rtgr/(f5>, wherefg = 1 — fyromps increases linearly from/2 to 2
from the lowest to the highest multiplicity intervals. Thesulting uncertainty depends on multiplicity,
pr and meson species, and ranges friito to T5°% at low multiplicity and from*$% to *9,% at high
multiplicity.

In the analyses as a function Nf,ckiets the relative average values Nfrack|ets/<Ntracklets> for each in-
terval were corrected to give relativeNc,/dn )’ /(dNgn/dn) values, as described in SEc13.2. The sys-
tematic uncertainty due to this correction was estimatettiénsimulations based on the resolution and
the linearity of the correlation between the number of thetsl Nirackiets @and the number of generated
charged primary particle®:n. The deviation from linearity was found to contribute by gbly 5% to
the uncertainty on the relative multiplicity. Finally, thacertainty on the measurédNg,/dn) in inelas-

tic p—Pb collisions measured i|ﬂ68] was considered. Thigrdmted an uncertainty of approximately
4%. The total systematic uncertainty on the relative chévagaticle density peNyackietsinterval was
found to be 6.3%.

In the analyses as a function s, the measurements are reported as a function of the retatilt
plicity Nv0A/<Nv0A>- The uncertainty on the mean multiplicity valué&;oa, was determined by com-
paring the mean and median values of the distributions. stfaand to be below 5% for each multiplicity
interval, and about 30% for the multiplicity-integrateduea

6.2 Results

The relative D-meson yields were calculated for epgland multiplicity interval according to Ed.(3).
The results are reported as a function of the relative cliapgeticle multiplicity at both backward and
central rapidity. It is worth noting that the smaller numloérreconstructed D mesons in the lowest
and highestpr intervald limited the number of multiplicity intervals of the measoment for thosepr
intervals.

The relative ¥, D* and D'* yields were measured in fiyg- intervals from 1 to 24 Ge)k as a function
of the charged-particle multiplicity at mid-rapidity. Rige[6 presents the measurements for selepted

1 The number of reconstructed D mesons in the lowest and Higheimtervals is smaller than in the othef intervals.
At low pr, the strategy employed to cope with the low signal-to-baaligd ratio was to apply tight topological selections,
decreasing the selection efficiency and consequently thdauof reconstructed D mesons. At high, the small number of
candidates is the consequence of the steeply falling D-mpsspectra.
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intervals with their statistical (vertical bars) and systgic (boxes) uncertainties, apart from the feed-
down fraction uncertainty, which is drawn separately in ioétom panels. The position of points on
the abscissa is the average valugdhicn/dn ) /(dNcy/dn), but for some meson species they are shifted
horizontally by 15% to improve the visibility. The relative yields of the ter®-meson species are
consistent with one another in gt intervals within uncertainties.
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Figure 6: Relative ¥, D* and D" meson yields for two selecteph intervals as a function of charged-
particle multiplicity at central rapidity. The relativeefds are presented in the top panels with their statistical
(vertical bars) and systematic (empty boxes) uncertangpart from the feed-down fraction uncertainty, which
is drawn separately in the bottom panels. The position ofpthiats on the abscissa is the average value of
(dNch/dn) /(dNen/dn). For DY and D" mesons the points are shifted horizontally h$% to improve the
visibility. The diagonal (dashed) line is also shown to guilde eye.

The average of the relative®PD* and D" yields was evaluated considering the inverse square af thei
relative statistical uncertainties as weights. The yigldeetion uncertainties were treated as uncorrelated
systematic uncertainties, while the feed-down subtractincertainties were considered as correlated
uncertainty sources. Figure 7(a) presents the average dovmgelds for eaclpr interval. The results
are reported in Tab[e’Al.4. Ther evolution of the yields was examined using the results iRthepr <

4 GeV/c interval as reference and by computing the ratio betweeavbeage relative D-meson yields
in the variouspr intervals and those in 2 pr < 4 GeV/c. The results are shown in F[g. 7[b). The yield
increase is independent of transverse momentum within tbertainties of the measurement. The D-
meson yields show a faster-than-linear increase with thegeld-particle multiplicity at central rapidity.
The yield increase is approximately a factor of 7 for muitiples of 4.2 timegdN¢/dn). These results
are compared with the equivalent measurements in pp oolfisias well as with model calculations, in
Sec[6.2.11.

The measurement of the relativé,[D* and D't yields was also performed as a function of the rela-
tive charged-particle multiplicity at large rapidity inglPb-going direction, thus introducing gngap
between the regions where the D mesons and the multiplicgyreeasured. The charge collected by
the VOA detectorNyoa, was considered as a multiplicity estimator (see §ed. Snulations have
shown that the collected charge is proportional to the athparticle multiplicity in the measuregl
range, 28 < n < 5.1. The relative D-meson yields measuredpinand Nyga intervals are reported as
a function of the relative multiplicity in the VOA detectdﬂVOA/<NVOA>. The P, Dt and D' yields
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Figure 7: Average of relative B, D* and D'* yields as a function of the relative charged-particle rplittity at
central rapidity. (a) Average of relative D-meson yieldginintervals. (b) Ratio of the average relative yields in all
pr intervals with respect to that of the2 pt < 4 GeV/cinterval. The results are presented in the top panels with
their statistical (vertical bars) and systematic (boxe®eutainties, apart from the feed-down fraction uncetyain
which is drawn separately in the bottom panels. The posafdhe points on the abscissa is the average value of
(dNn/dn) /(dNen/dn ). For somepr intervals the points are shifted horizontally bj% to improve the visibility.
The dashed lines are also shown to guide the eye, a diago(a) and a constant on (b).

are consistent with one another in all the measurementvaitgrwithin uncertainties. The average D-
meson yield was calculated with the same procedure uselddoesults as a function of charged-particle
multiplicity at mid-rapidity. Figurd B and Table"A.5 sumnsa these measurements. The results are
independent of transverse momentum within the uncerésirdi the measurement. The charmed-meson
yield increases with the multiplicity at backward rapidityhe yield increase is consistent with a lin-
ear growth as a function of multiplicity. The results as action of VOA multiplicity indicate that the
per-event D-meson yield increases as a function of muditgliregardless of thg range in which the
multiplicity is measured. This remains the case even whegllarged-particle yield is measured in a dif
ferentn interval from the D mesons, which originate from the fragtadon of charm quarks produced
in hard partonic scattering processes.

One notable effect to consider when comparing the trendsmiBon production as a function of multi-

plicity at central and large rapidity is that the chargedipke multiplicity was observed to scale differ-

ently with the number of nucleons involved in the p—A intei@t depending om [@@] In particular,

at central rapidity the charged-particle multiplicity muhd to scale with the number of participant nu-
cleons,Npart, While at large rapidities in the Pb-going direction (i.ethe VOA acceptance) it scales with
the number of participants of the Pb nucleus, which is equislhf;t— 1 = Ncoi in p—Pb collisions.

It was verified that the results of the D-meson yields as atfonof multiplicity are consistent with those
of the Qupp analysis (see Sell 5). In tiggp, analysis, D-meson production is studied by dividing the
events into centrality classes equally populated by 20%eétents, whereas in this section we examine
events with extremely high multiplicity (see Tablds 2 ahdByents with low (high) multiplicity corre-
spond to interactions with a smaller (larger) number of reakterings per nucleon-nucleon collision,
as well as to negative (positive) multiplicity fluctuatiowhich affect event classification and influence
both measurements.
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Figure 8: Average of relative B, D* and D" yields as a function of the relative VOA multiplicitjyvoa,
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6.2.1 Comparison of p—Pb data with pp results and models

The relative D-meson yield (average o, and D'*) as a function of charged-particle multiplicity at
central rapidity in p—Pb collisions gfsyn = 5.02 TeV is compared with the corresponding pp measure-
ments at/s= 7 TeV for 2< pr < 4 GeV/cin Fig.[9(a). A similar relative increase of charmed-meson
yield with charged-particle multiplicity is observed in ppd p—Pb collisions. Note that the multiplicity
is measured for both pp and p—Pb collisions in the same psapidity range in the laboratory system,
which corresponds to different ranges in the centre-ofsnfigne for the two collision systems, due to
the asymmetry of the beam energies in the p—Pb case.

The increasing yield in pp data can be described by caloulatiaking into account the contribution of
Multiple-Parton Interactions MPIH?E—IZS] by the inflienof the interactions between colour sources
in the percolation modemsﬁ(jM], or by the effect of theialitonditions of the collision followed by

a hydrodynamic evolution computed with the EPOS 3 eventr@mte@,gb] where the individual
scatterings are identified with parton ladders. In p—Phgiotis, the multiplicity dependence of heavy-
flavour production is also affected by the presence of nleltjinary nucleon—nucleon interactions, and
the initial conditions of the collision are modified due to KINffects.

Charmed-meson yields in pp and p—Pb collisions as a funofitre relative multiplicity at large rapidity
are compared in Fig. 9(p) for 2 pr < 4 GeV/c. The multiplicity in p—Pb collisions is measured in
2.8 < n <5.1inthe Pb-going direction, whereas in pp data the muliijiis at backward (B < n <5.1)

and forward ¢3.7 < n < —1.7) pseudorapidity were summed together. The D-meson yietatease
faster in pp than p—Pb collisions as a function of the redatiwltiplicity at backward rapidity. The
different pseudorapidity intervals of the multiplicity emurement may contribute to this observation.
In addition, measurements in p—Pb collisions differ frorast in pp interactions because the initial
conditions of the collision are affected by the presencé®fRb nucleus, and because there are multiple
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binary nucleon—nucleon interactions per p—Pb collision.
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Figure 9: Average relative D-meson yields jyap| < 0.5 as a function of (a) the relative charged-particle mul-
tiplicity at mid-rapidity|n| < 1.0, and (b) at backward-rapidity®@< n < 5.1 (including also-3.7 < n < —-1.7

in pp data) for 2< pt < 4 GeV/c. The relative yields are presented in the top panels with #hatistical (ver-
tical bars) and systematic (boxes) uncertainties, apan fihe uncertainty on the B feed-down fraction, which
is drawn separately in the bottom panels. The positions @fthints on the abscissa are the average values of
(dNn/dn) /(dNen/dn ) or Nyoa / (Nvoa). A diagonal (dashed) line is also shown to guide the eye.

Figured 1D an@1 present comparisons of the D-meson reswt&POS 3.116 model estimates. The
EPOS 3 event generat@:ﬁ] 36] imposes the same theoreioawork for various colliding systems:
pp, p—A and A-A. The initial conditions are generated usheg‘Parton-based Gribov-Regge” formal-
ism EEIS] of multiple scatterings. Each individual scatteris identified with a parton ladder, composed
of a pQCD hard process with initial- and final-state radiatibhe non-linear effects of parton evolution
are treated introducing a saturation scale below whichetleffects become important. With these initial
conditions, a 3D+1 viscous hydrodynamical evolution isligobpto the core of the colIisiorEiBG]. The
measurements agree with the EPOS 3 model calculationsnwitidertainties. The results at high mul-
tiplicity are better reproduced by the calculation inchglia viscous hydrodynamical evolution of the
collision, which predicts a faster-than-linear increaf¢he charmed-meson yield with multiplicity at
central rapidity. The same calculation evaluates an appiately linear increase of the charmed-meson
yield with the multiplicity measured at backward rapidityetto the reduced influence of flow on charged
particles produced at large rapidity.

7 Summary

The production of B, D* and D" mesons as a function of multiplicity in p—Pb collisions,#n =
5.02 TeV, measured with the ALICE detector, has been repofethesons were reconstructed in their
hadronic decays in different transverse momentum intemadthin 1 < py < 24 GeV/c, in the centre-
of-mass rapidity range-0.96 < yems < 0.04. The multiplicity dependence of D-meson production was
studied both by comparing their yields in p—Pb collisions ¥arious centrality classes with those of
binary scaled pp collisions at the same centre-of-masygnea the nuclear modification factor, and
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Figure 10: Average relative D-meson yield as a function of the relatiiarged-particle multiplicity at cen-
tral rapidity in differentpr intervals. The systematic uncertainties on the data ndsatain (-3.1%), on the
(chh/dr))/<chh/dr]> values (£6.3%), and on the feed-down contribution are not shown in thig&. The calcu-
lations of EPOS 3.116 with and without hydﬂ[@, 36] are alsown. The coloured lines represent the calculation
curves, whereas the shaded bands represent their stdtisteertainties at given values(mil\lch/dn)/(chh/dm.

A diagonal (dashed) line is also shown to guide the eye.

by evaluating the relative yields sliced in multiplicitytémvals with respect to the multiplicity-integrated
ones.

The pr-differential nuclear modification facta@,pp, of the D mesons was evaluated with three centrality
estimators according to the multiplicity measured in défe pseudorapidity intervals: CL1 im| <

1.4, VOA in 28 < n < 5.1 in the Pb-going direction, and the energy of slow neutrateaed by the
ZNA calorimeter at very large rapidity. For each estimatbe events were classified in four classes
corresponding to percentiles of the cross section: 0-2@%4@6, 40-60% and 60-100%. TQgpp
results for the three D-meson species fluctuate around anifyare consistent in the measuggdand
centrality intervals within uncertainties. The resultghwihe CL1 estimator suggest an ordering from
higher ¢ 1) to lower « 1) Qppp values from the 0—-20% to the 60—100% centrality class. Tigjsadlity

is reduced whe@Qupy is calculated using the VOA estimator, and vanishes whes determined with
the ZNA estimator Q,pp~ 1). These effects are understood to be due to the biases wethglity
determination in p—Pb collisions based on measurementaltifoficity. The ZNA estimator is the least
affected by these sources of biases, andfg results obtained with this estimator indicate that there is
no evidence of a centrality dependence of the D-meson ptiodua p—Pb collisions with respect to that
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Figure 11: Average relative D-meson yield as a function of the relatf@® multiplicity at backward rapidity

in different pt intervals. The systematic uncertainties on the data nasatain (-3.1%), on theNVOA/<NVOA>
values {5.0%), and on the feed-down contribution are not shown in tgisré. The calculations of EPOS 3.116
with and without hydro@ﬁG] are also shown. The colouiedd represent the calculation curves, whereas the
shaded bands represent their statistical uncertaintggsext values ON\/OA/<N\/OA>. A diagonal (dashed) line is
also shown to guide the eye.

of pp collisions at the same centre-of-mass energy in thesanedpy interval within the uncertainties.

The D-meson yields were also studied in p—Pb collisions ametibn of the relative charged-particle
multiplicity at mid-rapidity,| | < 1.0, and at large rapidity,.8 < n < 5.1, in the Pb-going direction. The
relative yields, i.e. the yields in a given multiplicity exval divided by the multiplicity-integrated ones,
were calculated differentially in transverse momentuncdntrast taQupp, Which examines particle pro-
duction in samples of 20% of the analysed events, this obblrexplores events from low to extremely
high multiplicities corresponding to only 5% (1%) of the brs&d events in p—Pb (pp) collisions. The
measurements of the relative yields fof,d" and D' mesons are consistent within the uncertainties.
The D-meson yields increase with charged-particle midity] and the increase is independentmf
within the measurement uncertainties. The yield increadtisa faster-than-linear trend as a function of
the charged-particle multiplicity at mid-rapidity. Thigheviour is similar to that of the corresponding
measurements in pp collisions-gb = 7 TeV. Possible interpretations include short-distancemgradi-
ation, contributions from Multiple-Parton Interactioribe influence of initial conditions followed by a
hydrodynamic expansion (EPOS 3 event generator), or tteolagion model scenario. In addition, the
contribution from multiple binary nucleon-nucleon cdlliss must be considered in p—Pb collisions. By
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contrast, the increase of the charmed-meson yields as daruf charged-particle multiplicity at large
rapidity in the Pb-going direction is consistent with a Aangrowth as a function of multiplicity. EPOS 3
Monte Carlo calculations are in reasonable agreement hétlp+Pb results within uncertainties.
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A Result tables

ZNA estimator

0-20% 20-40% 40-60% 60-100%
pr (GeVv/o) Qopb

1-2 073+0.14701, 0.82+0.15'942  0.63+0.14'31% 0.85+£0.19"339
2-4 102+0.07131  1.03£0.07"317 0.93+£0.07'21% 087+0.06512
4-6 107+0.06'315  1.05+£0.06731% 0.93+£0.067012 0.92+0.06"518
6-8 104+0.087315 0.97+0.087012 0.99+0.087012 1.01+0.09712
8-12 098+0.08'31%  0.98+0.08"01¢ 0.84+0.09'01; 0.94+0.09 51
12-16 102+0.19°91,  1.14+0.23'31% 0.75+£0.17"21; 0.88+0.1979%
16-24 084+0.37"028 0.95+025'922 1.15+041793 -
Normalisation unc. +0.07 +0.05 +0.07 +0.08

Table A.1: AverageQppp, of DO, D* and D' mesons for the sum of particles and antiparticles in seveuii-
plicity and pr intervals for p—Pb collisions gysyn = 5.02 TeV as a function of the multiplicity at central rapidity
evaluated with the ZNA estimator. The values are reportgdtteer with their uncertainties, which are quoted as
statistical followed by systematic uncertainties.

CL1 estimator

0-20% 20-40% 40-60% 60-100%
pr (GeV/c) Qppb
1-2 090+£0.16"923  0.83+0.15'323  0.50+0.10'313 0.53+0.117012
2-4 135+0.08'22  0.89+0.06'012 0.78+£0.05'01F 0.50+0.04"5%9
4-6 138+0.07'337  0.99+£0.05°312 0.73£0.04"011 0.47+0.03755%
6-8 128+0.09'335 0.98+£0.077312 0.77+£0.06015 0.51+0.05538
8-12 128+0.10792%  0.96+0.08'512 0.69+0.07° 91 0.47+0.07°538
0.20 0.20 0.14
12-16 119+0.22°920  1.14+0.21'33%  0.78+£0.16'21% -
0.27 0.28
16-24 120+0.26"03)  1.24+0.56' 338 - -
Normalisation unc. +0.05 +0.05 +0.07 +0.23

Table A.2: AverageQppp, of DO, D* and D' mesons for the sum of particles and antiparticles in seveuii-
plicity and pr intervals for p—Pb collisions gysyn = 5.02 TeV as a function of the multiplicity at central rapidity
evaluated with the CL1 estimator. The values are reportgelth@r with their uncertainties, which are quoted as
statistical followed by systematic uncertainties.
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VOA estimator

0-20% 20-40% 40-60% 60-100%
pr (GeV/c) Qppb
0.20 0.20 0.24 0.19
1-2 086+0.16'570  0.70+0.14329  0.77+0.15'323  0.65+0.15"213
2-4 121+0.08'339 0.94+£0.06"3713 0.89+£0.06072 0.71+0.06" 513
4-6 119+0.06 318 1.06+0.0601% 0.89+0.05013 0.75+0.05013
0.16 0.16 0.15 0.12
6-8 108+0.08"015 1.04+0.08"7018 0.99+0.08012 0.76+0.077013
0.18 0.15 0.15 0.12
8-12 114+0.09737g 0.92+0.08'312 0.924+0.09"772 0.75+0.08" 315
0.18 0.19 0.19 0.14
12-16 1040217318 1.09+0.217213 0.99+0.20"073 0.81+0.217912
16-24 106023337 1.08+0.49753° - -
Normalisation unc. +0.05 +0.05 +0.06 +0.22

Table A.3: AverageQppp, of DO, D* and D" mesons for the sum of particles and antiparticles in sevedti-
plicity and py intervals for p—Pb collisions gysyny = 5.02 TeV as a function of the multiplicity at central rapidity
evaluated with the VOA estimator. The values are reportgdtteer with their uncertainties, which are quoted as
statistical followed by systematic uncertainties.
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T€

(dNgn/dn) / {dNep/dn)

0.56::0.04 135+0.09 1724011 211+0.13 285+0.18 427+0.27
pr (Gev/c) d*N/dydpr /(d°N/dydpr)
1-2 042+0.04+0.03"05%  1.46+0.18+0.08'33) 2.10+0.30+0.13"0% 2.90+0.44+0.24'512  3.65+0.60+0.30 299 -
2-4 043+£0.01+0.01709%  1.33+0.05+£0.04'53; 2.05+0.08+£0.06 3%  2.40+0.09+0.077595 3.80+0.13+0.1173%  7.16:0.84+0.357299
4-8 042+0.01+£0.017953 141400400355, 1.93+0.06+:0.04"39% 236+0.08+0.05'395 3.86+0.11+0.08" 3% 530+0.71+0.25"393
8-12 041+0.02+£0.017533  1.45+£0.08+£0.057302 2.01+£0.13+0.077973 2.23+0.15+£0.08'39) 3.67+£0.21+0.127099  8.42+1.38+0.45'999
12-24 040-+£0.04£0.02"093  1.39+£0.15+£0.08"09) 1.77+£0.26+£0.13"095 3.37+£0.30+£0.22"011 3.53+£0.37+0.21732 -

Table A.4: Average of relative B, D* and D" meson yields for the sum of particles and antiparticles iress multiplicity andpy intervals for p—Pb collisions
at,/Syn = 5.02 TeV as a function of the relative charged-particle mlittify at central rapidity. The values are reported togethi¢h their uncertainties, which are quoted
in the order: statistical, systematic and feed-down cbuation uncertainties. The yields reported here are peagtielevent. The global normalisation uncertainty 48

is not shown.
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ce

Nvoa / (Nvoa)

0.48+0.02 132+0.07 181+0.09 236+0.12 329+0.16
(2.72+0.14)

pr (GeV/c) d”N/dydpr /(d*N /dydpr)
1-2 055-+0.05+0.027055 1.57+0.19+0.06705%2 1.92+0.2840.083%9 (2.694+0.39+0.147219)
2-4 052+ 0.01+0.017053  1.47+0.05+0.047058 1.91+0.07+0.0570% 2.50+0.114+0.07"05] 3.25+0.174+0.0970%2
4-8 0514+ 0.01+0.017093 159+ 0.0440.03"33% 1.934+0.06+0.0470%8 2.43+0.094+0.05'395 3.02+0.14+0.077999
8-12 055+0.02+0.027533 1.60+0.08+£0.057532 1.84+0.12+0.06"593 262+0.17+0.087597 3.03+0.27+0.10°5%
12-24 056-+0.04+0.03705F 1.53+0.154+0.07"302 2.224+0.22+0.11721% (2.274+0.25+0.1373%9)

Table A.5: Average of relative B, D* and D" meson yields for the sum of particles and antiparticles iress multiplicity andpy intervals for p—Pb collisions
at,/Syn = 5.02 TeV as a function of the relative average multiplicityhie tvZERO detectoNVOA/(NVOA>. The uncertainties are shown in the following order: stiat,
systematic, and feed-down contribution uncertainties global normalisation uncertainty ofi3%6 is not shown. The yields reported here are normalisedstintidastic

cross section. For & py < 2 GeV/cand 12< py < 24 GeV/c, the final two multiplicity intervals are merged, and theulesare shown in parentheses.
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