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Abstract

The pr-differential inclusive production cross section of themipt charm-strange mesory bn the
rapidity rangely| < 0.5 was measured in proton—proton collisions/&= 7 TeV at the LHC using

the ALICE detector. The analysis was performed on a data lgeoh@.98 x 108 events collected with

a minimum-bias trigger. The corresponding integrated hasity isLi,; = 4.8 nb~1. Reconstructing

the decay @ — @m", with ¢ — K~K*, and its charge conjugate, about 48¢ esons were
counted, after selection cuts, in the transverse momerdanger2< pr < 12 GeV/c. The results are
compared with the prediction of a model based on perturd&€D. The ratios of the cross sections
of four D meson species (namely’ DD+, D** and ) were determined both as a function f

and integrated ovepy after extrapolating to fulpr range, together with the strangeness suppression
factor in charm fragmentation. The obtained values areddarbe compatible within uncertainties

with those measured by other experiments’ieg ep and pp interactions at various centre-of-mass
energies.

*See AppendikA for the list of collaboration members
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1 Introduction

The measurement of open charm production in proton—proton (pp) coflisibthe Large Hadron Col-
lider (LHC) provides a way to test predictions of quantum chromodynam@&i)) at the highest avail-
able collision energies. Charm and beauty production cross sectiortseecammputed in perturbative
QCD (pQCD) using the factorization approath[1, 2]. In this schemescsections are computed as a
convolution of three terms: the parton distribution functions of the incomintppsy the partonic hard
scattering cross section, and the fragmentation process. The partothisdadtering cross section is
computed through a perturbative calculatioii [1, 2], while the parton disibéunctions and the frag-
mentation process are parametrized on experimental data. In particullkagheentation describes the
non-perturbative transition of a charm quark to a hadron. It is modeleal foragmentation function,
which parametrizes the fraction of quark energy transferred to thaipeachadron, and by the fragmen-
tation fractionsf (c — D), which describe the probability of a charm quark to hadronize into a pkaticu
hadron species.

The production of prompt ) D* and D" mesons in pp collisions ats= 7 TeV was measured with the
ALICE detector at two centre-of-mass energies, namely 7 and 2.76 Td) [Bere, ‘prompt’ indicates D
mesons produced at the pp interaction point, either directly in the hadromizdtibe charm quark or in
strong decays of excited charm resonances. The contribution frakdezays of beauty mesons, which
give rise to feed-down D mesons displaced from the interaction vertessw@racted. The measurneg
differential cross sections for prompfPD* and D+ are described within uncertainties by theoretical
predictions based on pQCD at next-to-leading order (e.g. in the gemewsa-variable-flavour-number
scheme, GM-VFNS[]6]) or at fixed order with next-to-leading-log resutmomaFONLL [5]). The
central value of the GM-VFNS predictions for these three mesons liensgttally above the data. On
the other hand, the data tend to be higher than the central value of the F@MgtIctions, as it was
observed at lower collision energies, namely at the Tevalfrion [7, 8J;entedronic decays of D mesons
were reconstructed, and at RHIC, where measurements of electoomsé&mileptonic D and B decays
were performed [9, 10].

The measurement of thgr-differential prompt ' meson production is of particular interest due to its
strange valence quark content. Thg production cross section in hadronic collisions was measured at
lower energies at the Tevatron collider in the transverse momergghrgnge 8< pr < 12 GeV/c [[7].
Preliminary results for D production at the LHC were reported by the LHCb Collaboration for prompt
mesons at forward rapidity [11] and by the ATLAS Collaboration at céméyaidity [12]. The LHCb
Collaboration also measured the asymmetry between promiparidl O; production in the rapidity
region 2< y < 4.5 and for transverse momenpa > 2 GeV/c, observing a small excess of Dnesons:
Ap=(0(DJ)—0o(Dg))/(0(Dg)+0(Dg)) = (—0.33+0.22+0.10)% [13]. Such a particle-antiparticle
production asymmetry is understood in phenomenological models as due tffatieod the beam
remnants on the heavy-quark hadronization, seele.g. [14].

Charm production has been measured in ep interactions at the HERA cblidbe ZEUS [[15] and
H1 [16] Collaborations, as well as infe~ annihilations, at the Zresonance, by the ALEPH [17],
DELPHI [18] and OPAL [19] Collaborations, and at centre-of-massrgies of about 10 GeV by the
CLEO [20] and ARGUSI[[21] Collaborations.

As far as theoretical models are concerned, a calculation of therduction cross section within
the FONLL framework is not available, because of the poor knowledgheparton fragmentation
function. The measured data points can be compared with the GM-VFN&twadhat uses meson
specific fragmentation functions [22].

From the differential production cross section of promdt D, D** and D mesons, the relative
production yields of the D meson species can be studied as a function ®f¢rae@ momentum. At
dependence is expected for these ratios, due to differences in timeefngagion function of the charm
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quark in the four considered meson species, and because of themiftentributions from decays of
higher excited states. In this sense, the measurement of the ratios beted@mibson species can
provide information on the fragmentation functions that can be used in th®p@Qdtiels based on the
factorization approach. The suppression of strange meson productibe charm fragmentation is
quantified by the strangeness suppression faggowhich is computed from the measurefl, D* and

D¢ cross sections extrapolated to fpil range, as defined in Sectibh 6. The values measured at the LHC
can be compared with those measured for different energies andediffelliding systems [23].

Furthermore, the measurement of I pp collisions provides a reference for the studies of charm
production in heavy-ion collisions. According to QCD calculations on the lattinder the conditions

of high energy-density and temperature that are reached in these callidienconfinement of quarks
and gluons into hadrons vanishes and a transition to a Quark-Gluon Pl pccurs [24]. Charm
hadrons are a powerful tool to study the properties of the QCD mediuatectén these collisions [25-
[27]. In particular, the @ meson is sensitive to strangeness production in heavy-ion collisions g8tran
guarks are abundant in the QGP, resulting in an enhanced productitranfje particles with respect
to pp collisions [[28=31]. Hence, at low momentum, the relative yield of esons with respect
to non-strange charm mesons (such &sadd D') is predicted to be enhanced in nucleus-nucleus
collisions [32£34], if the dominant mechanism for D meson formation at lowfirediate momenta

is in-medium hadronization of charm quarks via coalescence with straragksy [355317].

In this paper, we report on the measurementpfioduction cross section in pp collisions,gg = 7 TeV

with the ALICE detector at the LHC. Dmesons were reconstructed through their hadronic decay chan-
nel D — @m™ with a subsequent decgy— K~ K. The pr-differential cross section is measured over
a range of transverse momentum extending from 2 &a¥p to 12 GeVc at central rapidity|y| < 0.5.

In Sectior2, the detector layout and the data sample are described. Tdlisvget], in Sectioh3, by

the description of the D meson reconstruction strategy, the selection cuts, and the raw yield extractio
from the invariant mass distributions. The various corrections appliedt&natihe production cross sec-
tions are illustrated in Sectidnd 4. This also includes the estimation of the fractigmowiptly produced

DJ mesons. The various sources of systematic uncertainties are discuskgdiliin Sectiofi5. The
results on thepr-differential cross section compared with pQCD theoretical predictiomsPtimeson
production ratios, and the strangeness suppression factor aratpceseSectiof]6.

2 Detector layout and data collection

The ALICE detector is described in detail in [38]. It is composed of a eéb@rrel, a forward muon
spectrometer, and a set of forward detectors for triggering and ehamcterization. The detectors of
the central barrel are located inside a large solenoid magnet that ppaviaegnetic field B= 0.5 T,
parallel to the beam line.

DJ mesons, and their charge conjugates, were reconstructed in the captdily region from their
decays into three charged hadrons KK rt"), utilizing the tracking, vertexing and particle identification
capabilities of the central barrel detectors.

The trajectories of the decay particles were reconstructed from their hte imner Tracking System
(ITS) and in the Time Projection Chamber (TPC) detectors in the pseudtityaqange|n| < 0.8. The
ITS [39] consists of six cylindrical layers of silicon detectors with radii ie tange between 3.9 cm
and 43.0 cm. The two innermost layers are equipped with Silicon Pixel Detg@BD), Silicon Drift
Detectors (SDD) are used in the two intermediate layers, while the two outelagess are composed
of double-sided Silicon Strip Detectors (SSD). The ITS, thanks to the tpgtias resolution of the
reconstructed hits, the low material budget (on average 7.7% of a radiettigth for tracks atf) = 0),
and the small distance of the innermost layer from the beam vacuum tubedes the capability to
detect the secondary vertices originating from heavy flavour dechgs.this purpose, a key role is
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played by the two layers of SPD detectors, which are located at radigibpssof 3.9 and 7.6 cm from
the beam line and cover the pseudo-rapidity rangésc 2.0 and|n| < 1.4, respectively. The TPC[40]
provides track reconstruction with up to 159 space points per track in a dgthéctive volume of about
90 n?. The active volume has an inner radius of about 85 cm, an outer radasaf 250 cm, and an
overall length along the beam direction of 500 cm.

Particle identification (PID) is provided by the measurement of the specifizaiton energy loss, i/ dx,

in the TPC and of the flight time in the time-of-flight (TOF) detector. Thg'dk samples measured by
the TPC are reduced, by means of a truncated mean, to a Gaussian distribitiica resolution of
Ode /dx/ (dE /dX) =~ 5.5% [40]. The TOF detector is positioned at 370-399 c¢m from the beamaaxis
covers the full azimuth for the pseudo-rapidity rarjgé < 0.9. The particle identification is based
on the difference between the measured time-of-flight and its expectes] ealnputed for each mass
hypothesis from the track momentum and length. The overall resolution owliffésence is about
160 ps and it includes the detector intrinsic resolution, the contribution freneldctronics and the
calibration, the uncertainty on the start time of the event (i.e. the time of the co)lisind the tracking
and momentum resolution. The start time of the event is defined as the weigbtagabetween the one
estimated using the particle arrival times at the TOF [41] and the one medsutieel TO detector. The
TO detector is composed of two arrays of Cherenkov counters locatedhmar side of the interaction
point at4+-350 cm and-70 cm from the nominal vertex position along the beam-line. In this analysis,
the time-of-flight measurement provides kaon/pion separation up to a momehabuout 15 GeV/c.

The data sample used for the analysis consists of 298 million minimum-bias (MBdlfigions at
V/S= 7 TeV, corresponding to an integrated luminodify; = 4.8 nb?, collected during the 2010
LHC run period. The minimum-bias trigger was based on the information of tbee® the VZERO
detectors. The VZERO detector is composed of two arrays of scintillator tilés full azimuthal
coverage in the pseudo-rapidity region8 2 n < 5.1 and—3.7 < n < —1.7. Minimum-bias collisions
were triggered by requiring at least one hit in either of the VZERO cosrgein the SPD|f| < 2),
in coincidence with the arrival of proton bunches from both directionsis Trigger was estimated to
be sensitive to about 87% of the pp inelastic cross sedtian [42, 43].slivesfied by means of Monte
Carlo simulations based on the PYTHIA 6.4.21 event generator [44] (withgieO tune([45]) that
the minimum-bias trigger is 100% efficient for events containing D mesons itk 1 GeV/c and
ly| < 0.5 [3]. Events were further selected offline to remove the contamination fream-induced
background using the timing information from the VZERO and the correlatibwdsn the number of
hits and track segments (tracklets) in the SPD detector.

During the pp run, the luminosity in the ALICE experiment was limited to 0.B110?° cm?s ! by
displacing the beams in the transverse plane by 3.8 times the r.m.s. of their tsg@wdile, thus keeping
the probability of collision pile-up below 4% per triggered event. The luminegsn, measured from
the distribution of the reconstructed interaction vertices, had an r.m.s. wicihooft 4—-6 cm along the
beam direction and 35-50m in the transverse plane (the quoted ranges originate from the variations
of the beam conditions during the data taking). Only events with a vertexdfaithin =10 cm from
the centre of the detector along the beam line were used for the analysis.regnirement selects
a region where the vertex reconstruction efficiency is independent pbgsion along the beam line
and it provides almost uniform acceptance for particles within the pseadity rangen| < 0.8 for all
events in the analyzed sample. Pile-up events were identified by the predenare than one interaction
vertex reconstructed by matching hits in the two SPD layers (tracklets). &mt @as rejected from the
analyzed data sample if a second interaction vertex was found, it hacdst8laasociated tracklets, and
it was separated from the first one by more than 8 mm. The remaining undepdetaip is negligible
for the analysis described in this paper.
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3 DJ meson reconstruction and selection

DJ mesons and their antiparticles were reconstructed in the decay cliain @™ (and its charge
conjugate) followed byp — K~K*. The branching ratio (BR) of the chaindD— ¢m" — K~ K"t is
2.28+0.12% [46]. It should be noted that otheg Dneson decay channels can give rise to the same

K~K* " final state. Among them, those with larger BR are B KK+ and O — fo(980) 77", with
BR into the KKKt " final state of 263+ 0.13% and 1164 0.32%, respectively. However, as it will
be discussed in the following, the selection efficiency for these decayansdérongly suppressed by
the cuts applied to select the signal candidates, and therefore the niegiglneis dominated by the
D — gmt — K-K*mrt decays.

DJ mesons have a mean proper decay leregth- 150+ 2 um [46], which makes it possible to resolve
their decay vertex from the interaction (primary) vertex. The analysiseglyafor the extraction of
the signal from the large combinatorial background can therefore $edban the reconstruction and
selection of secondary vertex topologies with significant separationtfierprimary vertex.

DJ meson candidates were defined from triplets of tracks with proper ceag&ombination. Tracks
were selected requiringy| < 0.8, pr > 0.4 GeV/c, a minimum of 70 associated space points in the
TPC, x?/ndf < 2 for the track momentum fit in the TPC, and at least 2 associated hits in theuT&f
which at least one has to be in either of the two SPD layers. For tracksatiiefyysthese TPC and ITS
selection criteria, the transverse momentum resolution is better than fife-at GeV/c and about 2%

at pr = 10 GeV/c. The resolution on the track impact parameter (i.e. the distance of clogestahp

of the track to the primary interaction vertex) in the bending plag i better than 7um for pr > 1
GeVlc, well reproduced in Monte Carlo simulations [3].

For each @ candidate, in order to have an unbiased estimate of the interaction vertexetiteprimary
vertex was recalculated from the reconstructed tracks after excludingatididate decay tracks. The
secondary vertex was reconstructed from the decay tracks with theadgomghm used to compute the
primary vertex[[8]. The position resolution on the Rlecay vertices was estimated via Monte Carlo
simulations to be of the order of 1Qm for each of the three coordinates with little dependencgron
The resolution on the position of the primary vertex depends on the event laititifor the transverse
coordinates, where the information on the position and spread of the lunriegios is used to constrain
the vertex fit, it ranges from 40m in low-multiplicity events to about 12m in events with 40 charged
particles per unit of rapidity.

Candidates were then filtered by applying kinematical and topological cuthmwith particle iden-
tification criteria. With the track selection described above, the acceptanmegitity for D mesons
drops steeply to zero foy| 2 0.5 at low pr and|y|z0.8 at pr=5 GeV/c. A pr-dependent fiducial
acceptance cut was therefore applied on the D meson ragidity,yiiq(pr), wherepr is the OY trans-
verse momentum. The cut valugg(pr), increases from 0.5 to 0.8 in the transverse momentum range
0 < pr < 5 GeV/c according to a second-order polynomial function and it takes a consthr of 0.8

for pr > 5 GeV/c.

The topological selections were tuned to have a large statistical signifioatioesignal, while keeping
the selection efficiency as high as possible. It was also checked tHajrbaod fluctuations were not
causing a distortion in the signal line shape by verifying that then2son mass and its resolution were
in agreement with the Particle Data Group (PDG) valueg2 GeV/c? [46]) and the simulation results,
respectively. The resulting cut values depend on the transverse mameftine candidate.

The candidates were selected according to the decay length and theafdsi@gointing angle, which

is the angle between the reconstructed D meson momentum and the line conttestprgnary and
secondary vertex. The three tracks composing the candidate tripleteggrieed to have small distance
to the reconstructed decay vertex. In additiog, &ndidates were selected by requiring that one of the
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Table 1: Measured raw yields, signal (S) over background (B) andsitzl significance ( S/S+B ) for D and
their antiparticles in the four considered intervals. The estimation of the systematic uncertainttheraw yield
is described in Sectidd 5.

pr interval | NPs ™ + stat +syst | S/B (30) | Significance (&)
(GeVic)
2-4 125+364+25 0.12 3.6
4-6 189+354-28 0.26 6.3
6-8 79+19+12 0.40 4.8
8-12 85+16+17 0.58 5.6

two pairs of opposite-charged tracks has an invariant mass compatible &iBDIG world average for
the @ mass (1.019 GeXe? [46]). To further suppress the combinatorial background, the argjlgs)
and@’(K) were exploited 8*(m) is the angle between the pion in the Kiest frame and the KK flight
line, which is defined by the positions of the primary and secondary veitick® laboratory frame.
0’(K) is the angle between one of the kaons and the pion in the KK rest frame. utlvaloes used
for the D mesons with 2< pr < 4 GeVk were: decay length larger than 3@, co$peinting > 0.94,
MY —MEPC| < 8 MeV/c?, cost*(m) < 0.95, and|cos®6'(K)| > 0.1. A looser selection was applied
at higherpr due to the lower combinatorial background, resulting in a selection efficthat increases
with increasingpr.

Particle identification selections, based on the specific energy IBgsixdfrom the TPC and the time-
of-flight from the TOF detector, were used to obtain further reductich@background. Compatibility
cuts were applied to the difference between the measured signals ancexipested for a pion or a
kaon. A track was considered compatible with the kaon or pion hypothesihfits cE /dx and time-
of-flight were within 37 from the expected values, with at least one of them wittamn 2Zracks without

a TOF signal were identified using only the TPC information and requiringr @@npatibility with
the expected H/dx. Candidate triplets were required to have two tracks compatible with the kaon
hypothesis and one with the pion hypothesis. In addition, since the dedagtep@ith opposite charge
sign has to be a kaon, a triplet was rejected if the opposite-sign track wasmepatible with the kaon
hypothesis. This particle identification strategy preserves more than 90% bf signal and provides a
reduction of the combinatorial background under tef2ak by a factor of 10 in the lowept interval
(2< pr <4 GeV/c), afactor of 5 in 4< pr < 6 GeV/c and a factor of 2 at higher transverse momenta.

For each candidate, two values of invariant mass can be computedspmmndeng to the two possible
assignments of the kaon and pion mass to the two same-sign tracks. Siglidhteswith wrong mass
assignment to the same-sign tracks would give rise to a contribution to théimvarass distributions
that could potentially introduce a bias in the measured raw yieldlofif@sons. It was verified, both in
data and in simulations, that this contribution is reduced to a negligible level Ipattiele identification
selection and by the requirement that the invariant mass of the two trackifiateas kaons is compatible
with the ¢ PDG mass.

The raw signal yields were extracted by fitting the invariant mass distribuioeachpy interval as
shown in Fig[dL. The fitting function consists of a sum of a Gaussian and@nential function to
describe the signal and the background, respectively. Fagpraihtervals, the invariant mass range
used for the fit was .88 < MY, < 2.16 GeV/c?, chosen in order to exclude the region where the
background shape is affected by D+ K- K" " decays (BR=0.265% [46]) that give rise to a bump
at the D invariant mass (B70 GeV/c? [46]). The mean values of the Gaussian functions in all
transverse momentum intervals were found to be compatible within the uncegaaitiethe PDG
world average for the D mass. The Gaussian widths are well reproduced in Monte Carlo simulations.
In Table[1 the extracted raw yields of{Dmeson (sum of particle and antiparticle) are reported for
the different pr intervals, together with the signal-over-background (S/B) ratios and tatestecal
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Figure 1: Invariant mass distributions forDcandidates and charge conjugates in the four consigeradervals.
The fit functions described in the text are also shown. Theegsbf meany{) and width @) of the signal peak are
reported together with the signal counts (S).

significance, S/S-+ B, with signal and background evaluated by integrating the fit functions3a
around the centroid of the Gaussian.

4 Corrections

In order to obtain thepr-differential cross section for prompt (i.e. not coming from weak decay
of beauty mesons) P mesons, the raw yields obtained from the invariant mass analySis ')
were corrected for the experimental acceptance, the reconstructicsebattion efficiency, and for the
contribution to the @ measured yield from B meson decay feed-down. The production ceosiers of
prompt O mesons was computed as:

DY ra
doPs 1 1 fprompt'N s raw

—— M<yfid ) (1)
whereApr is the width of thepy interval, Ay (= 2y5q(pr)) is the width of the fiducial rapidity coverage
(see Sectiol]3) and BR is the decay branching ratig8® [46]). The factorfyompt is the prompt
fraction of the raw yield;(Acc x €)prompt is the acceptance times efficiency of promptly producgd D
mesons. The efficiency accounts for vertex reconstruction, track reconstruction and selgationfor
DJd candidate selection with the topological and particle identification criteria ibescin Sectior 3.
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Figure 2: Acceptancex efficiency for QI mesons as a function @fr, for prompt and feed-down Dmesons (left
panel) and decays througqhandK*0 intermediate resonant state (right panel).

The factor ¥2 accounts for the fact that the measured raw yields are the sui ehB Oy, while the
cross section is given for particles only, neglecting the small particle-atitiegoroduction asymmetry
observed by LHCb[13]. The integrated luminosity,; = 4.8 nb1, was computed from the number
of analyzed events and the cross section of pp collisions passing the minirasrtrigger condition
defined in Sectiohl2gppme = 62.2 mb [43[47]. The value ofi,p v Was derived from a van der Meer
scan [48] measurement, which has an uncertainty of 3.5%, mainly due to¢bgainties on the beam
intensities.

The acceptance and efficiency correction factors were determinaglpysicollisions simulated with the
PYTHIA 6.4.21 event generatdr [44] with the Perugia-0 tuné [45]. OmbBnés containing D mesons
were transported through the apparatus (using the GEANT3 trangu@{49]) and reconstructed. The
luminous region distribution and the conditions (active channels, gain, lavisk and alignment) of all
the ALICE detectors were included in the simulations, considering also thairtean with time during
the 2010 LHC run.

The acceptance-times-efficiency fog B+ g™ — K~K* i decays in the fiducial rapidity range de-
scribed in Sectio]3 are shown in the left panel Eig. 2 for prompt and-deach DI’ mesons. The
acceptance-times-efficiency for the prompt mesons increases frarh Eban the lowest considerget
interval up to 10-15% at higpy. For DI mesons from B decays, the efficiency is larger by a factor
1.5-2 (depending oprt) because the decay vertices of the feed-down D mesons are more elisfoan
the primary vertex and, therefore, they are more efficiently selected hgploéogical cuts. The differ-
ence between the prompt and feed-down efficiencies decreases wihsmgpr, because the applied
selections are looser in the higher transverse momentum intervals. Theeameetimes-efficiency for
prompt O mesons obtained without applying the particle identification selection is alsanstoosin-
gle out the PID contribution to the overall efficiency. The used particletifigation strategy preserves
more than 90% of the signal and does not show any significant depssndei mesonpr in the range
considered in this analysis.

As discussed in Sectidn 3, the decay of the @eson into the KK* 1" final state occurs via different
intermediate resonant states. The selection strategy used in this analysiesafat one of the
opposite-sign pairs of tracks composing the candidate triplet has an imvaréss compatible with the

@ meson. The decaysD— g™ — K~K* " are therefore preferentially selected by the applied cuts.
Nevertheless, a fraction of thelDdecaying via another resonant state can pass the selection cuts. In the
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right panel of Fig[R, the acceptance-times-efficiencies for pronjpti€caying to KK* rr* final state
via a@ and aK™® in the intermediate state are compared. The acceptance-times-efficietivy tacay

chain — KK+ — K-K*7r* is smaller by a factorz 100 with respect to the decay throughand it
is further reduced when applying the PID selection. Indeed, the PID stloevrejection of D decaying

via ak " that would pass the selection on the invariant mass oftimecase of wrong assignment of the
mass (kaon/pion) to the two same-sign tracks.

The contribution to the inclusive raw yields due t¢ Brom B feed-down was subtracted using the
beauty production cross section from the FONLL calculatioh![1, 5], the[® decay kinematics from

the EvtGen packagé [50], and the Monte Carlo efficiencies for feedrd mesons. Before running

the EvtGen decayer, the B admixture cross section predicted by FONLkpliaito that of B, B+, BY
and/\p by assuming the samgr shape for all hadrons and the production fractions from [46], namely
40.1% of B, 40.1% of B", 10.5% of K and 9.3% of beauty baryons. The resulting fraction of prompt
D< mesonsfpromps, depends on thpr interval, on the applied selection cuts, and on the parameters used
in the FONLL calculation for the B meson cross section. It ranges from id.93 lowest transverse
momentum interval (2 pr < 4 GeV/c) to ~ 0.87 at highpt (> 6 GeV/c).

5 Systematic uncertainties

The systematic uncertainties on thg Bross section are summarized in Tdble 2 for the considered
intervals.

The systematic uncertainty on the yield extraction was defined as the fulidspféhe OO yield values
obtained with different techniques to analyze the invariant mass distributi@ashpr interval. The fit

was repeated in different mass ranges and by varying the functionaisiedcribe the background. In
particular, first and second order polynomials were used instead ofpmmential for the background.

In case of fitting in an extended mass range, a second Gaussian sigriativded in the fit function to
account for the D — K~ K™ " decays. Furthermore, the yield extraction was repeated using a method
based on bin counting after subtraction of the background estimated ffiorim ahe mass side bands.
The resulting uncertainty amounts to 15-20% depending opithieterval, as detailed in Tablé 2.

The systematic uncertainty on the tracking efficiency (including the effietieotrack selection) was
evaluated by comparing the probability of track finding in the TPC and traakpgation from the TPC
to the ITS in the data with those in the simulation, and by varying the track qualitgtiegls. The

estimated uncertainty is 4% per track, which results in 12% for the threedmzhy of Q' mesons.

Another source of systematic uncertainty originates from the residuakgesacies between data and
simulation for the variables used to select the €andidates. The distributions of these variables were
compared for candidates passing loose topological cuts, i.e. essentiggrdand candidates, and
found to be well described in the simulation. The effect of the imperfect impitation of the detector
description in the Monte Carlo simulations was estimated by repeating the anaitysitifierent sets of
cuts. The cut values were changed in order to vary the efficiency wdlssglection by at least 20% in all
pr intervals. A systematic uncertainty of 15% was estimated from the spread @fsthiking corrected
yields. Part of this uncertainty is due to residual detector misalignment®fiet fully described in the
simulation. To estimate this contribution, the secondary vertices in the simulatienrenstructed
also after a track-by-track scaling of the impact parameter residuals \sjpeceto their true value. In
particular, a scaling factor of 1.08, tuned to reproduce the impact panarestéution observed in the
data (se€ [3]), was used. The resulting variation of the efficiency aasdfto be 4% in the lowesgir
interval used in this analysis and less than 1%ger> 6 GeV/c. This contribution was not included
explicitly in the systematic uncertainty, because it is already accounted fag puttvariation study.

Due to the limited statistics, it was not possible to analyze separagend Oy candidates to verify the
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absence of biases coming from a different reconstruction efficiedyeicks with positive and negative
charge sign not properly described in the simulafioThis check was carried out for other D meson
species[[B] without observing any significant difference betweeticpmand antiparticle.

The systematic uncertainty induced by a different efficiency for partiokmtification in data and
simulation was evaluated by comparing the resuliedifferential cross section with that obtained
using a different PID approach based oo @nstead of ) cuts on TPC &/dx and time-of-flight
signals, which preserves almost 100% of the signal. In addition, the Rilfleaty, was estimated by
comparing the reduction of signal yield due to the PID selection in data and itesiomy when the same
topological cuts are applied. Due to the limited statistical significance, this coed# be performed in
data only for d candidates integrated over the transverse momentum raager4 12 GeV/c. From
these studies, a systematic uncertainty of 7%, independgnt, @fas assigned to the PID selection.

The contribution to the measured yield frong Becaying into the KK* rr* final state via other resonant
channels (i.e. not via@meson) was found to be less than 1% due to the much lower selection efficiency,

as shown in the right panel of Figl 2 for the case of the decay thro@ﬁ.aThe contamination from
other decay chains (all having smaller branching ratio than the two regparkéd.[2) was also found to
be negligible.

The effect on the selection efficiency due to the shape of thePspectrum used in the simulation was
estimated from the relative difference between the Monte Carlo efficieabtaged using two different
pr shapes, namely those from PYTHIA [44] with Perugia-0 tun€ [45] anthfthe FONLL pQCD
calculation[1,5]. The resulting contribution to the systematic uncertainty ewasdifto be 3% in the two
lowestpr intervals, where the selection efficiency is stronglydependent, and 2% at highey.

The systematic uncertainty from the subtraction of feed-down D mesongstiasated following the
same approach as used fo?,* and D't mesons[[B]. The contribution of the FONLL perturbative
uncertainties was included by varying the heavy-quark masses andatbgzation and renormalization
scales g and g, independently in the rangesbo< pg/myr < 2, 05 < pr/myr < 2, with the constraint

0.5 < Ur/Ur < 2, Wheremy = \/p$+m§. The mass of the b quark was varied withirb4 m, <

5 GeV/c?. The uncertainty related to the B decay kinematics was estimated from theddébetween
the results obtained using PYTHIA [44] instead of EvtGen [50] for theiglardecays and was found to
be negligible with respect to the uncertainty on the B meson cross section ihlE@Nrthermore, the
prompt fraction obtained in eaghy interval was compared with the results of a different procedure in
which the FONLL cross sections for prompt and feed-down D mesonthaidrespective Monte Carlo
efficiencies are the input for evaluating the correction factor. SincelEOdbes not have a specific
prediction for @@ mesons, four different approaches were used to comput@tifferential cross
section of promptly producedD The first two approaches used the FONLL prediction for the generic
admixture of charm hadrons and that fof‘Dmesons (the D" mass being close to that of thel D
scaled with the fragmentation fractions of charm quarks in the differesitonéc speciesf(c — D),
measured by ALEPHT17]. The other two predictions for promgt Were computed using thpr-
differential cross section of ¢ quarks from FONLL, the fractidiis — D) from ALEPH [17], and the
fragmentation functions froni_[51], which have one parameteifwo definitions were considered for
ther parameter: iy = (mp —m.)/mp (Mp andm; being the masses of the considered D meson species
and of the ¢ quark, respectively) as proposed_in [51}; #) 0.1 for all mesons, as done in FONLL after
fitting the analytical forms of [51] to the D fragmentation function measured by ALEPH]52]. The
D% mesons produced in the ¢ quark fragmentation were made to decay with R¥aRdIthe resulting

DJ were summed to the primary ones to obtain the prompt yield. For all the fouicpoers used for
prompt I cross section, the evaluation &fomptincluded the FONLL perturbative uncertainties from
the variation of the factorization and renormalization scales in the rangedqalotee and of the ¢ quark

1The small particle-antiparticle asymmetry reported by the LHCb Collabor @] is negligible in this context.
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mass within 13 < m; < 1.7 GeV/c?. The systematic uncertainty on the B feed-down was defined from
the envelope of the resulting values Bfompt The resulting uncertainties in the transverse momentum
intervals used in this analysis are abdjﬁ% , as it can be seen in Talble 2.

Finally, the results have global systematic uncertainties due to the;prrt — K~ K™ ™ branching
ratio (5.3%[46]) and to the determination of the cross section of pp collisiassipg the minimum-bias
trigger condition (3.5%).

Table 2: Relative systematic uncertainties for the four considgrethtervals.

pr interval (GeV/c)

2-4 | 4-6 | 6-8 | 8-12
Raw yield extraction 20% | 15% | 15% | 20%
Tracking efficiency 12% | 12% | 12% | 12%
Topological selection efficiency 15% | 15% | 15% | 15%
PID efficiency 7% 7% 7% 7%
MC pr shape 3% | 3% | 2% 2%
Other resonant channels <1% | <1% | <1% | <1%
Feed-down from B Te% | T3% | T8% | T5%
Branching ratio 5.3%
Normalization 3.5%

6 Results

6.1 pr-differential D¢ cross section and meson ratios

The inclusive production cross section for promgt Biesons in four transverse momentum intervals in
the range Z pr < 12 GeV/cis shown in Fig[B. As discussed in sectldn 4, the cross section reported
in Fig.[3 refers to particles only, being computed as the average of padioteantiparticles under the
assumption that the production cross section is the samelfanid [, . The vertical error bars represent
the statistical uncertainties, while the systematic uncertainties are shownessaroxnd the data points.
The symbols are positioned horizontally at the centre of gaclinterval, with the horizontal bars
representing the width of ther interval. In TabldB, the numerical values of the prompt @oduction
cross section are reported together with the avemggef DS mesons in each transverse momentum
interval. The(pr) values were obtained from ther distribution of the candidates in the{Dpeak
region, after subtracting the background contribution estimated from tedaittls of the invariant mass
distribution. The measured differential production cross section is cadparthe theoretical prediction
from the GM-VFNS model[6, 53], which is found to be compatible with the mesamants, within the
uncertainties. The central value of the GM-VFNS prediction corresptemdhe default values of the
renormalization (r) and factorization (§ and pe for initial- and final-state singularities, respectively)

scales, i.e. Ur = [ = [ = My, wheremr = /p2+nmg, with mg = 1.5 GeV/c?. The theoretical
uncertainties are determined by varying the values of the renormalizatiofaetudization scales by
a factor of two up and down with the constraint that any ratio of the scapeters should be smaller
than or equal to twa |6]. The central value of the GM-VFNS prediction ib&ighan the measured point
by ~ 50% in the firstpy interval, while in the other intervals it agrees with the data withit5%. For
DO, D* and D" mesons measured by ALICE at the same pp collision enéigy [3], the cealnal of
the GM-VFNS predictions was found to lie systematically above the data. As medtia Sectioi]1,
predictions for the D production cross section within the FONLL framework are not available,tdu
the poor knowledge of the fragmentation function for charm-strange raeson

The ratios of thepr-differential cross sections of Dand D' to that of I, taken from|[[3], are shown in
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Figure 3: (colour online)pr-differential inclusive cross section for prompt Bneson production in pp collisions
at/s=7 TeV. The symbols are positioned horizontally at the ceafreachpr interval. The horizontal error
bars represent ther interval width. The normalization uncertainty (3.5% frohetminimum-bias cross section
and 5.3% from the branching ratio uncertainties) is not sholheoretical prediction from GM-VFN$][6] is also
shown.

the top panels of Fig.J4. In the bottom panels of the same figure, the ratiog @ tltross section
to the I and D' ones are displayed. In the evaluation of the systematic uncertainties on the D
meson ratios, the sources of correlated and uncorrelated systematis efeze treated separately. In
particular, the contributions of the yield extraction, cut efficiency and gg[@ction were considered
as uncorrelated and summed in quadrature. The systematic uncertaintyBfetrtbdown subtraction,
being completely correlated, was estimated from the spread of the crtiss $atios obtained by varying
the factorization and renormalization scales and the heavy quark mass ihLF€&iKerently for all
mesons. The uncertainty on the tracking efficiency cancels completely iatihe between production
cross sections of mesons reconstructed from three-body decayetbgb™, D** and 00} ), while a 4%
systematic error was considered in the ratios involving tReri2sons, which are reconstructed from
a two-particle final state. The DD° and DX'/D* ratios were corrected for the different value of pp

Table 3: Production cross section jy| < 0.5 for prompt  mesons in pp collisions afs= 7 TeV, inpr intervals.
The normalization uncertainty (3.5% from the minimum-kgasss section and 5.3% from the branching ratio) is
not included in the systematic uncertainties reportedertaile.

pr interval (pr) do/dpr|y o5 +stat+syst
(GeVk) | (GeVk) (ub GeVv-1c)
2-4 | 27+04 19.8+£6.1727
4-6 | 47+0.1 5.04+1.03"}3
6-8 6.840.1 1.0140.28"238
8-12 | 9.4+01 0.2840.06"9 55
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Figure 4: Ratios of D meson production cross sections as a functiqgri oPredictions from FONLL, GM-VFNS
and PYTHIA 6.4.21 with the Perugia-0 tune are also shown. FONLL and GM-VFNS three sets of curves
are shown, corresponding to the central, upper and loweesadf the theoretical uncertainty band for the cross
section of the D meson species involved in the ratio.

minimum-bias cross section used|in [3] and in this analsis

The predictions from FONLL (only for & D* and D't mesons), GM-VFNS, and the PYTHIA 6.4.21
event generator with the Perugia-0 tune are also shown. For all thesd pnedictions, D mesons in the
rapidity rangely| < 0.5 were considered. In PYTHIA, the default configuration of the PierGgune for
charm hadronization was used.

The D'/D° and D*/DP ratios are determined in PYTHIA by an input parameter, PARJ(13), tHismtede

the probability that a charm or heavier meson has spin 1. In the PerugieeOthis parameter is set to
0.54 from the measured fractiong & heavy flavour mesons produced in vector state, see élg. [4, 23].
This setting results in an enhancement of theéM® and a reduction of the T/DP ratios with respect to
those obtained with the default value, PARJ(13)=0.75, based on spittircgu

The D¢ /D° and O /D™ ratios in PYTHIA are governed by another input parameter, PARJ(2}, th
defines the s/u (s/d) quark suppression factor in the fragmentatiorsgrdoghe Perugia-0 tune, PARJ(2)
is set to 0.2, which gives rise to a reduced abundancelofmBsons with respect to the default value of
0.3. With this parameter adjustment, PYTHIA with the Perugia-0 tune repredeesonably well the
value andpr shapes of the measured ratios involving D* and D, while it slightly underestimates
the abundance of Dmesons. The fact that PYTHIA with Perugia-0 tune underestimates thgstrass
production was already observed at the LHC in the light flavour sec4bE].

2The preliminary pp minimum-bias cross section value of 62.5 mb, us@],ings updated to 62.2 mb.
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In the Perugia 2011 tunke [66], PARJ(13) is set to the same value (0.5#jresPerugia-0 tune, while a
lower value of the strangeness suppression factor, PARJ(2)=01i$eds This results in the same values
of the Perugia-0 tune for the’@D° and D*/D° ratios, and in slightly lower values for thegD° and

Dd /DT ratios.

The ratios of the FONLL and GM-VFNS predictions were computed assumagetturbative uncer-
tainty to be fully correlated among the D meson species, i.e. using the samefecéiescross sections
at the numerator and at the denominator. Thus, the perturbative ungedantels almost completely
in the ratio, as it can be seen in Hig. 4 where for both FONLL and GM-VFNé&etkets of curves are
shown for each D meson ratio, corresponding to the central, upper aed \@lues of the theoretical
uncertainty band. The predictions from FONLL and GM-VFNS agree withoedainties with the mea-
sured particle ratios. Indeed, in FONLL and GM-VFNS, the relative dhnnes of the various D meson
species are not predicted by the theory: the fragmentation fractians> D) are taken from the exper-
imental measurements. On the other hand, in both the pQCD calculations; thependence of the
ratios of the D meson production cross sections arises from the diffeagmentation functions used to
model the transfer of energy from the charm quark to a specific D mgsmies [22, 57, 58] and from
the different contribution from decays of higher excited states. Themp#agmentation models used in
the calculations provide an adequate description of the measured datac@bared P/D° and ¢ /D*
ratios do not show a significapt dependence within the experimental uncertainties, thus suggesting a
small difference between the fragmentation functions of ¢ quarks to sti@mdynon-strange mesons. A
higher statistics data sample would be needed to conclude on a pgssitidgendence of the ratios of
strange to non-strange D meson cross sections.

6.2 pr-integrated D cross section andD meson ratios

The visible cross section of prompt;Onesons, obtained by integrating the-differential cross section

in the measureg@r range (2< pr < 12 GeV/c), is

025 =534 12(stat) " 1¥(syst) + 2(lumi.) + 3(BR) ub.

The production cross section per unit of rapidity;/dly, at mid-rapidity was computed by extrapolating
the visible cross section to the fyd- range. The extrapolation factor was extracted from the FONLL-
based predictions for the [Dpr-differential cross section described in Sectidn 5. The extrapolation
factor was taken as the ratio between the total@oduction cross section ify| < 0.5 and the cross
section integrated ity| < 0.5 and in thepr range where the experimental measurement is performed. In
particular, the central value of the extrapolation factor was computed thierprediction based on the
pr-differential cross section of ¢ quarks from FONLL, the fractidfis — D) from ALEPH [17], and the
fragmentation functions fronmi [51] with= 0.1. The uncertainty on the extrapolation factor was obtained
as a quadratic sum of the uncertainties from charm mass and perturbedies, varied in the ranges
described above, and from the CTEQG6.6 parton distribution functiorjs &®thermore, to account for
the uncertainty on the Dfragmentation function, the extrapolation factors and their uncertainties wer
also computed using the FONLL predictions fdt,D* and D't mesons and the envelope of the results
was assigned as systematic uncertainty. The resulting value for the éatiapéactor is 22357%. The
prompt O production cross section per unit of rapidity|im < 0.5 is then

doPs /dy = 118+ 28(stat)*2(syst) + 4(lumi.) + 7(BR) * 3&(extr.) ub.

The D meson production ratios were computed from the cross sectionsnpenf wapidity, do/dy.
The corresponding values for°PD* and D't from [3] were corrected to account for the updated
value of the pp minimum-bias cross section. The systematic uncertainties onitisenr@re computed
taking into account the correlated and uncorrelated sources as @esabbve. The resulting values
are reported in Tablel 4 and shown in the left-hand panel of[Fig. 5 togetitteithe results by other
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Table 4: Ratios of the measured production cross section for prompteBons inpt > 0 and|y| < 0.5 in pp
collisions at,/s=7 TeV.

Ratio+ (stat.)+ (syst.)+ (BR)
DF/D° | 0.48 + 0.07 + 0.11 + 0.01
D**/D% | 0.48 &+ 0.07 + 0.08 + 0.01
D$/D° | 0.23 4 0.06 + 0.08 + 0.01
DI/D* | 0.48 4+ 0.13 + 0.17 + 0.03

experiments that measured prompt charm production: LHCb [1#], data (taken from the compilation
in [60]), and ep data in photoproduction from ZEUSI[23] and DIS frotn[E6]. The error bars are the
guadratic sum of statistical and systematic uncertainties and do not includedbeainty on the decay
branching ratios, which are common to all experiments. The patrticle raticdH0S and ee~ were
computed from the compilation of fragmentation fractidris — D) published in[[28] after updating
the branching ratios of the considered decay channels to the most vedees [46]. For the ZEUS
data, the systematic uncertainties were propagated to the particle ratiosgeylytaking into account
correlated and uncorrelated sourdes [61]. For the H1 data, the D matsoswere computed starting
from the unconstrained values 6fc — D) published in[[16], taking into account the correlated part of
the systematic uncertainty and subtracting from the quoted ‘theoreticalftaimtg the contribution due
to the decay branching ratio [62]. Also in this case, a correction was dgple&ccount for the updates in
the branching ratios of the considered decay channels. The ALICHESese compatible with the other
measurements within uncertainties.

The values predicted by PYTHIA 6.4.21 with the Perugia-0 tune are alswrsimathe figure, as well as
those from a canonical implementation of the Statistical Hadronization Mo##j$63]. The values
from PYTHIA were obtained by integrating the prompt D meson yields in thgegi < 0.5 andpr > 0.
The SHM provides a good description of the measured hadron yields wyd@acollisions at various
energies and centraliti€s [64], but it can also be applied to small systemel[k&jand € e~ [66,/67].
The SHM results used for the present comparison were computed foppid mesons, assuming a
temperaturd of 164 MeV and a volum¥ of 30+10 fm®. The dependence on temperature of the cross
section ratios considered in this analysis is rather small within the few Me\ftanaty on the value of .

To properly reproduce the yield of strange particles in small systems asygih and €e~, an additional
parameter, the fugacity [65], is usually introduced in the partition functioo¢ount for the deviation of
strange particle yields from their chemical equilibrium values. For the SHiigtions reported here, a
value of strangeness fugacity aB0=+ 0.04, extrapolated from the results of a fit to particle yields in pp
collisions at,/s= 200 GeV [68], was used. With these parameters, the SHM provides algsodption

of the measured ratios of D meson cross sections.

The strangeness suppression factor for charm meggngas also evaluated. It is defined as the ratio of
the production cross sections of charm-strange messht(that of non-strange charm mesons (average
of cd and @) 3. Since all O and D® mesons decay into either Dbr a D™, and all I decays produce

a Di meson([46], the strangeness suppression factor was computed as

B 2do(D{)/dy
%= 46(D% /dy+do(D)/dy’ 2)

The contribution to Band D' yield from decays of excited charm-strange mesons heavier ttrawis
neglected.

3The same symbags is used in the statistical hadronization model to indicate the fugacity, whigheasioned above, is
usually included in the partition function to account for strangeness ssgipn. However, the twg are different. Indeed, in
the statistical hadronization model, the value of the ratio between strangemargtrange charm mesons is proportional to the
fugacity, but not equal to it, due to the different masses of the variomg8bn species.



DZ meson production at central rapidity in proton—proton collisiongst 7 TeV 15

S 14 ] T T T T T T T
= *7[ e ALICE p>0 lyl<05 SHM 4 :
L i ALICE e
o L A LHCbPrelim., pT>O, 2<y<45 ... PYTHIASG, Perugia-0 - >0 s
1.2 ly|<0.5, p_>0 — Py
- m e'e, pT>0 T ]
LA ZEUS, p,>3.8 GeV/c mid-y 7 ATLAS (prelim) —_—
[ o HL p>25GeVic, midy ] p,>0
0.8— — :
r ] ZEUS (yp) A
osl B p,>3.8 Gevic :
r .5 3 ] H1 (DIS) ———
0.4~ %ﬁg H ] :
i <} A % &} ] p,>2.5 GeVic : SHM
0'2; ] ) . N PYTHIAB, Perugia-0
C = 4 Combined e'e - ly|<0.5, p_>0
L 1 P> I i I I I Tx 1
0 " " ; ; 0 o0l 02 03 04 05 06 07
D [ Ds D,
o° > = = Y,

Figure 5: Left: pr integrated ratios of D meson production cross sections eseapwith other experiments 11,
[16,[23[60]. Error bars are the quadratic sum of statistiodl systematic uncertainties, without including the
uncertainty on the BR which is common to all experiments.hRigtrangeness suppression fagiocompared to
measurements by other experimehts[[1%, 16,23, 60]. Predictrom PYTHIA 6.4.21 with the Perugia-0 tune and
from a canonical implementation of the statistical hadration model (SHM)[[683] are also shown. The gray band
represents the uncertainty on the SHM predictions due taitivertainty on the volume and on the strangeness
fugacity (see text for details).

The resulting value ofs, computed from the D, D° and D" cross sections per unit of rapiditydgdy),
is

ys = 0.31 £+ 0.08(stat) + 0.10(syst) + 0.02(BR).

Charm-strange meson production is suppressed by a f&3d in the fragmentation of charm quarks.
In the right-hand panel of Fi@l 5, this result is compared withythmeasurements by other experiments,
taken from the compilation in [15], after updating the branching ratios oféhsidered decay channels
to the values in[46]. The preliminary measurement by ATLAS [12] in pp coltisiat the LHC, obtained
using an equivalent (under the hypothesis of isospin symmetry betwewmhdiguarks) definition of the
strangeness suppression factor based on the cross sectiofis Bf ind D" in charm hadronization,
is also shown. The error bars are the quadratic sum of statistical atedrat& uncertainties and do
not include the uncertainty on the decay BR. The values from PYTHIA wighPrugia-0 tune, where
¥s corresponds to PARJ(2), and the statistical hadronization model dedaiiove are also shown for
reference. It is also interesting to note that a similar amount of strangemgssession was reported for
beauty mesons by the LHCb Collaboration that measured the ratio of stramgsdhs to light neutral

B mesonsfs/ fg, obtaining the value @670 055 [69].

All the ys measurements, performed in different colliding systems and at diffeeatitecof-mass ener-
gies are compatible within experimental uncertainties. The current ALIGEAZLAS results at LHC
energy in the central rapidity region do not allow one to conclude on alpedsting of strangeness
suppression with increasing collision energy. Furthermore, twbb(DZ{/D™) ratios are measured at
the LHC both at midrapidity and at forward rapidity, thus allowing to study asibbes rapidity depen-
dence of the strangeness suppression in charm hadronization. Fraontparison of the ALICE and
LHCDb results with the current experimental uncertainties (left-hand mereg.[5), it is not possible to
draw a firm conclusion on this point.
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7 Summary

The inclusive production cross section for promgt Beson has been measured in the transverse mo-
mentum range 2 pr < 12 GeV/c at central rapidity in pp collisions ays = 7 TeV. DI mesons
were reconstructed in the hadronic decay chanetbgr' with ¢ — K~K™, and charge conjugates,
using the ALICE detector. The measured differential cross section wibded within uncertainties

by the prediction from the GM-VFNS calculation, which is based on pertivdb&CD with the fac-
torization approach. The relative D meson production yields and the stnasg suppression factor,
¥s = 0.31 + 0.08(stat) + 0.10(syst) + 0.02(BR), agree within the present experimental uncertain-
ties with those measured by other experiments for different centre-af-eresgies and colliding sys-
tems. More precise measurements are needed to address the possiiy@erdeapidity dependence of
strangeness suppression in charm hadronization.
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