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Editors’ Suggestion

Production of charged pions, kaons, and (anti-)protons in Pb-Pb and inelastic
ppcollisions at syn = 5.02 TeV

S. Acharyeet al.
(ALICE Collaboration)

®™ (Received 14 November 2019; accepted 2 March 2020; published 29 April 2020)

Midrapidity production of *, K*, and {)p measured by the ALICE experiment at the CERN Large Hadron
Collider, in Pb-Pb and inelastjgpcollisions at Syn = 5.02 TeV, is presented. The invariant yields are measured
over a wide transverse momenturpr) range from hundreds of M&\¥¢ up to 20 GeVc. The results in
Pb-Pb collisions are presented as a function of the collision centrality, in the range 0-90%. The comparison
of the pr-integrated particle ratios, i.e., proton-to-piop/ () and kaon-to-pion K/ ) ratios, with similar
measurements in Pb-Pb collisions afy = 2.76 TeV show no signi cant energy dependence. Blast-wave
ts of the pr spectra indicate that in the most central collisions radial ow is slightly larger at 5.02 TeV with
respect to 2.76 TeV. Particle ratiog/ ( , K/ ) as a function ofpr show pronounced maxima pt 3GeV/c
in central Pb-Pb collisions. At higpy, particle ratios at 5.02 TeV are similar to those measurgupioollisions
at the same energy and in Pb-Pb collisions 8§y = 2.76 TeV. Using the pp reference spectra measured at the
same collision energy of 5.02 TeV, the nuclear modi cation factors for the different particle species are derived.
Within uncertainties, the nuclear modi cation factor is particle species independent fophighd compatible
with measurements atSyy = 2.76 TeV. The results are compared to state-of-the-art model calculations, which
are found to describe the observed trends satisfactorily.

DOI: 10.1103/PhysRevC.101.044907

I. INTRODUCTION QGP temperature, to further study this paradigm and address
its open questions.

Transverse momentum distributions of identi ed particles
in Pb-Pb collisions provide information on the transverse
expansion of the QGP and the freeze-out properties of the
. _.ensuing hadronic phase. By analyzing fheintegrated yields
formed. It behaves as a strongly coupled near-perfect I|quu§1 Pb-Pb collisions it has been shown that hadron yields in

W'th a small viscosity-to-entropy ratid s [6]. The exper- ._high-energy nuclear interactions can be described assuming
imental results have led to the development and adOptlofheir production at thermal and chemical equilibrium

of a standard theoretical framework for describing the bul . : .

i ) - ; : 9-127], with a single chemical freeze-out temperature,
properties of the QGP in these eo|||5|er7$[|n this par_adlgm_, . ﬁT h ]156 MeV, clgse to the one predicted bS lattice
the beam energy dependence is mainly encoded in the Init CD calculations for the QGP-hadronic phase transition
energy density (temperature) of the QGP. Afterformqnon, thel_C = (154+ 9) MeV [13. Indeed, the Pb-Pb data from LHC '
QGR expands hydrodynemlcally as a hear perfec; liquid beI'?un 1 [14] showed an excellent agreement with the statistical
fore it undergoes a chemical freeze-out. The chemical freez

out temperature is nearly beam-energy independent for centeﬁ—adronizaiion model with the exception of the proton and an-
of-mass energy per nucleon pair larger than 10 Gé¥][ etﬁpretqn, €K anq multistrange 'partlcle' y|elqg,[L2]. The .

; : . S .ldeV|at|on could be in part due to interactions in the hadronic
The hadronic system continues to interact (elastically) unti

Kinetic freeze-out. We report in this paper a com rehensivghase’ which result in baryon-antibaryon annihilation that
: P Pap P is most signicant for (anti-)protons 15-18]. Proposed

fsct)lrjiy Ao I:ct))lllji!(iopnasrt;/lgiIgiz)olgﬁt;ﬁg i}_'tgevr\}gBfg’é:fﬁénh%nhzrsgsexplanations for the .ob'served discrepancy _vvith respect to the
' thermal model predictions can be found in Refs82].
Moreover, at Syny= 276 TeV the proton-to-pion
[(p+ P/ ( *+ S) p/ ]ratio exhibits a slight decrease
with centrality and a slightly lower value than measured
Full author list given at the end of the article. at RHIC. New measurements atsyy = 5.02 TeV, which
exploit the currently highest medium density, could provide
Published by the American Physical Society under the terms of than improved understanding of the particle production
Creative Commons Attribution 4.0 Internationitense. Further —~mechanismsg?2].
distribution of this work must maintain attribution to the author(s)  The spectral shapes at Iqwy (pr <2 GeV ¢) in central Pb-
and the published article’s title, journal citation, and DOI. Pb collisions at Syy = 2.76 TeV showed a stronger radial

Previous observations at the Relativistic Heavy-lon Col-
lider (RHIC) and at the CERN Large Hadron Collider (LHC)
demonstrated that in high-energy heavy-iérX) collisions,

a strongly interacting quark-gluon plasma (sQGBR)Y] is
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ow than that measured at RHIC energies, in agreement withilhe results show interesting scaling properties which can be
the expectation based on hydrodynamic mod&d2@3]. The  further tested using LHC data at higher energies.
results for identi ed particle production at lowr and higher In this paper, the measurement pf spectra of *,

Sun are useful to further test hydrodynamic predictions. K* and @)p in inelastic pp and Pb-Pb collisions at

At intermediate pr (2S 10GeV ¢), the particle ratios Sun = 5.02 TeV over a widepr range, from 100 Me¥c
experimentally show the largest variation and in particular forfor pions, 200 MeVc for kaons, and 300 Mek¢ for (anti-
the baryon-to-meson enhancement several new hadronizatigprotons, up to 20 Gelt for all species, are presented.
mechanisms have been propos2d-p6]. In the most central Particles are identi ed by combining several particle identi-
Pb-Pb collisions at Syny = 2.76 TeV, thep/ ratio reaches cation (PID) techniques based on speci c ionization energy
values larger than 0.8 fggr 3 GeV ¢, which surpass those loss @E/dx) and time-of- ight measurements, Cherenkov
for inelastic pp collisions at the same energ?2728. An radiation detection and the identi cation of the weak de-
intermediatepr enhancement of heavier hadrons over lightercays of charged kaons via their kink-topology. The article
hadrons is expected from the collective hydrodynamic exis organized as follows: Sed. outlines the analysis details
pansion of the system alon29-31]. In coalescence models including the track and event selections as well as the particle
[32-34], which requires radial ow as well, baryon-to-meson identi cation strategies. The obtained results are discussed
ratios are further enhanced at intermedipieby the coales- in Sec.lll. SectionlV presents the comparison of data with
cence of loweipt quarks that leads to a production of baryonsmodel predictions. Finally, Se¥. contains a summary of the
(3 quarks) with largempr than for mesons (2 quarks). The main results.
baryon-to-meson ratio decreases at hjghand reaches the
values observed ipp collisions as a consequence of the in- [l. DATA ANALYSIS
creasing importance of parton fragmentation. The observation

of a qualitatively similar enhancement of the k"’Ion'to'pionbarrel of the ALICE detector, which has full azimuthal cov-

[(K*+ K®)/( *+ ) K/ ]ratioin central Pb-Pb col- s
lisions with respect to inelastigp collisions 28,35] supports Ogage around midrapidity, | < 0.8 [54], are presented. A

In this paper the measurements obtained with the central

. ; . ; X etailed description of the ALICE detector can be found in
an interpretation based on the collective radial expansion

. . ef. [65].
the system that affects heavier particles more. - ;
For high pr (pr > 10 GeV/¢). measurements of the pro- The pp results were obtained from the analysis of

) . ' ) . . : 1.2 x 10° minimum biaspp collisions, collected in 2015.
duction of identi ed particles in Pb-Pb collisions relative to 1. . "oy _pp, analysis with ITS and TOF uses x 1C° min-

inelastic pp collisions contribute to the study of hard probes ., ., ias pp_pp collisions, collected in 2015. The Pb-Pb
propagating through the medium. This offers the possibility, nalysis where PID is provided by the TPC, the high mo-

to determine the properties of the QGP like the transporﬁ]entum particle identi cation (HMPID) detector and the kink

coef_uen.t g [36] and the space-time pro I? of th? bulk decay topology requires more statistics and uses the full data
medium in terms of local temperature and uid velociBi]. sample collected in 2015 corresponding t.5 x 107 Pb-Pb

The modi cation of particle production is quanti ed with the

| di cation fact d d collisions.
huclear modi cation factorRas, de ned as Both in pp and Pb-Pb collisions, the interaction trigger
_ d?NAY(dydpr) is provided by a pair of forward scintillator hodoscopes,
Raa = Tan d2 PP/ (dydpr)’ 1) the Vo detectors, which cover the pseudorapidity ranges

28< < 51 (VOA)and$37< < $17(VOC)[56]. The
whered?N*%/ (dyd pr) is the particle yield in nucleus-nucleus minimum bias trigger is de ned as a coincidence between the
collisions and PPis the production cross sectiongpcolli-  VOA and the VOC trigger signals. The VO detector signals,
sions. The average nuclear overlap function is represented Ryhich are proportional to the charged-particle multiplicities,
Taa and is obtained from a Glauber model calculati8f]{  are used to divide the Pb-Pb event sample into centrality
Itis related to the average number of binary nucleon-nucleog|asses, de ned in terms of percentiles of the hadronic cross
collisions N , and the total inelastic nucleon-nucleon crosssection Bg]. A Glauber Monte Carlo model is tted to the
section, N = (67.6+ 0.6)mb at Syv= 5.02TeV [39, V0 amplitude distribution to compute the fraction of the
as Taa = Neon / N, - Several measurementsRiaathigh  hadronic cross section corresponding to any given range of
pr for different Syn [40-46] support the formation of a v amplitudes. The 90-100% centrality class has substantial
dense partonic medium in heavy-ion collisions where harctontributions from QED processes 0%) [38] and its low
partons lose energy via a combination of elastic and inelastigrack multiplicity presents dif culties in the extraction of the
collisions with the constituents of the QG#7]. Results from  trigger inef ciency; it is therefore not included in the results
Pb-Pb collisions at Syy = 2.76 TeV showed that within presented here. Also, an of ine event selection is used to
uncertainties, the suppression is the same for pions, kaons apginove beam background events. It employs the informa-
(anti-)protons 28]. Moreover, the inclusive charged-particle tion from two zero degree calorimeters (ZDCs) positioned
nuclear modi cation factor measured in Pb-Pb collisions atat 112.5 m on either side of the nominal interaction point.
5.02 TeV shows that the suppression continues to diminisiBeam background events are removed by using the VO timing
for pr above 100 GeXc [48] while the suppression of jets information and the correlation between the sum and the
saturates at a value of OE-Q] Particle production at hlgh difference of times measured in each of the ZDSE[
transverse momentum has also been studied as a function The central barrel detectors are located inside a solenoidal
of the Bjorken energy densityp] and path lengthg1-53].  magnet providing a magnetic eld of 0.5 T and are used

044907-2



PRODUCTION OF CHARGED PIONS, KAONS, AND ... PHYSICAL REVIEW @01, 044907 (2020)

for tracking and particle identi cation. The innermost bar- wherei refers to a given particle specigs{ , K, p), signal
rel detector is the inner tracking system (ITS)/], which is the detector PID signal (e.glE/dx), and signal; and ;
consists of six layers of silicon devices grouped in threeare the expected average PID signals in a speci ¢ detector and
detector systems (from the innermost outwards): the silicoiits standard deviation, respectively.
pixel detector (SPD), the silicon drift detector (SDD), and Figurel shows the pion-kaon and kaon-proton separation
the silicon strip detector (SSD). The time projection chambepower as a function opy for ITS, TPC, TOF, and HMPID.
(TPC), the main central-barrel tracking device, follows out-The separation power is de ned as follows:
wards. The results are presented for primary particles, de ned : & o
as particles with a mean proper lifetime 1 cm/ c which are Sep k= — K = | signal S SIgijIKI;
either produced directly in the interaction or from decays of .
particles with < 1 cn ¢, restricted to decay chains leading Se _ _kp_ |signalx S signaly|
to the interaction §8]. To limit the contamination due to Ric.o K K '
secondary particles and tracks with wrongly associated hits
and to ensure high tracking ef ciency, tracks are required to Note that the response for the individual detectors is mo-
cross at least 70 TPC readout rows with Anormalized to  mentum @) dependent. However, since results are reported
the number of TPC space-points (“clusters”f/ NDF, lower  in transverse momentum bins, the separation power as a
than 2. Tracks are also required to have at least two hitfunction of pr has been evaluated, averaging the momentum-
reconstructed in the ITS out of which at least one is in the SPRiependent response over the pseudorapidity range 0.5.
layers and to have a distance of closest approach (DCA) to tha Tablel the transverse momentum ranges covered with each
interaction vertex in the direction parallel to the beam a®is (  PID technique in the analysis are reported for pions, kaons
IDCA,| < 2 cm. Apr-dependent selection on the DCA in the and (anti-)protons.
transverse plane (DG4) of the selected tracks to the primary  a. ITS analysisThe four outer layers of the ITS provide
vertex is also applied)]. Furthermore, the tracks associated speci ¢ energy-loss measurements. The dynamic range of the
with the decay products of weakly decaying kaons (“kinks")analog readout of the detector is large enowith {o provide
are rejected. The latter selection is not applied in the studg E/ dx measurements for highly ionizing particles. Therefore,
of kaon production from kink decay topology. The primary the ITS can be used as a standalone [BWPID detector in
vertex position is determined from tracks, including shortthe nonrelativistic region where th#E/dx is proportional
track segments reconstructed in the SPD].[The position to 1/ 2. For each track, the energy loss uctuation effects
of the primary vertex along the beam axis is required to beare reduced by using a truncated mean: the average of the
within 10 cm from the nominal interaction point. The position lowest twodE/ dx values in case four values are measured,
along z of the SPD and track vertices are required to beor a weighted sum of the lowest (weight 1) and the second
compatible within 0.5 cm. This ensures a uniform acceptancéwest (weight 12), in case only three values are available.
and reconstruction ef ciency in the pseudorapidity region The plane p; dE/ dX) is divided into identi cation regions
| | < 0.8 and rejects pileup events pp collisions. Different  where each point is assigned a unique particle identity. The
PID detectors are used for the identi cation of the differentidentity of a track is assigned based on whatf/ dx curve
particle species. Ordering hyr, from lowest to highest, the the track is closest to, removing in this way the sensitivity
results are obtained using tlilE/ dx measured in the ITS to thedE/dx resolution. To reject electrons, a selection on
and the TPC§1], the time of ight measured in the time-of- |N | < 2, is applied.
ight (TOF) detector pB2], the Cherenkov angle measured in  Using this strategy, it is possible to identify and K
the high-momentum particle identi cation detector (HMPID) with an ef ciency of about 96-97% abover = 0.3 GeV c,
[63] and the TPCdE/dx in the relativistic rise region of and (@)p with an efciency of 91-95% in the entirgr
the Bethe-Bloch curve. The performance of these devices isange of interest. In the lowegir bin, the PID ef ciency
reported in Ref.$5]. reaches 60%, 80% and 91% for pions, kaons, and
(anti-)protons, respectively. By means of this technique it is
A. Particle identibcation strategy possible to identify *, K*, and {)pin Pb-Pb pp) collisions
' in the pr ranges A-07 GeV ¢, 0.2-0.5 (0.6) Ge¥k, and
For the analysis presented here, pions, kaons, and (ant).3-0.6 (0.65) Gel, respectively.
Jprotons have been identi ed following the same analysis b. TOF analysisThe analysis with the TOF detector uses
techniques as in the previous ALICE measurements. Thehe subsample of tracks for which a time measurement with
ITS, TPC (low py) and TOF analyses are described in TOF is available. The time of ightror is the difference
Refs. [14,64,65], while the HMPID and TPC (higlpr) anal-  between the measured particle arrival timgr and the event
yses are documented in Ref88[35,66]. The kink analysis is  timety, namelytror = Tor S to. In the ALICE experiment,
described in Ref.g9]. In this paper, only the most relevant thety value can be obtained with different techniqués]|

3)

aspects of each speci ¢ analysis are described. The best precision on thg evaluation is obtained by using
In most analyses, the yield is extracted from the numberthe TOF detector itself. In this case, theis obtained on
of-sigma (\ ) distribution. This quantity is de ned as an event-by-event basis by using a combinatorial algorithm

that compares the measure@e with the expected one under
different mass hypotheses. The procedure to evatgatéth

N = (signalS signal;) )
- . ' (2) the TOF detector is fully ef cient if enough reconstructed
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FIG. 1. Separation power of hadron identi cation in the ITS (red), TPC (magenta), TOF (blue), and HMPID (green) as a funstian of
midrapidity for inelastic pp and 0-90% Pb-Pb collisions &y = 5.02 TeV. The left (right) panel shows the separation of pions and kaons
(kaons and protons), expressed as the distance between the expected average PID signal divided by the resolution for the pion (kaon) [
Eq. )], averaged ovelr | < 0.5. The lower panels show the range in which the ITS, TPC, TOF, and HMPID provide a separation pdwer
or larger.

tracks are available, which is the case of the 0-80% Pb-Pthe length of measured tracks is used to compute a realistic
collisions. The resolution on thig evaluated with the TOF distribution of the expected time of arrival for each mass
detector is better than 20 ps if more than 50 tracks are useaypothesis and the signal shape is reproduced by sampling the
for its determination. This improvement with respect to Runparametrized TOF response function (described by a Gaussian
1 performanced8] is due to improved calibration procedures with an exponential tail) obtained from data. Since the rapidity
carried out during Run 2. Overall the TOF signal resolution isof a track depends on the particle mass, the tis repeated for
about 60 ps in central Pb-Pb collisions. qp and 80-90% each mass hypothesis. TOF analysis makes identi cation of
Pb-Pb collisions the measurement of the event time relies*, K*, and @)p in Pb-Pb pp) collisions possible in the
on the TO detector (v 50 ps) B§ or, in case it is not pr ranges (60-350 GeV ¢, 1.00 (0.65%3.50 GeV ¢ and
available, on the bunch crossing time, which has the worsd.80-4.50 GeY/c, respectively.
resolution ( 200 ps). The PID procedure is based on a c. TPC analysisThe TPC provides information for particle
statistical unfolding of the time-of- ightN distribution. For  identi cation over a wide momentum range via the specic
eachpr bin, the expected shapes fof, K*, and p)p are  energy loss%5]. Up to 159 space-points per trajectory can be
tted to the trof distributions, allowing the three particles to measured. A truncated mean, utilizing 60% of the available
be distinguished when the separation is as low & . An clusters, is employed in theE/ dx determination §1]. The
additional template is needed to account for the tracks thal E/ dx resolution for the Minimum lonizing Particle (MIP) is
are wrongly associated with a hit in the TOF. The templates 5.5% in peripheral and 6.5% in central Pb-Pb collisions.
are built from data as described in Ref4]. For this purpose Particle identi cation on a track-by-track basis is possible in
the region of momentum where particles are well separated by
TABLE I. Transverse momentum ranges (in GeY and the more thqn 3. This a”.ows the identi cation of pions, kaons
and (anti-)protons within the transverse momentum ranges

corresponding PID methods for pions, kaons, and (anti-)protons
Values in parenthesis refer fp analysis. 0.25-0.70 GeYc, 0.25-0.45 Ge¥c, and 0.45-0.90 Gelt,

respectively.
Technique t (GeVic) K* (GeVic) pandp(GeVic) The TPC dE/dx signal in the relativistic rise _region
(3< 1000), where the average energy loss increases
ITS 01-07 0.2-05(0.6) 03-06 (0.65) as In( ), allows identi cation of charged pions, kaons, and
TPC (lowpr)  0.25-Q7 0.25-045 04-08 (anti-)protons frompr  2-3 GeV c up topr = 20 GeV c.
TPC (highpr) ~ 3.0-2Q0 4.0-200 4.0-200 The rst step of the TPC higlpr analysis is the calibration
TOF 0.6-3.5  1.00(0.65)-3.5 &-45 of the PID signal; a detailed description of the tE/dx
HMPID 15-40 150-40 15-60 calibration procedure can be found in Ref8,5]. Particle
Kinks - 05-6.0 (4.0) -

identi cation requires precise knowledge of theE/dx
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response and resolution. This is achieved using the PID p+ , and K p+ , are 30 MeVc and 236
signals of pure samples of secondary pions and protons origdeV/ c, respectively, a selection off > 120 MeV c rejects
inating fromK{ and  decays as well as a sample of tracks more than 80% (85% ippcollisions) of the pion background.
selected with TOF. In addition, measuré§ spectra are used For further removal of the contamination from pion decays,
to further constrain the TPC charged kaon resporzg. [ an additional selection on kink opening angle, as reported in
For different momentum intervals, a sum of four GaussiarRef. [59], has been implemented. Finally, the TRE/dx
functions associated with the pion, kaon, proton and electronf the mother tracks is required to hayd®| < 3, which
signals is tted to thed E/ dx distribution. improves the purity of the sample. After these selections,
d. HMPID analysis.The HMPID performs identi cation ~the purity ranges from 99% at lowr to 92% (96% inpp
of charged hadrons based on the measurement of the emissigllisions) at highpr according to Monte Carlo studies. The
angle of Cherenkov radiation. Starting from the associatiofémaining very low background is coming from random asso-
of a track to the MIP cluster centroid one has to reconstrucgiations of charged tracks reconstructed as fake kinks. After
the photon emission angle. Background, due to other track@pPplying all these topological selection criteria, the invariant
secondaries and electronic noise, is discriminated exploitingass of kaonsMy, ) obtained from the reconstruction of their
the Hough Transform Method (HTMBP]. Particle identi - decay products integrated over the abqye mentioned mc_)ther
cation with the HMPID is based on statistical unfoldingpip ~ momentum ranges fopp and Pb-Pb collisions are shown in
collisions, a negligible background allows for the extraction ofFig. 2.
the patrticle yields from a three-Gaussian t to the Cherenkov
angle distributions in a narrow transverse momentum range. In B. Correction of raw spectra
the case of Pb-Pb collisions, the Cherenkov angle distribution
for a narrow transverse momentum bin is described by th
sum of three Gaussian distributions fof, K*, and @)p
for the signal and a sixth-order polynomial function for the

background?28]. -
) . - T . the ITS, TPC (lowpr) and TOF, in Ref. 28] for the HMPID
chuhlznt;acléggtgdﬂl]se (Ij:re;? trr1nels<'|§1erllttaI Ct?]ttlaolr;rmetrht?]ehlgrr:) and TPC (highpr) and in Ref. ] for the kink analysis.
pancy : 9 ge, 9 Pro%he acceptance, reconstruction, and tracking ef ciencies are

ability to nd background clusters arising from other tracks obtained from Monte Carlo simulated events generated with

or photons in the same event. This background is umformlyPYTHIA 8.1 (Monash 2013 tune)p] for pp collisions and

dlstnbuyed on the Chambef plqne. The resolution in Pb'Pt\)/vith HIJING [71] for Pb-Pb collisions. The particles are
events is the same as pp collisions (4 mrad at 1).

In this analysis, the HMPID provides resultsppand Pb-Pb propagated through the detector using the GEANT 3 transport

- . code [72], where the detector geometry and response, as
collisions in the transverse momentum rangés-40 GeV/ ¢ : o . .
for * andK*, and in 15-60 GeVI ¢ for (D)p. well as the data taking conditions, are reproduced in detail.

; ) " A oo Since GEANT 3 does not describe well the interaction of
e. Kink analysisin addition to the particle identi cation — g : .
low-momentump andK*> with the material, a correction to

techniques mentioned above, charged kaons can also be ide[ e ef ciencies is estimated using GEANT 4 and FLUKA

tied in the TPC using the kink topology of their two-body respectively, which are known to describe such processes bet-

decay mode (e.gK p+ ) [59. With the available : L o
statistics, this technique extends PID of charged kaons up {s" [14,73-75]. The PID efciency and the misidenti cation

4 GeVicin ppcollisions and up to 6 GeAE in Pb-Pb colli- probability are evaluated by performing the analysis on the

sions. The kink analysis reported here is applied for the rstVionte Carlo simulation, which requires that the simulated

time to Pb-Pb data. For the reconstruction of kaon kink de-dalta are rst tuned to reproduce the real PID response for

cays, the algorithm is implemented within the ducial volume €2ch PID technique. The contamination due to weak decays

+

of the TPC detector (138 R < 200 cm), to ensure that an ad- ©f I'ghE avor hadrons (mainlyKg affecting * spectra,

equate number of clusters is found to reconstruct the tracks &d * affecting (P)p spectra) and interactions with the
both the mother and the daughter with the necessary precisidhaterial has to be computed and subtracted from the raw
to be able to identify the particles. The mother tracks of theSPectra. Since strangeness production is underestimated in
kinks are selected using similar criteria as for other primaryt€ €vent generators and the interactions of fewparticles
tracks, except that the minimum number of TPC clusters reWith the material are not properly modeled in the transport
quired are 30 instead of 70, because they are shorter comparg@des, the secondary-particle contribution is evaluated with
to the primary ones. Assuming the neutrino to be massles$, data-driven approach. For each PID technique and species,
the invariant mass of the decayed partidig, () is estimated  the contribution of feed-down in a givepy interval is ex-

from the charged decay product track and the momentum dfacted by tting the measured distributions of D¢/of the

the neutrino as reported in Re69. The main background tracks identied as the given hadron species. The RCA

is from charged pion decays, p+ , (B.R.= 99.99%), distributions are modeled with three contributions: primary
which also gives rise to a kink topology. A progrselection, ~ particles, secondary particles from weak decays of strange
whereqy is the transverse momentum of the daughter trackhadrons and secondary particles produced in the interactions
with respect to the mother’s direction at the kink, can separatwith the detector material. Their shapes are extracted for
most of the pion kink background from the kaon kinks. eachpr interval and particle species from the Monte Carlo
Since the upper limit ofyr values for the decay channels simulation described above. The contribution of secondaries

+

To obtain thepr distributions of primary *, K*, and
?r))p, the raw spectra are corrected for PID efciency,
misidenti cation probability, acceptance, and tracking ef -
ciencies, following the procedures described in R&f] for
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FIG. 2. Invariant mass distribution of identied charged kaons from their decay productzpife) and Pb-Pb collisions (b) at
Swn = 5.02 TeV. The red circles and blue lines represent the experimental data and Monte Carlo simulation, respectively, before (upper
and after (lower) the topological selection. The peak centerdtj,at= 0.49 GeV ¢? is for the decay chann&l  p+ |, (B.R.= 6355%),
whereas the peak centeredvyt = 0.43 GeV c? is for the decay channl + O9(B.R.= 20.66%), whose invariant mass is calculated
with the wrong mass hypothesis.

is different for each PID analysis due to the different track andainty for a given source. A similar approach is used for the
PID selections and is more important at lpw. The measured evaluation of the systematic uncertainties related to the PID
Pb-Pb spectra are then normalized to the number of events procedure. The uncertainties due to the imperfect description
each centrality class. of the material budget in the Monte Carlo simulation is esti-
The spectra measured rp collisions are also normalized mated varying the material budget in the simulationtgps.
to the number of inelastic collisions obtained from the numbefTo account for the effect related to the imperfect knowledge of
of analyzed minimum bias events corrected with an inelasti¢he hadronic interaction cross section in the detector material,
normalization factor of 0.757A( 2.51%), de ned as the ratio different transport codesGEANT3, GEANT4, andFLUKA) are

between the VO visible cross section and the inelggticross
sectionat s= 5.02 TeV [39.

C. Systematic uncertainties

compared. Finally, the uncertainties due to the feed-down
correction procedure are estimated for all analyses by varying
the range of the DC4 t, by using different track selections,

by applying different cuts on the (longitudinal) DGAand by

The evaluation of systematic uncertainties follows the pro-varying the particle composition of the Monte Carlo templates

cedures described in Refl4] for the ITS, TPC (lowpr),

and TOF analyses, in Ref2§] for the HMPID and TPC

used in the t.
For the ITS analysis, the standa¥d method is compared

(high pr) analyses and in Ref5§] for the kink analysis. The With the yields obtained with a Bayesian PID techniqué] [
main sources of systematic uncertainties, for each analysidjoreover, the Lorentz force causes shifts of the cluster posi-
are summarized in Tabld$ and lll, for the Pb-Pb ancbp tioninthe ITS, pUShing the Chal’ge in 0pp05ite directions when
analyses, respectively. Sources of systematic effects such 8¥itching the polarity of the magnetic eld of the experiment
the different PID techniques, the feed-down correction, thdE % B effect) [14]. This effect is not fully reproduced in the
imperfect description of the material budget in the MonteMonte Carlo simulation and has been estimated by analyzing
Carlo simulation, the knowledge of the hadronic interactiondata samples collected with different magnetic eld polarities.
cross section in the detector material, the TPC-TOF and© estimate possible systematic effects deriving from signal
ITS-TPC matching ef ciency, and the track selection haveextraction in the lonpr TPC analysis, the yield was computed
been taken into account. The systematic uncertainties relatdy varying the selection based on the number of TPC crossed
to track selection were evaluated by varying the criteria usedows from 70 to 90 and the yield was computed from the sum
to select single tracks (number of reconstructed crossed row@ the bin content of thé&l  distribution in the range§3, 3],

in the TPC, number of available clusters in the ITS, DEA instead of tting.

and DCA, 2/NDF of the reconstructed track). The ratio of ~ The systematic uncertainty was obtained from the com-
the corrected spectra with modi ed selection criteria to theparison to the nominal yield. Regarding the TPC analysis at
default case is computed to estimate the systematic unceftigh pr, the imprecise knowledge of both the Bethe-Bloch
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TABLE Il. Main sources and values of the relative systematic uncertainties (expressed in % )pefdtierential yields of *, K*, and
(p)p obtained in the analysis of Pb-Pb collisions. When two values are reported, these correspond to the lowest ang tighesthe
corresponding analysis, respectively. If only one value is reported, then the systematic uncertainptidemgndent. If not speci ed, then
the uncertainty is not centrality-dependent. The rst three systematic uncertainties are common to all PID techniques. The maximum (amon
centrality classes) total systematic uncertainties and the centrality-independent ones are also shown.

Effect * (%) K* (%) p andp (%) Kl (%) pl (%)
Event selection 0.1 0.1 0.1 S S
ITSSTPC matching ef ciency ®-12 02-12 0.2-12 S S
Material budget ¥-02 13-04 29-01 2.0-04 32-03
Hadronic interaction cross section 5224 27-18 4.6 33-30 5.0-52
ITS PID 19-57 0.8-31 34-27 18-38 4.1-44
Track selection D-21 26-23 49-44 16-11 41-35
Ex B 3.0 3.0 3.0 4.2 4.2
Feed-down correction 1.1 S 0.4 1.1 1.2
Matching ef ciency (0-5%) 2.8 2.8 2.8 S S
Matching ef ciency (40-50%) 1.9 1.9 1.9 S S
Matching ef ciency (80-90%) 0.5 0.5 0.5 S S
Hadronic interaction cross section (ITS tracks) 2.0 745 4.6-20 33-25 5.0-28
Low-pr TPC PID (0-5%) 21-83 3.0-100 3.2-136 6.0-160 8.0-180
Low-pr TPC PID (40-50%) 2-60 25-60 21-93 2.0-110 3.0-130
Low-pr TPC PID (80-90%) 568 3.0-68 3.3-83 4.0-110 8.0-110
Track selection D-50 1.0-50 1.0-50 S S
Feed-down correction 1.0 S 25 12-04 100-50
TOF PID 30-120 3.0-180 2.0-200 2.0-150 2.0-200
Track selection 15 15 1.8 2.0 15
Matching ef ciency 4.0 4.0 4.0 S S
Feed-down correction 502 S 1.0-05 05-02 0.5-15
HMPID PID 3.0-110 2.0-110 2.0-110 3.0-115 2.0-115
Track selection 4.5 4.5 4.5 3.6 3.6
PID ef ciency correction 5.0 5.0 5.0 5.0 5.0
Distance selection correction (matching ef ciency) 2.0 2.0 4.0-2.0 1.0 1.0
Feed-down correction 0.1 S 0.3 0.2 0.3
Background (0-5%) 18-60 100-20 100-15 100-20 100-20
Background (30—40%) 10-10 50-10 50-10 6.0-15 6.0-15
Background (60-70%) .0-10 2.0-10 20-10 3.0-10 3.0-10
High-pr TPC Bethe-Bloch param. (0-5%) 2420 223-85 131-80 219-80 114-100
High-pr TPC Bethe-Bloch param. (40-50%) .3420 17.0-85 163-80 17.1-80 156-100
High-pr TPC Bethe-Bloch param. (80-90%) .9220 114-85 211-79 119-80 20.3-100
Track selection (0-5%) SB-11 15-11 15-11 S S
Track selection (40-50%) .0-07 1.0-07 1.0-07 S S
Track selection (80-90%) D17 0.7-17 0.7-17 S S

pr resolution 00-03 0.0-03 0.0-03 S S
Feed-down correction 004 S 3.0-26 S 3.0-26
Kink PID + reconstruction ef ciency (0-5%) S 1.0-104 S S S
Kink PID + reconstruction ef ciency (30—-40%) S 0.5-45 S S S
Kink PID + reconstruction ef ciency (80-90%) S 0.7-55 S S S
Track selection S 3.0 S S S
Contamination (0-5%) S 0.6-50 S S S
Contamination (30—40%) S 0.6-50 S S S
Contamination (80-90%) S 0.6-4.0 S S S
Total 7.3-39 5.9-98 9.7-92 7.7-80 9.9-110
Total (Nep-independent) n-27 55-94 9.2-87 7.2-80 9.4-92

and resolution parametrizations constitutes the most signifthe original parametrizations were used. The TOF analysis
icant source of systematic uncertainties associated with thestimates the PID systematic uncertainties by comparing the
signal extraction. To quantify the size of the uncertainty, thestandard spectra with the ones extracted from a statistical
relative variations ofdE/dx and resolution with respect to deconvolution, which is based on templates generated from
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TABLE Ill. Main sources and values of the relative systematic uncertainties (expressed in %) mfdifeerential yields of *, K*,
and @)p obtained in the analysis gip collisions. When two values are reported, these correspond to the lowest and lggtmestof
the corresponding analysis, respectively. If only one value is reported, then the systematic uncertainptidependent. The rst three
systematic uncertainties are common to all PID techniques. In the last row, the total systematic uncertainty is reported.

Effect * (%) K* (%) p andp (%) Kl (%) p (%)
Event selection 0.5 0.5 0.5 S S
ITS-TPC matching ef ciency ®-11 0.0-11 0.0-11 S S
Material budget -02 2.0-04 29-01 2.4-04 3.2-03
Hadronic interaction cross section 5224 27-18 4.6 33-30 50-52
ITS PID 15-64 0.4-57 1.2-15 09-74 15-19
Track selection 5-21 25-38 3.0-20 1.8-05 25-17
Feed-down correction S S 1.6 S 1.6
Ex B 3.0 3.0 3.0 4.2 4.2
Hadronic interaction cross section (ITS tracks) 2.0 728 4.6-20 33-27 50-28
Low-pr TPC PID 57-83 4.6-7.9 9.2-132 5.0-90 100-150
Track selection D-40 1.0-40 1.0-40 S S
Feed-down correction 1.0 S 2.0 11-06 5.0-20
TOF PID 10-80 1.2-150 1.0-150 2.0-200 2.0-200
Track selection 1.5 15 2.0 2.0 3.0
Matching ef ciency 1.0 1.0 1.0 S S
Feed-down correction 501 S 1-05 0.5-01 0.2-05
HMPID PID 3.0-110 2.0-110 2.0-110 3.0-115 2.0-115
Track selection 4.5 45 45 3.6 3.6
Distance selection correction (matching ef ciency) 2.0 2.0 .0-20 1.0 1.0
Feed-down correction 0.1 S 0.3 0.2 0.3
High-pr TPC Bethe-Bloch parametrization 4220 145-80 220-120 151-80 225-150
Track selection ®-17 0.9-17 0.9-17 S S

pr resolution 00-03 0.0-03 0.0-03 S S
Feed-down correction .0-03 S 1.9-17 S 1.9-17
Kink PID + reconstruction ef ciency S 4.3 S S S
Track selection S 3.0 S S S
Contamination S 0.2-32 S S S
Total 64-34 4.6-92 6.9-125 4.9-80 6.7-151

a TOF time response function with varied parameters. For the The improved reconstruction and track selection in the
HMPID analysis, the selection on the distance between thanalysis ofpp and Pb-Pb data at Syy = 5.02 TeV lead to
extrapolated track point at the HMPID chamber planes andeduced systematic uncertainties as compared to previously
the corresponding MIP cluster centroidypsik, iS varied  published results at Syy = 2.76 TeV.
by £1 cm to check its systematic effect on the matching of
tracks with HMPID signals. Moreover, the systematic bias
due to the background tting, which represents the largest lll. RESULTS AND DISCUSSION
source, is estimated by changing the tting function: froma The measuregr spectra of * K*, and ©)p from the
sixth-order polynomial to a power law of the tangent of theindependent analyses have to be combined in the overlapping
Cherenkov angle. This function is derived from geometricalranges using a Weighted average with the Systematic and sta-
considerations 77]. For the kink analysis, the systematic tistical uncertainties as weights. All the systematic uncertain-
uncertainties are estimated by comparing the standard spectjas are considered to be uncorrelated across the different PID
with the ones obtained by varying the selection on decayechniques apart from those related to the ITS-TPC matching
product transverse momentum, the minimum number of TPGf ciency and the event selection. The correlated systematic
clusters, kink radius and TPR values of the mother tracks. uncertainties have been added in quadrature after the spectra
By using the same methods as for the spectra, the sy$mave been combined. For a given hadron species, the spectra
tematic uncertainties for ther-dependent particle ratios of particles and antiparticles are found to be compatible, and
were computed to take into account the correlated sourcederefore all spectra reported in this section are shown for
of uncertainty (mainly due to PID and tracking ef ciency). summed charges.
Finally, for bothpr-dependent spectra and ratios the particle-  Figure 3 shows the combinegr spectra of *, K*, and
multiplicity-dependent systematic uncertainties, those that argp) p measured in 0-90% Pb-Pb and inelagtrcollisions at
uncorrelated across different centrality bins, were determined. 5,y = 5.02 TeV. Results for Pb-Pb collisions are presented
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FIG. 3. Transverse momentum spectra of pions (left), kaons (middle), and (anti-)protons (right) measured in Pb-Pb collisions at

Sun = 5.02 TeV for different centrality classes. Scale factors are applied for better visibility. The results are compared with the spectra

measured in inelastipp collisions at s= 5.02 TeV. Statistical and systematic uncertainties are displayed as error bars and boxes around the
data points, respectively.

for different centrality classes. Scaling is applied in the plots Additionally, different functionswere used to perform the
to improve spectra visibility. In the loypy region, the maxi- extrapolation and the largest differences were added to the
mum of the spectra is pushed toward higher momenta whil@revious contributions.
going from peripheral to central Pb-Pb events. This effect is The statistical uncertainties on tdé&/ dy and pr values
mass dependent and can be interpreted as a signature of rachaé evaluated propagating the uncertainties on the t param-
ow [ 14]. For high pt, the spectra follow a power-law shape, eters obtained directly from the t procedure. The procedure
as expected from perturbative QCD (pQCD) calculationsdescribed above is repeated using the systematic uncertainties
[78]. uncorrelated across different centrality bins to extract the
The pr-integrated yieldsdN/ dy, and the average trans- centrality uncorrelated part of the systematic uncertainties on
verse momentum,pr , are determined for the different cen- the pr-integrated particle yields and the average transverse
trality classes using an extrapolation pg = 0. The ex- momenta.
trapolation procedure is performed after tting the measured In TablelV, thedN/dyand py are shown for Pb-Pb and
spectra with Boltzmann-Gibbs Blast-Wave9[ (for Pb-Pb)  ppcollisions, respectively. For Pb-Pb collisions the values are
or the Lévy-Tsallis 80,81] (for pp) functions. In the most given for different centrality ranges.
central Pb-Pb collisions (0-5%), the extrapolated fractions
of the total yields are 5.84%, 5.20%, and 3.72%, for pions,
kaons, and (anti-)protons, respectively. The fractions increase ) . )
as centrality decreases, reaching 8.63%, 9.36%, and 10.73% 'he Boltzmann-Gibbs blast-wave function is a three-
in the most peripheral collisions (80-90%). jap collisions ~ Parameter simpli ed hydrodynamic model in which particle
the fractions are 8.59%, 9.98%, and 12.61% for pions, kaondreduction is given by {9

A. Particle production at low transverse momentum

and (anti-)protons, respectively. The systematic uncertainties d3N R sinh cosh
are then propagated to ther-integrated yields and mean Ed_ mrlo Pr T Q) Ky mr T O rdr. 4)
transverse momentum. For the uncertainty di¥/ dy, the P oo kin kin

t is performed with all data points shifted up by their full

systematic uncertainties. To estimate the uncertaintypen

points in the 0-3 Gelt range are shifted up and down 1 gyy-Tsallis (Pb-Pb only); Boltzmann-Gibbs blast-wavpp(
within their systematic uncertainty to obtain the softest anchnly): m;-exponential: Axx expG X2+ m?/T), where A is
hardest SpeCtra. The maximum difference (ln absolute ValU@ normalization constanf] the temperature, andh the mass;
between the integrated quantities obtained with the standangermi-Dirac  Axx 1/ (exp( X2+ m?/T)+ 1);  Bose-Einstein
and modi ed spectra are included as part of the systematigxx 1/ (exp( X2+ m?/T)S 1); Boltzmann Axx X2+ e x
uncertainty. exp@ X+ ma/T).
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TABLE IV. dN/dyand pr measured in Pb-Pb ampcollisions at Syy = 5.02 TeV. Pb-Pb results are shown for the different centrality
classes. Statistical and systematic uncertainties are also reported.

+4 S
Centrality class dN/ dy Stat. Uncert. Syst. Uncert. pr Stat. Uncert. Syst. Uncert.
0-5% 1699.80 0.88 116.91 0.5682 0.0002 0.0320
5-10% 1377.49 0.71 66.90 0.5711 0.0002 0.0181
10-20% 1039.47 0.46 47.36 0.5704 0.0002 0.0174
20-30% 712.92 0.34 36.06 0.5615 0.0002 0.0192
30-40% 467.76 0.26 23.97 0.5525 0.0002 0.0198
40-50% 292.91 0.19 15.80 0.5389 0.0003 0.0206
50-60% 171.14 0.18 9.77 0.5214 0.0004 0.0215
60-70% 88.82 0.10 5.21 0.5082 0.0004 0.0205
70-80% 41.69 0.07 2.49 0.4924 0.0006 0.0203
80-90% 16.31 0.04 0.91 0.4775 0.0008 0.0178
K* + KS
Centrality class dN/ dy Stat. Uncert. Syst. Uncert. pr Stat. Uncert. Syst. Uncert.
0-5% 273.41 0.35 11.62 0.9177 0.0009 0.0140
5-10% 222.48 0.54 9.37 0.9214 0.0018 0.0130
10-20% 168.16 0.24 6.89 0.9193 0.0010 0.0126
20-30% 114.70 0.15 4.67 0.9052 0.0008 0.0114
30-40% 75.00 0.09 2.96 0.8919 0.0008 0.0106
40-50% 46.36 0.06 1.88 0.8685 0.0009 0.0113
50-60% 26.38 0.05 1.09 0.8369 0.0011 0.0132
60-70% 13.38 0.03 0.64 0.8165 0.0015 0.0138
70-80% 6.01 0.02 0.30 0.7881 0.0019 0.0160
80-90% 2.27 0.01 0.12 0.7541 0.0032 0.0179
p+p
Centrality class dN/ dy Stat. Uncert. Syst. Uncert. pPr Stat. Uncert. Syst. Uncert.
0-5% 74.56 0.06 3.75 1.4482 0.0007 0.0244
5-10% 61.51 0.07 2.93 1.4334 0.0009 0.0224
10-20% 47.40 0.04 2.20 1.4143 0.0007 0.0216
20-30% 33.17 0.04 1.50 1.3768 0.0008 0.0199
30-40% 22.51 0.03 1.01 1.3209 0.0010 0.0177
40-50% 14.46 0.02 0.66 1.2570 0.0012 0.0179
50-60% 8.71 0.02 0.40 1.1822 0.0016 0.0151
60-70% 4.74 0.01 0.27 1.1004 0.0022 0.0184
70-80% 2.30 0.01 0.14 1.0181 0.0030 0.0221
80-90% 0.92 0.01 0.06 0.9464 0.0053 0.0277
ppcollisions

Particle specie dN/ dy Stat. Uncert. Syst. Uncert. pPr Stat. Uncert. Syst. Uncert.

* o+ 5 4.1342 0.0005 0.3032 0.4582 0.0001 0.0284
K* + K° 0.5343 0.0014 0.0273 0.7412 0.0008 0.0296
p+ P 0.2331 0.0002 0.0205 0.8820 0.0006 0.0498

The velocity pro le is given by To quantify the centrality dependence of spectral shapes
. . pon at low pr, the Boltzmann-Gibbs blast-wave function has
= tank®! 1= tanP! — o, (5)  been simultaneously tted to the charged pion, kaon and

R (anti-)protonpr spectra, using a common set of parameters
where 7 is the radial expansion velocityy the transverse but different normalization factors and masses. Although the
mass (r = m2+ pr?), and Ty, the temperature at the absolute values of the parameters have a strong dependence on
kinetic freeze-outly andK; are the modi ed Bessel functions, the pr range used for the t]4], the evolution of the parame-

r is the radial distance in the transverse pldRé th