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Abstract

Transverse momentunp{) spectra of pions, kaons, and protons upgp{o= 20 GeVEt have been
measured in Pb—Pb collisions @&un = 2.76 TeV using the ALICE detector for six different cen-
trality classes covering 0-80%. The proton-to-pion andkihen-to-pion ratios both show a distinct
peak atpr ~ 3 GeVCk in central Pb—Pb collisions that decreases towards moiptgegal collisions.
For pt > 10 GeVE, the nuclear modification factor is found to be the same fbthake particle
species in each centrality interval within systematic utaisties of 10—20%. This suggests there is
no direct interplay between the energy loss in the mediunttamgarticle species composition in the
hard core of the quenched jet. For < 10 GeVk, the data provide important constraints for models
aimed at describing the transition from soft to hard physics
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1 Introduction

In ultra-relativistic heavy-ion collisions a stronglytémacting deconfined medium of quarks and gluons
is created. Experimental evidence for this state of matisrideen found both at the Relativistic Heavy-
lon Collider (RHIC) ﬂgfl] as well as at the LHC [B—Q]. Transse momentumpgy) spectra probe many
different properties of this medium. At lopr (pr < 2 GeVk) the spectra provide information on bulk
production, while at highpr (pr = 10 GeVE) transport properties of the medium can be studied via jet
quenching@dﬁZ]. The microscopic QCD processes areréiffeat low and higlpy and it is an open
question if additional physics processes occur in the nmégliatepr region (2< pr < 10GeVk). In

this paper the centrality evolution of the transverse mdomarspectra of pions, kaons, and protons as
a function of pr for Pb—Pb collisions a{/syn = 2.76 TeV is presented. The focus is on intermediate
and highpy, where these measurements allow comparison between Isaaymhmesons, strange and
non-strange particles, and the search for particle mgssnadient effects.

For inclusive charged particlpr spectra, jet quenching leads to a suppression of pigparticle pro-
duction at the RHIC QS] and over an extenggdrange, up to 100 Ge¥/ at the LHC l[__B 8].
The microscopic mechanism of jet quenching is not complaiaiderstood and one of the main goals
of the experimental programs at the RHIC and the LHC is totileadditional signatures associated
with the jet quenching to constrain theoretical modelingttiele identification (PID) is of fundamental
interest since, due to the color Casimir factor, gluonsraaetwo times stronger with the medium than
quarks [[IbEO] and it is known fronte™ studies of 3-jet events that gluons are more likely to fragime
to leading baryons than quarks drel [21]. In addition, someéetsdfor jet quenching predict large particle
species dependent eﬁeé[ﬂ—%}. Measurements at the Riparticular for baryons, have so far been
inconclusive due to the limitegr-range and the large systematic and statistical unce’ﬂai@].

In the intermediate transverse momentum regime the baoromeson ratios, e.g. the proton yield di-
vided by the pion yield, measured by experiments at the Ridi@aled a, so far, not well understood
enhancemen 0]. This so-called “baryon anomaly” @aadlicate the presence of new hadroniza-
tion mechanisms such as parton recombina@ﬂﬂl—%] thddde significantly enhanced and/or ex-
tended out to highepr at the LHC due to larger mini-jet productidﬂ34]. In recomdtion models the
enhancement at intermedigte is an effect of the coalescence of lowsrquark-like particles that leads
to a larger production of baryons than mesons. In a modebwithew intermediat@r physics the rise

of the baryon-to-meson ratio is due to hydrodynamics andldweease is solely a consequence of the
growing importance of fragmentation.

In a recent Iettem5] ALICE reported the charged pions,nsa@nd protorpy spectra for pp and the
most central and most peripheral Pb—Pb collisions. The mbgervation was that, within statistical
and systematic uncertainties, the nuclear modificatiotofas the same fopr > 10 GeVE for all three
particle species. This suggests that there are no sigrifpeaticle-species-dependent effects related to
the energy loss. In this paper the analysis used to obtaim#@surements at higty is presented in full
detail and the results for all centrality classes are insflidRecent measurements at low and interme-
diate py of identified particle production and correlations in p—milisions have revealed phenomena
typically associated with fluid-like behavior in heavy-igpllisions @5@] This raises questions if
hydrodynamics and/or recombination can also be applie@soribe these small syster@[ —41]. The
centrality evolution studies for Pb—Pb collisions can d¢fiere also be seen as a possible experimental
interconnection between the smallest and the largest Q@Oshatems.

The outline of this paper is as follows. In S&¢. 2 the datayaimlis described. The method using

the energy loss in the TPC for particle identification is laid first and then the procedure using the
Cherenkov angle measured by the HMPID is presented. I 8be.fthal spectra are presented and the
particle ratios and nuclear modification factors are disedsand compared with theoretical calculations
and results from previous experiments at lower center-agsrenergies.
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2 Data analysis

The results reported in this paper have been obtained vétbehtral barrel of the ALICE detector, which
has full azimuthal coverage around midrapidity| < 0.8 ]. Different Particle IDentification (PID)
devices are used for the identification mf , K* ,and {'p (see Tabl€l4 for exaqtr ranges). Ordering
by pr, from lowest to highest, the results are obtained using pieeic energy loss, E/dx, in the
silicon Inner Tracking System (ITS), th&ddx in the Time Projection Chamber (TPC), the time-of-flight
measured by the Time-Of-Flight (TOF) detector, the Cheseradngle measured by the High Momentum
Particle Identification Detector (HMPID), and the TPE /ix in the relativistic rise region. The general
performance of these devices is reported]l [43]. Detailestdption of the lowepr analyses and the
resultingrrt, K=, and g'p pr spectra in Pb—Pb collisions are already puinsIlEbI [44]higmgection the
method used to extract thege spectra in the HMPID and the TPEddx relativistic rise analysis is
described in detail.

Due to the limited acceptance of the HMPID the analysis haa performed with the larger 2011 dataset
where a centrality trigger was used, restricting the HMR4Buits to 0-50% central Pb—Pb collisions.

2.1 TPC de/dx relativistic rise analysis

The relativistic rise of the #/dx in the TPC, where the average energy loss increases #yI(8)<
By < 1000), allows ALICE to extend the PID af*,K*, and g up to pr = 20 GeVt. This section
will focus on details of this analysis.

2.1.1 Event and track selection

The event and track selection follows closely that of théusige charged particle analysEth]. The
same spectrum normalization is adopted so that the systeoratertainties related to event and track
selection are common, allowing a precise comparison betiez nuclear modification factors for in-
clusive and identified charged particles. The analysis Rith described here has additional systematic
uncertainties related to the particle identification thatwill describe in Se¢. 2.71.9.

A total of 11x 10° Pb—Pb collision events recorded in 2010 are used in thigsisalThe online (offline)
trigger for minimum bias interactions in Pb—Pb collisiorguires signals in two (three) out of the three
following detector elements: the Silicon Pixel DetectoP[g layers of the ITS and the two forward
scintillators (V0) located on opposite sides of the intéoacpoint. The centrality is determined from the
measured amplitude in the VO detector! [45].

Primary tracks are reconstructed in the ALICE TPC [46] frolusters in up to 159 pad rows. The
tracks used in the analysis are restrictedrtp< 0.8 in order to be fully contained in the TPC active
volume. Furthermore, tracks are required to have at leashitrin one of the two innermost SPD layers
of the ITS, and the distance of closest approach to the pyimatex is required to be less than 2 cm
along the beam axis and less than 7 standard deviations imahgverse plane~350um for tracks
with pr = 2 GeVk, decreasing slightly witlpr). The resulting relativgsr resolution for these tracks is
better than 5% apt = 20 GeVEk [1€]. The pr spectra have been corrected for this resolution using an
unfolding procedure fopy > 10 GeVE [IE ]. This correction is smaller than 2%mat = 20 GeVE.

2.1.2 Particle identification at large transverse momentum

Figure[1 shows theH/dx as a function of momenturp in 0-5% central Pb—Pb collisions. It is evi-
dent that particle identification in the relativistic risggiron requires precise knowledge of t{u /dx)
response and resolutiam. To quantify this, and to motivate the detailed studies i fihllowing, the
final response functions are used to estimate the sepagaiiwer, where e.g. the charged pion-to-kaon
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Fig. 1: (Color online) The &/dx as a function of the momentumat mid-rapidity|n| < 0.2 for 0-5% (left panel)
and 60-80% (right panel) Pb—Pb collisions. In each momertimihe ¢ /dx spectra have been normalized to
have unit integrals and only bins with more than 0.1% of thent® are shown (making electrons not visible in this
plot except at very low momentum). The curves show the fid&)/dx) responses for pions, kaons, and protons.
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Fig. 2: Separation in number of standard deviatioBg) (@s a function of momentum between: pions and protons
(upper panels), pions and kaons (middle panels), and kawhprtons (lower panels). Results are shown for
0-5% (left panels) and 40-60% (middle panels) Pb—Pb; andigipt(danels) collisions. Because the TPC response
is track-length dependent, the separation is better fakérat forward pseudorapidities (solid lines) than for
those at smallen (dashed lines). The degradation in separation power in oengal collisions is expected
from occupancy effects — in the most peripheral collisionseerage of 149 clusters are assigned to tracks with
pr > 2 GeVk, while in the most central collisions only 127 clusters asigned.
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separation in number of standard deviatidgs, is

<d_E dE

dx >W+W B <&>K++K’ (1)
0.5(0n 40 + Ok 4k-)

i.e., the absolutédE /dx) difference normalized to the arithmetic average of thelutisms. Fig[2 shows
that the separation power between particle species is ofdw atandard deviations, making PID very
challenging, requiring optimization of theeddx signal itself and the use of external PID constraints to
calibrate the response. In the following, these analygis@s will be covered in detail.

S =

2.1.3 ThedE/dx calibration

The ¢E/dx is obtained as a truncated mean, where the average is pedaromsidering only the 60%
lowest cluster charge values to remove the tail of the Latidlawluster charge distribution. Itis custom-
ary to use the notation&} dx and talk about the Bethe-Bloch curve even if tl&/dx used in the analysis

is only thetruncated mean and does not contain energy losses deposited as $edtimmthreshold ex-
citations or the full ionization from delta-electrons, aissed in detail irm8]. While the Bethe-Bloch
specific energy loss depends only@y= p/m, the one obtained from the detected truncated mean also
depends on other parameters such as the actual clustereskEmgth, i.e., the pad length and/or track
inclination over the pad. In the following, we shall refertte relationship between the two types of
specific energy losses & transfer function and it is this relationship that is optimized in thE (ix
calibration, and used also as input for the analysis styatesgussed later.

Each of the up to 159 clusters used to reconstruct a trackaicsninformation on the ionization energy
loss inthe TPC. To equalize the gain, each individual reacloannel has been calibrated using ionization
clusters produced by the decay of radioactive krypgéhr, released into the TPC g£[46].

In pp collisions the cluster integrated charge is used ftoutating the dE/dx. The integrated charge is
corrected for the tails of the charge distribution that aetow the readout threshold. Due to the large
probability for overlapping clusters in Pb—Pb collisiotfse maximum charge in the cluslés used to
calculate the B/dx in this case. The maximum charge has to be corrected for iftdagth dependent
reduction due to diffusion and the dependence on the relptd position of the induced sidaal

The performance and stability of th& ddx transfer function, with respect to gain variations, is ioyad

in the following two ways. Reconstructed space points wlieeecharge is deposited on a single pad,
that are not used for track fitting, are included in ti&/dx calculation. An attempt is done to identify
clusters below the readout threshold. If a row has no clusteigned to the track but clusters were
assigned in both neighboring rows it is assumed that théeclebarge was below the readout threshold
and a virtual cluster is assigned with charge corresponidirige lowest reconstructed charge cluster on
the track. This virtual cluster is then included in the cédtion of the truncated m

The n dependence of theEfdx is sensitive to corrections for the track-length and theugionfl. At
n = 0 the ionization electrons drift the full 250 cm to the reatdduambers and, as a result, the signal
is spread out, due to diffusion, making threshold effectsenmominent than for tracks with = 0.8.
At the same time the sampled track length is longer for traitk iy = 0.8 than withn = 0. The & /dx
calibration is validated using pions in the Minimum lonigiRarticle (MIP) regime and electrons in the
Fermi Plateau region. A clean sample of MIP pions is seleutadracks with momenta.0 < p <
0.6 GeVk and energy loss.8 < (dE/dx)/(dE/dx)mp < 1.2. A clean electron sample is obtained in

1A cluster consists of a group of cells covering a few neighizppads and time bins. The maximum charge is the largest
charge in a cell.

2The measured maximum charge is largest if the cluster canaéso the pad center, and smallest if it is between two pads.

3This is similar to the strategy adopted by ALEPH, but withcénging the truncation randE_[49].

4There is also a small correction for the direct drift-lengépendent signal attenuation, due to absorption, of itioiza
electrons by Oxygelm&.
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Fig. 3: The c/dx as a function ofp for electrons on the Fermi Plateau (upper panel) and MIP{ariddle
panel); the selection criteria are described in the texe Jdlid round markers indicate the avera@i /dx), and
the height of the boxes is given by the standard deviatinn,The lower panel shows the ratio of between the
Plateau and MIRdE /dx). The statistical uncertainty is smaller than the markezssiZ hese results were obtained
for pp collisions at,/s=2.76 TeV.

the same momentum range via centrality depend&nidd cuts (asS, depends on centrality) and by
rejecting kaons using Time-Of-Flight (TOF) information96< Bror < 1.1. For both samples it is found
that then-dependence of th@E /dx) is negligible. We note that one expects these two classeacifst
to have different sensitivity to threshold corrections.eTasult of the validation test for pp collisions is
shown in Fig[B, which displays thelE /dx) response as a function gffor electrons (upper panel) and
pions (middle panel).

2.1.4 Division into homogenous samples

From studies of the transfer function one expects a signifitack-length dependence. For the “stiff”
high-pr tracks used in this analysis, the track-length in the trarssybending plane is rather similar,
but there is a significarry dependence and the effect of this on tl&/dx resolution is visible in Fid.]3
for the pion MIPs. This motivates performing the analysisrjhintervals: |n| < 0.2, 02 < |n| < 0.4,
0.4<|n| < 0.6 and 06 < |n| < 0.8 and then combining the results.

Furthermore, tracks close to and/or crossing the TPC sbotardaries have significantly fewer clusters
assigned. Because the analyzed tracks are “stiff” thoskdreose to the sector boundaries can be easily
rejected using geometric cut in the azimuthal track angl, which excludes approximately 10% of the
tracks forpr > 6 GeVk. Figurel4 shows the effect of the geometric cut on the digion of the number

of clusters per track. The cases before and afterptloait are shown for pp (upper panel) and central
Pb—Pb (lower panel) collisions. The large difference betwthe distributions for pp and central Pb—
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Fig. 4: Number of clusters used in th&ddx calculation forpr > 2 GeVk without (squares) and with (circles) the
geometric cut. Results are presented for pp (upper panelyantral Po—Pb (lower panel) collisions @&n =
2.76 TeV. The minimum number of clusters on a track is 70.

Pb is an occupancy effect and essentially independept.ofrhe cut significantly improves thesd dx
performance by rejecting tracks with less information @ewlusters) in regions where the calibration
is more sensitive to complex edge behaviors that can hagerlaffects on “stiff” tracks. This also
simplifies the analysis because in edghinterval, a single resolution parameter is sufficient tocdes
individual particles species (e.g., all pions) in a givermmeatum bin.

2.1.5 Obtaining the highpr yields

Since, as already mentioned, the event and track seledimteitical to the one used for the inclusive
charged particle spectrEtlB], and each charged track hassatiated TPCHl/dx measurement, the
charged pion, kaon, and (anti)proton yields measured sdhalysis are normalized to the inclusive
charged particle spectra. This highlights the unique ttearespondence between the two analyses and
guarantees that the results are fully consistent even dévbeof statistical uncertainties. The analysis
of the dE/dx spectra is therefore aimed at extracting the relative giefdr, K*, and g p, referred to

as the particle fractions in the following.

In a narrow momentum anfl)| interval, the ¢ /dx distribution can be described by a sum of four
GaussiansTtf, K, p, ande), see e.g. Fid.]5, and the requirements for the analysis &bleeto extract

the yields with high precision is that the means and widththefGaussians are constrained. Additional
external track samples such as protons fiirdecays are used to obtain the constraints. The method
presented in the following has been benchmarked using Moatk (MC) simulations and the closure
tests, comparing reconstructed output with generated,ifquall yields show less than 2% systematic
deviations. From studies comparing test beam data resiitigtve ALICE specific MC implementation
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Fig. 5: (Color online) Four-Gaussian fits (line) to th& (x spectra (markers) for tracks having momentum in
the range 3.4-8 GeVk (upper figure) and 8.0-0GeVEk (lower figure) with|n| < 0.2. In each panel the signals

of pions (rightmost Gaussian), kaons, and protons (leftr@asissian) are shown as red, green, and blue dashed
areas, respectively. The contribution of electrons is bfral %) and therefore not visible in the figure. Results for
all six Pb—Pb centrality classes are presented. Hy@dspectra have all been normalized to have unit integrals.
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of the energy-loss in the TPC, the MC is known to be precisetartdke into account all important
detector effectleO], with the limit that the test beam dates recorded under controlled conditions
(fixed track topology and large gas gain) and that ion tadeff are not included in the MC simulations.

2.1.6 Measurement of the TPC response: parameterizatiothefBethe-Bloch and resolution curves

The first step of the analysis is to extract the response mesizations used to constrain the fits. The
Bethe-Bloch curve is parameterized as follows:

wherea, b,c,d, ande are free parameters (the variabldés used to simplify the expression and is defined
asd’ = explc(a— d)/b] whered is the (dE /dx) in the Fermi Plateau regimgy > 1000).

Ford' <« 1, as is the case here, the parameterization has a simpleiteimadifferent regions of3y.
For smallBy, By < 34, (%) ~ By » While on the logarithmic rise %) ~a+blog(1+By). The
parameterization has been motivated by demanding thisv/tseha the discusse@y limits, while at the
same time requiring that each parameter has a clear mednirsgs L 3y to ensure that the logarithmic

term is always positive.

The relative resolutiong/(dE/dx), as a function of[dE/dx) is parameterized with a second-degree
polynomial, which was found to describe the data well:

0/(dE/dX) = ag + ay (dE /dx) + ap(dE /dx)?. (3)

The TPC response (Bethe-Bloch and resolution curves) ermé@ied for each) region. Due to the
deterioration of the TPCH/dx performance with increasing multiplicity the curves diffggnificantly
and have to be extracted separately for pp and each Pb—Ralitgmiass.

The parametera, b, d, ande are well determined using external PID information. Seeoygbion (pro-
ton) tracks identified via the reconstruction of the weakagetopology of K‘S’ (A\) and data samples with
TOF enhancedBror > 1) primary pions are used. TN selection used in this analysis is similar to the
one used in the dedicated analyé [51], but with 10 M8Wide invariant mass cuts around the peaks
to select signal and reject background. Using this infoiomathe Bethe-Bloch function is constrained
in the By interval of 3—60. Figur€l6 shows examples of the THE/dk spectra for these samples in
the momentumif) range: 5-7 Ge\W (0.6 < |n| < 0.8) for the most central and most peripheral Pb—Pb
collisions analyzed. Note that the pions (protons) frofi(K) contains in general also protons (pions)
from the background under the invariant mass peak (but naacrhe Fermi Plateau is fixed using
electron-positron pairs from photon conversions (a phatmmversion is reconstructed similar to & V
decay and identified from the low invariant mass). The sarfegrimation is used to measure thE fix
resolution as a function ofdE/dx). The relative resolution around the NBRs ~5.5-75% and im-
proves with increasingdE /dx) (primary ionization) in the relativistic rise region te4.5-55%. These
data samples are henceforth referred to as the externald¢D d

In the relativistic rise region the analysis is very stabdeduse in this regiofdE /dx) ~ a+ blogfy,

so the dE/dx separation between particle species, e.g., protons ams,pie® constant:(dE /dx), —
(dE/dx) ~ a+ blog(p/my) — (a+ blog(p/my)) ~ blog(mz/my,). So as long as all particle species
are in thisBy regime a simple extrapolation can be applied. Bgr=> 100 the pions |§ = 14 GeVk)
start to approach the Fermi Plateau region and(tf&/dx) dependence ofiy is more complex. To
address this a two dimensional fit to thi &ix vs p distribution is performed. All the parameters of the
resolution function and the parametexb, d, ande of Eq.[2 are fixed. The parameterand the yields

5The resolution depends on centrality and track length amaise in central events and for smallgt.

9
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Fig. 6: (Color online) & /dx spectra for secondary pions (open triangles) and protaisc{fcles) identified via
the reconstruction of the weak decay topology @fzmd/\, respectively. The spectra have been normalized to
have the same integrals. The spectrum for primary pionkt(faihgles) is obtained by requiringror > 1. Results
for peripheral (upper panel) and central (lower panel) RPbedlisions are shown. The tracks were chosen in the
momentum (pseudorapidity) interval<5p < 7 GeVk (0.6 < |n| < 0.8). Note that most spectra also contain a
small well-understood background.

of mt + m, K" + K~ and p+ p in different momentum intervals are free parameterss fithinethod
works fine if the corrections to the logarithmic rise, duette transition to the Plateau, are small, which
restricts the current analysis |8 < 20 GeVkt. With higher statistics and the use of cosmic muons as
additional constraints we expect to be able to extend thbéadaip to 50 Ge\W.

There is a final subtle point that should be mentioned here.syatematic uncertainty on the yields from
the cE /dx method alone is rather large close to the MIP, but additiorfarmation from other analyses
can be used to constrain the results. One would like to awsithithe actual lowepr m*,K* and gp
measurements as this will introduce a direct bias in the finatbined spectra (Seld 3). Instead, the
neutral kaon yields are used to constrain the charged kaoRb-iPb collisios The two dimensional
fitis applied again but the parametemwhich mainly affects the protofdE /dx), is now allowed to vary
while the other parametera:-d, are constrained and the charged kaon yield in the fit is aksvicted to
be consistent with the neutral kaon yield (the pion and preields are free). The effect of this refit is
largest in central collisions at loyr (< 4 GeVk) and decreases with centrality; at 3 GetHe effect on

6The assumption is that the invariap¢ spectra are the same. The charged kaon fractipn. (- ) is obtained working
backwards through ER] 5 and Elg.4.

10



Nuclear modification factor of charged pions, kaons, andon®

the extracted kaon yield is 10%:(1%) for 0-5% (60-80%) collision centrality.
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Fig. 7: (Color online) Final Bethe-Bloch (upper figure) and resioluilower figure) curves obtained as described
in the text. Results are shown for pp (left panels) and 0-5%PBl{right panels) collisions. The Bethe-Bloch curve

is shown in the region relevant for pions, kaons, and protonkis analysis. The external PID data samples of
pions, protons and electrons are used to obtain the pardragiens, these data are plotted as markers. The shaded
areas represent the systematic uncertainty of the parenadiens.

Parameter Pb—-Pb 0-5% Pb-Pb 60-80% pp
a 33.9-35.4 32.9-33.1 32.5-33.3
b 7.66-7.89 8.58-9.01 8.52-8.77
c 2.18-7.18 1.25-2.38 1.65-43.0
d 78.0-78.5 80.0-80.6 80.6-80.7
e 1.22-1.30 1.37-1.39 1.43-1.55

Table 1: Parameters obtained for the Bethe-Bloch function [Eq. 2¢émtral and peripheral Pb—Pb collisions and
pp collisions. Results are given as the range found for the|fp intervals.

FigurelT shows the final parameterizations of the BethetBéow resolution curves for pp and the most
central Pb—Pb collisions. The values obtained for the raté?ID data are also shown. Table 1 shows the
values of the parameters of Kdj. 2 for different centraligssks and pp collisions. All parameters except
c are close for the foun | intervals and similar across systems. As previously meatpthe parameter
cis related to the transition in the logarithmic rise to thatau and the large difference mainly reflects
that the parameter is statistically not well constrainadstame of the datasets. For the pp dataset, where
the largest variation is observed, we obtain similar reswithin statistical uncertainties &= 2 is used

for all |n|-slices .

The separation powe®;, obtained with the final parameterizations for pp, 0-5% Rb-alRd 40-60% Pb—
Pb collisions are shown in Figl 2. As expected, the perfoaaamthe best for low multiplicity events and
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decreases as the multiplicity increases and the separatietter for the longest tracks.@< |n| < 0.8).
For p > 6.0 GeVktthe S; separation is nearly constant as expected because of tiréthwgic relativistic
rise (aso O (dE/dx) a small decrease of the separation is observed). The sepapatver plays an
important role in the determination of the systematic urasties described in Sec. 2.11.9.

2.1.7 Extraction of the particle fractions

We present in the following always the results for the sum adifve and negative pions, kaons, and
protons. Positive and negative yields were found to be coatpa at the 5% level or better for all six
centrality classes and pp collisions.

Having determined the Bethe-Bloch and resolution curveteasribed in the previous section, it is now
straightforward to fit the B/dx spectra using the sum of four Gaussian distributions fongi&aons,
protons, and electrons. For each momentum intervaldB¢dx) position and width of each Gaussian are
fixed. Figurd’b shows examples of these fits for the momenttenvials 3.4-3 GeVkt and 8-9 Ge\W.
The electrons are hardly visible in any of the fits as the yiglmklow 1% of the total. Fopr > 10 GeVE

it is no longer possible to separate electrons from pionglaadelative fraction of electrons is assumed
to remain constant above thig. There is a small contamination of primary muons in the pidus to
the similar mass (and therefor simil@E /dx)). High-pt muons are predominantly the result of semi-
leptonic decays of hadrons containing heavy quarks andhésetdecays one expects muon and electron
branching ratios to be similar, so the electron yield (f@gtis subtracted from the pions to correct for
the muon contamination. This correction changes the piefu by less than 1% in the fulpr range

in agreement with MC simulations based on the PYTHIA gemr@]. Since this &/dx analysis is
not optimized for electrons and the contamination is exti@pd to highpr, half of the correction is
assigned as a systematic uncertainty. The contaminati(entijdeuterons in the (anti)proton sample is
negligible « 1%).

The particle fractions, i.e., the contribution of chargézhg (f7,'r++rr)’ kaons (. .« ), and (anti)protons
(fo+p to the yield of inclusive charged particles, obtained ag@tion of momentum are plotted in Fig. 8
(upper figure) as a function of centrality for the two extremeintervals. One observes a significant

dependence fop < 10 GeVE.

The extracted fractions as a function of transverse momeate obtained bin-by-bin using a weighting
procedure

fia((pr)i) = fia({P)))R((P), (PT))), 4)
J

where fig (fi;) is given in bins ofpr (p) and R is a response matrix reflecting the relation betwgen
and pr bins. This averaging introduces some smoothing of theifnastas neighboringr fractions
have contributions from the sangefractions, but the analysis is done in narrggy intervals so only
few momentum bins contribute and the fractions depend owrlgkly onp; therefore, we consider the
systematic effect of this procedure negligible. The faudifiy are shown in the lower panel of Fig. 8.
The transformation has little effect fog| < 0.2, as expected, but we now observe that f6r<0|n| < 0.8

the results are consistent with particle ratios being @orisit midrapidity. We find that all four pseudo-
rapidity intervals are consistent and the final fractionsdu® obtain the spectra in the next section are
computed as the weighted average of the four pseudorajmdiéyvals.

2.1.8 Spectra

The invariant yields are obtained from the particle fratsiaising the relation

dZNid Ech d? Nech

=Jq— fig x .
dprdy g '~ dprdn

(5)
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Fig. 8: (Color online) Uncorrected particle fractions as a funttid momentum (upper figure) and as a function
of pr (lower figure) for|n| < 0.2 (full markers) and ® < |n| < 0.8 (empty markers). Charged pions, kaons, and
(anti)protons are plotted with circles, squares, and ¢fiesy respectively. The error bars indicate the statistica
uncertainty. Results for six centrality classes are priesen
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The first expression on the right hand side is the input froemRID analysis, whereef;) &g is the effi-
ciency for (inclusive) identified charged particles apdsithe Jacobian correction (from pseudorapidity
n to rapidity y) and fjq is the fractional yield. The second expression is the fullyrected transverse
momentum spectrum of inclusive charged particles that meady been published by ALICHlG].

The relative efficiency correctiores,/q, was found to be consistent withiti3% for all centrality
classes and pp collisions, and event generators: PYTH]%PHOJET[[__&B], and HIJINdE4]. Thus, an
average correction was used and a systematic uncertaigp ofas assigned. At higpy the correction

is nearly constant and on the order of 0.95. It is below 1 beedlue inclusive charged particle spectra
contain weakly decaying baryons suctasthat are not reconstructed with the charged particle sefect
for primary particles. The proton and pion spectra have loeerected for feed-down from weak decays
using MC simulations for the relative fraction of secondarscaled to those extracted from Distance-of-
Closest-Approach MC template fits to datal [44]. Iper~ 2 (3) GeVEk, the correction is approximately
0.3% (4%) for the pion (proton) yield and decreasing withréasingpy. Scaling between data and MC
has a limited precision and could be different at higher To be conservative, half of the correction
is therefore assigned as a systematic uncertainty. Thisilootion to the systematic uncertainty is still
small, as shown in Tablg 2.
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Fig. 9: (Color online) Correction factors as a function pf. These are applied to the fractions of pions (left
panels), kaons (middle panels), and protons (right panBiBs3ults are presented for peripheral (upper figure) and
central (lower figure) Pb—Pb collisions. The correctionhe pion fraction due to the muon contamination is not
drawn, but is< 1%. Only pions and protons are corrected for feed-down.

The efficiency and feed-down corrections are plotted in [Bigs a function ofpr for central and pe-
ripheral Pb—Pb collisions. The Jacobian correction frpito y, which has to be included for the lower
pr bins, is also shown and the largest effect is observed fdopsp as expected. Air ~ 3 GeVLk, the
correction is~5%, ~1% and<:1% for protons, kaons and pions, respectively.
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2.1.9 Systematic uncertainties

The systematic uncertainty on the invariant yields hasthmain components: event and track selection,
efficiency correction of the fractions, and the fractionragtion. Contributions from the event and track

selection are taken directly from the inclusive chargediglarresult Eb]. The systematic uncertainties

for the corrections have been covered in the previous sectiad are summarized in Table 2.
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Fig. 10: (Color online) Upper figure: Relative variation of the wighthrameterizations with respect to the measured
values in different &/dx/(dE/dxup) intervals. Lower figure: Relative variation of the Bethes&t (dE/dx)
parameterization with respect to the measured valuesferdift &€ /dx/(dE /dxyp) intervals. The distributions

were constructed using all the available data, six cetyralasses and pp collisions with four sub-samples (
intervals) each.

The systematic uncertainty on the fractions is mainly dutéouncertainties in the parameterization of
the Bethe-Bloch and resolution curves used to constraifitthel his systematic uncertainty can be due
to calibration effects such that, e.g., tfdkE /dx) does not depend ofiy alone, it can be related to the
parameterizations not being able to describe the data pyppeit can be due to the statistical precision
of the external PID data sets. To evaluate the uncertaintytathese effects the deviation of the fitted
curves from the actual measured means and widths ofEhebdspectra obtained from the analysis of
the external pion, proton and electron samples are usedrdfid shows the relative variations; all the
available data were used for constructing the distribstid®., each of the six centrality classes and pp
collisions have four sub-samples of tracks at differigrit It was found that the precision of all these
data sets is similar, so the final variation in systematicuiainties for the same observable for different
centrality classes and pp collisions is caused by the diffeseparation power shown in Fig. 2. The
results for the width (Fid. 10 upper panel) are shown ferp,;r" + m ande® + e~ corresponding to the
different samples and covering differefuE /dx) /(dE /dxwp) ranges. In a givetdE /dx)/(dE /dxvip)
interval, the standard deviation of the distribution wa®taas the systematic uncertainty associated with
the extraction of the widths. An analogous analysis was donthe Bethe-Bloch curve, an example of
which is shown in the lower panel of F{g.]10.
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In peripheral collisions an additional contribution origting from the statistical uncertainty in the fits
to the external PID data has to be taken into account for ttieeBRloch curve. The total systematic

uncertainty is assigned as the quadratic sum of both catitits and is the band shown around the
parameterizations in Figl 7.
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Fig. 11: (Color online). An example of the systematic uncertaintjnegtion in 0-5% Pb—Pb and pp collisions for
3.4 < p <3.6GeVk. Upper figure: From left to right: the variation of extracteactional yields for pions (left
panel), kaons (middle panel), and protons (right panel)nthe fixed values for thédE /dx) and the resolution
are randomly varied. Lower figure: the corresponding vimieof the particle ratios.

The propagation of the uncertainties to the particle fomstiis done by refitting thek) dx spectra, while
randomly varying the constrained parametéds; /dx) ando, within the uncertainty for the parameteri-
zations assuming a Gaussian variation centered at the abwailne. For eaclpy bin all the(dE /dx) and

o values are randomly varied and refitted 1000 times resuitifigaction distributions like those shown
in Fig.[11. The systematic uncertainties assigned to thicfgfractions are the standard deviation of
the associated distributions. By using the same methodhéparticle ratios (Fid.10 lower panel), the
correlation in the fit between the extracted yields for the tifferent particle species are directly taken
into account. At highpr the variation becomes dominated by statistical fluctuatidue to the limited
amount of data. But, as the fractions are nearly constan¢ tfsee Fig[18) and the separation is also
nearly constant (see Fig. 2), a constant absolute systematertainty is assigned far > 8 GeVk.

A summary of the different contributions to the systematiceartainty is shown in Tablg 2 for all cen-
trality classes and for two representatige regions. For pions the dominant contribution comes from
the event and track selection, which amounts to 7-8% ovewltode pt range while the PID systematic
uncertainty stays between 1-2%. For kaons and protons eyRtematic uncertainty is the largest.
The systematic uncertainty decreases with increasingama and is smaller where the fractions are
larger, see Fid.]8. For protons jg¢ = 3 GeVk the two effects largely compensate (the fractional yields
increase for more central collisions) to keep the systematcertainty nearly constant. For kaons, at the
samepr, there is a strong centrality dependence because theofmattields also are lower for more
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central collisions. For the lower multiplicity intervalp{ and 60-80% centrality) this trend is broken

because of the significant statistical uncertainty in thaipeterized curves.

At high pr (=10 GeVk) the PID systematic uncertainty for kaons stays betweefo/fe8 Pb—Pb col-
lisions and is around 5% for pp collisions. For protons thetigbution is 16—20% except for 60-80%
Pb—Pb collisions where it is 29% due to a much larger stegilstincertainty in the fits to the external

PID data.

pr (GeVrkc)

m 4+

KT+ K- p+p

2.0 10

3.0 10 3.0 10

p/m
30 10

Pb-Pb collisions (0-5%)

@)
(b)
(©)
(d)

8.4% 8.1%
<0.1%
0.1% 1.7%
15% 2.2%

82% 8.1% 82% 8.1%
- 21% 1.5%

18% 8.4% 9.8% 17%

21% 1.5%
0.6% 1.7%
11% 16%

Pb—Pb collisions (5-10%)

@)
(b)
(©)
(d)

8.4% 8.2%
<0.1%
0.2% 1.5%
14% 2.2%

82% 82% 82% 8.2%
- 21% 15%

16% 8.0% 9.5% 16%

21% 15%
0.6% 1.5%
9.8% 15%

Pb-Pb collisions (10-20%)

@)
(b)
(©)
(d)

8.3% 8.1%
<0.1%
0.3% 1.3%
15% 2.3%

82% 8.1% 82% 8.1%
- 22% 1.8%

16% 8.9% 10% 20%

22% 1.8%
0.6% 1.3%
9.2% 18%

Pb-Pb collisions (20-40%)

@)
(b)
(©)
(d)

8.4% 8.2%
<0.1%
02% 1.3%
15% 2.2%

82% 82% 82% 8.2%
- 21% 1.6%

15% 8.4% 10% 17%

21% 1.6%
0.5% 1.3%
10% 17%

Pb—Pb collisions (40-60%)

@)
(b)
(©)
(d)

8.7% 8.5%
<0.1%
0.3% 1.1%
1.4% 2.1%

8.6% 85% 86% 8.5%
- 1.9% 1.6%

14% 8.0% 11% 17%

1.9% 1.6%
0.5% 1.1%
11% 17%

Pb-Pb collisions (60-80%)

@)
(b)
(©)
(d)

10% 9.7%
<0.1%
0.3% 0.8%
1.4% 2.4%

98% 9.7% 98% 9.7%
- 2.0% 1.8%

16% 7.1% 20% 29%

20% 1.8%
0.4% 0.8%

8.9% 18% 22%

pp collisions

@)
(b)
(©)
(d)

7.4% 7.6%
<0.1%
0.4% 0.6%
11% 1.7%

74% 7.6% 7.4% 7.6%
- 20% 1.8%

16% 57% 24% 17%

20% 1.8%
0.5% 0.6%

6.8% 25% 13%

(e)

3.0%

4.2%

Table 2: Summary of the systematic uncertainties for the charged, fiimon, and (anti)proton spectra and for the
particle ratios. The different contributions are (a) e\aamd track selection, (b) feed-down correction, (c) coroect
for muons, (d) parameterization of Bethe-Bloch and resmhuturves, and (e) efficiency correction (same for all

systems). Note that Kt= (KT +K™)/(m"+m ) and g/mr= (p+ p/(m" +m).

2.2 HMPID analysis of Pb-Pb data

The HMPID is used in order to constrain the uncertainty of¢harged pion, kaon, and (anti)proton
measurements in the transition region between the TOF afdréRtivistic rise methods (in the region
aroundpt = 3 GeVk). Thus, it both improves the precision of the measuremeditvatidates the other

methods in the region where they have the worst PID separatio
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Fig. 12: Cherenkov angle measured in the HMPID as a function of the embam p in 0-10% central Pb—Pb
collisions. The solid lines represent the theoretical earfor each particle species.

The HMPID @] detector consists of seven identical proxyfidcusing RICH (Ring Imaging Cherenkov)
counters. Photon and charged particle detection is prdviea Multi-Wire Proportional Chamber
(MWPC) coupled to a Csl photocathode segmented into padg@08x0.84 cn? (the probability to
obtain an amplified signals for an incident photon, the quanefficiency, iss 25% for App = 175 nm).
The amplification gas is CHat atmospheric pressure with an anode-cathode gap of 2 nenppera-
tional voltage is 2050 V corresponding to a gairef-10*. Itis located at about 5 m from the beam axis,
covering a limited acceptance f| < 0.5 and 12° < ¢ < 585°.

The HMPID analysis uses the 2011 Pb—Pb data with aroude I0° central triggered events (0-10%
centrality) and 5< 10° semi-central triggered events (10-50% centrE)it)T he event and track selection
is similar to the one described in Séc. 211.1, but in addiiiés required that the tracks are propagated
and matched to the corresponding primary ionization ciustéhe Multi-Wire Proportional Chamber
(MWPC) gap of the HMPID detector (denoted matched clustérerfollowing). The PID in the HMPID

is done by measuring the Cherenkov anélg, [@], given by

[
cosOch = % = Och = arcco:(pnig_mz> , (6)

wheren is the refractive index of the radiator used (liquigRg, with n = 1.29 at temperaturé = 20°C
for photons with energy 6.68 eV). Figurel 12 shows the Chereakgle as a function of the momentum
for central Pb—Pb collisions.

The measurement of the single photé, angle in the HMPID requires knowledge of the track impact
position and angle. These are estimated from the trackpoiaon from the central tracking devices
up to the radiator volume, where the Cherenkov photons aittegin Only one matched cluster is
associated to each extrapolated track, selected as thestcldgster to the extrapolated track point on the
cathode plane, with a charge abov&20 ADC. The cut on the charge excludes clusters from eleictro
noise Opedesal ~ 1 ADC) and photons. The matching efficiency is defined forksaextrapolated to the
HMPID acceptance as

N(Extrapolated with matched clusjer

N(Extrapolated
This efficiency is~95% and independent of momentum, particle species, and euéfiplicity.

(7)

Ematch=

In Fig.[13, the residuals distribution between the trackagpdlation and the matched cluster position in
local chamber coordinateX, andY, for tracks withpy > 1.5 GeVk is shown. The distributions have

"To match centrality classes with the high-analysis only spectra for 0-40% will be shown in this papeesiits for
20-30%, 30-40%, and 40-50% are available on HepData.

18



Nuclear modification factor of charged pions, kaons, andon® ALICE Collaboration

N
™

R e A B B B B

oof X coordinate ALICE 0-50% Pb-Pb [ Y coordinate 1

°8F _ positive [ — Positive ]

0.7 . [ . ’
E —Negative I —Negative

Counts/mm (arb. unit)

Residuals (cm)

Fig. 13: (Color online) Distribution of theX (left panel) andr (right panel) residuals between the matched cluster
position and the closest extrapolated track point at the HMiPamber plane (HMPID module 2), for positive and
negative tracks witlpr > 1.5 GeVk in Pb—Pb collisions (0-50% centrality). The small shiftkeén positive and
negative tracks in th¥ residuals is due to a radial residual misalignment and arifapt estimate of the energy
loss in the material traversed by the track.

0.85 e e e e
0.8 ALICE 0-50% Pb-Pb at {5, = 2.76 TeV -
D975k E
®) 0'75§ « Positive E
0.7¢ « Negative E
0.65F ety E
0.6 sesveeett =
0.55F  <* 3
05F E
0.45F 3
04:.”mHH\HHmH‘\HHmH‘\HH\HH\HH\‘H.:

™1 15 2 25 3 35 4 45 5 55 6
pT(GeV/c)

stance

Fig. 14: (Color online) The distance cut correctid@yistance &S a function ofpr for positive (red) and negative
(blue) tracks, respectively, in Pb—Pb collisions (0-50%ttcaity).

a resolution ofg;es =~ 2 cm. To reject fake matched cluster associations in thectigiea selection on
the distance computed on the cathode plane between theexai@polation and the matched cluster
is applied. The distance has to be less than 5 cm, corresmpmali2.50,.. This represents the best
compromise between the loss of statistics and the probabflan incorrect association, where the latter
becomes negligible{0.1%) even in the most central collisions, as estimated fromdut@ilations. The
distance cut leads to a correction factor

N(Extrapolated with matched cluster distanc® cm)
N (Extrapolated with matched clusjer

Cdistance: ) (8)
for each momentum bin and does not depend on event multypli€ig.[I4 shows this correction factor
as a function ofor for positive and negative tracks integrated over the chiytidasses (0-50%).

Starting from the photon cluster coordinates on the phthocke, a back-tracking algorithm calculates

the corresponding emission angle. The Cherenkov photersetected by the Hough Transform Method

(HTM) [56], which for each track transforms the coordinatégphoton hits into emission angles. The

angle interval with most hit candidates is selected @&xds computed as the weighted mean of the single
photon angles. In central Pb—Pb collisions, where the tatalber of signals in the HMPID chambers is

large, itis possible that the angle is constructed base@®ndt corresponding to the Cherenkov photons
associated with the track. This results in a significant cédn of the PID efficiency in the most central
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Fig. 15: (Color online) Fit to theBcp-distributions of pions (upper panel) and protons (lowengdpobtained in
MC simulations for two different momentum bins.

collisions. Figuré_I5 gives an example of the same effect@dimulations. The response function con-
sists of a Gaussian distribution for correctly assignegsigsignal) plus a distribution strongly increasing
with the Cherenkov angle for incorrectly assigned ringgkigeound). The signals from other tracks and
photons in the same event are uniformly distributed on tlanter plane, and so the background rises
with Bcp since the probability of finding background clusters insema The background contribution
decreases with increasing track momentum because highmenom tracks give rise to a larger num-
ber of Cherenkov photons and have a smaller inclinationeamqybducing rings that are more likely to
be fully contained inside the acceptance. As a result of thesprobability of incorrectly associating an
angle computed from background clusters to the track deesed he shoulder in the distribution starting
at 0.7 rad is a boundary effect due to the finite geometrica¢@tance of the chamber.

Figure[16 gives examples of the reconstructed Cherenkade aligjributions in two narrowpr intervals

for different centrality classes; the reconstructed adgg#ibution is fitted with a sum of three Gaussian
distributions, corresponding to the signals from piongnsa and protons, plus a distribution associated
with the misidentified tracks that is modeled with a 6th-éegpolynomial function that minimizes the
reducedy? of the fit.

The fitting is performed in 2 steps. In the first step the ihijparameters are based on the expected
values. For the signal, the meat8y,); are obtained from Ed.l 6, tuning the refractive index to match
the observed Cherenkov angles, and the sigma vaiuae taken from the MC distribution in the given
transverse momentum bin. The initial shape of the 6th-gegotynomial background is taken from MC
simulations. Furthermore, the signal parameters are r@net! to the rangesi@cn)i - Gi,(Ocn)i + 0il

for the means, anddg - 0.1.g;, g; + 0.1.g;] for the widths. After this first step, thpr dependence of
each parameter is fitted with a continuous function. In tlesé step, the fitting is repeated with only
the yields as free parameters and constraining the meanigmd salues to the continuous functions.
The means and widths constrained in this way are all foune tmdbependent of centrality as shown in
Fig.[17 for 0-5% and 40-50% centrality classes. In Eig. 18pmgarison is shown between the mean
values of the Cherenkov angle obtained from the fitting plooe with those obtained using a clean
sample of protons and pions identified frawand K decays.

To correct for the incorrectly assigned Cherenkov ringsladificiency is used. This efficiency has to
be derived from a dataset containing identified particlea single species, so one can use MG/8r
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Fig. 16: (Color online) Distributions of the Cherenkov angle measkin the HMPID for positive tracks havingy
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classes, 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, and 40-50%shoulder in the distributions starting at 0.7 rad
is a boundary effect due to the finite chamber geometrica@ance.
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pions, kaons, and protons obtained by the three-Gausdiag firocedure as a function @f for 0-5% and 40-

50% centrality Pb—Pb collisions. The data points from the tifferent centrality classes overlap such that the
difference is smaller than the size of the symbols used.
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Fig. 18: (Color online) Comparison of the mean Cherenkov angle watlgained by the three-Gaussian fitting
procedure and those evaluated from tis $tudy for pions (left panel) and protons (right panel) eriost central
Pb—Pb collisions.

daughters. For such a clean set of particles that passessthaak cut, e.g. MC pions as in Fig] 15, the
PID efficiency is

B N(signal)

~ N(signal and background

(9)

where the signal is the integral of the Gaussian fit functitime PID efficiency has been evaluated from
MC simulations that reproduce the background observederm#ta well. A data-driven cross check of
the efficiency has been performed using a clean sampl€ daughter tracks. The comparison between

EPID
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Fig. 19: (Color online) Identification efficiency for pions (upperrd) and protons (lower panel) selected ex-
ploiting VO decay properties, compared with the MC results for primeagks for 0-5% and 40-50% centrality
classes.

data and MC is shown in Fi§. 119 for 0-5% and 40-50% centraliégses, and shows good agreement.
We also observe that, as expected, the efficiency decreaspwmofe central collisions due to the occu-
pancy effects mentioned above. The maximum value of the HlBemncy is~80% atpr ~ 6 GeVk

in the 40-50% centrality class. As an additional check ofRIe efficiency, the ratio between the raw
yields extracted from the fit (signal) corrected by the Plficefhcy and the total entries in the original
histogram (signal and background) has been evaluated ¢brpgabin for all centralities. The ratio is
consistent with unity within systematic uncertaintiese(3ableB).

The systematic uncertainty for the HMPID analysis has dmmions from tracking and PID. These
uncertainties have been estimated by changing indivigitiadl track selection cuts and the parameters of
the fit function used to extract the raw yields. The means @fGlaussian functions have been changed
by £0. Similarly, the widths of the Gaussian functions have beared by +10%, accounting for
the maximum expected variation of the resolution as a redutie different running conditions of the
detector during data taking that can have an impact on tHerpeance. When the means are changed,
the widths are fixed to the default value, and vice versa. Trampeter variation is done for all three
particles species. In addition, the uncertainty on the@agon of the track to the matched cluster is
obtained by varying the value of the distance cut requiredhfe match byt1 cm. These contributions
do not vary with the collision centrality. To estimate theceartainty due to the incomplete knowledge of
the shape of the background distribution, an alternativekdr@und function, depending on t&)(and
derived from geometrical considerations in case of orthagUacksEb], has been used:

f(0) = a+b x tanf + ¢ x [tanB(1+tar? 6)]Y, (10)
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wherea, b, c,d are free parameters. The corresponding systematic umtgneaches a maximum value
at low momenta for the most central collisions {5% for pions ands 8% for kaons and protons). The
systematic uncertainty decreases withbecause, as previously explained, the background cotitnibu
decreases with increasing track momentum. A summary ofiffexeht contributions to the systematic
uncertainty for the HMPID Pb—Pb analysis is given in Table 3.

Effect I K+ p andp

pr range (GeW) 2.5 4 2.5 4 25 4
PID 6% 12% 6% 12% 4% 5%
Tracking efficiency 6% 6% 7%
Distance cut correction 6% 2% 6% 2% 4% 2%

Background (Pb-Pb 0-5%) 10% 4% 5% 3% 5% 3%
Background (Pb-Pb 5-10%) 7% 4% 3% 2% 3% 2%
Background (Pb-Pb 10-20%) 6% 4% 3% 2% 3% 2%
Background (Pb-Pb 20-30%) 5% 3% 3% 2% 2% 2%
Background (Pb-Pb 30-40%) 3% 1% 2% 1% 2% 1%
Background (Pb-Pb 40-50%) 2% 1% 2% 1% 2% 1%

Table 3: Main sources of systematic uncertainties for the HMPID Rbaifalysis.

3 Results and discussion

The measurement of charged pion, kaon, and (anti)protoisvesise momentum spectra has been per-
formed via several independent analyses, each one focasiagsub-range of the totah distribution,
using individual detectors and specific techniques to dpérthe signal extraction (see Table 4). The re-
sults were combined in the overlapping ranges using a wasiigiiterage with the independent systematic
uncertainties as weights (a 3% common systematic uncgrt@ire to the TPC tracking is added directly
to the combined spectrum). The statistical uncertaintiesraich smaller and therefore neglected in the
combination weights. Fopr > 4 GeVk only the TPC & /dx relativistic rise analysis is used for all
species. Figure 20 shows the ratio of individual spectrhgéabmbined spectrum for the 0-5%, 20-40%,
and 60-80% central Pb—Pb data, illustrating the compayiliietween the different analyses. In the cen-
trality intervals where the HMPID measurements are avkl#iey improve the systematic uncertainty
of the kaon and proton yields by approximately a factor of imvihe py region where it is later observed
that the peaks of the kaon-to-pion and the proton-to-pitingare located (see Fig.]24 and Figl 25). We
note that the final charged pion spectra are consistent hdtiméutral pion spectra scaled by a factor of
two within statistical and systematic uncertainties [57].

ITS+TPC+TOF HMPID TPCH/dxrel. rise

m 0.1-3.0 1.5-4.0 2.0-20.0
K+ 0.2-3.0 1.5-4.0 3.0-20.0
p(p 0.3-4.6 1.5-6.0 3.0-20.0
K/ 0.2-3.0 1.5-4.0 3.0-20.0
pITT 0.3-3.0 1.5-4.0 3.0-20.0

Table 4: The pr ranges (Ge\W) used in the combination of the most central results. In gperipheral Pb—Pb
collisions the separation power is different and in somes#sepr ranges therefore changes a little.

The final combined transverse momentum distributions #®tlinee particle species are shown in Eig. 21.
For pr < 3GeVk a hardening of the spectra is observed going from peripheregntral events. This
effect is mass dependent and is characteristic of hydrodinélow as discussed i|ELI44]. For high
pr (> 10 GeVE) the spectra follow a power law shape as expected from jpative QCD (pQCD)
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Fig. 20: (Color online). The ratio of individual spectra to the comdl spectrum as a function pf for pions
(upper panels), kaons (middle panels), and protons (loaeelg). From left-to-right the columns show 0-5%, 20-
40%, and 60-80% (where there are no HMPID results). Onlyptheange where the analyses overlap is shown.
For pr > 4 GeVk no combination is done and the TPE ix relativistic rise results are used directly, which gives
rise to a small discontinuity for protons at thps. The ITS+TPC+TOF spectra are the results publisheﬂn [44].
The statistical and independent systematic uncertaiateeshown as vertical error bars and as a band, respectively,
and only include those on the individual spectra.
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calculations. In the following the higpr results are first discussed before going on to the interrteedia
pr region.
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Fig. 21: (Color online). Transverse momentum spectra of chargeaspiieft panel), kaons (middle panel), and
(anti)protons (right panel) measured in Pb—Pb and pp amilésat, /Sy = 2.76 TeV. The systematic and statistical
error are plotted as color boxes and vertical error barsi(ttasee), respectively. The spectra have been scaled by
the factors listed in the legend for clarity.

3.1 The highpr results

To study jet quenching at highyr, the nuclear modification factoRaa, is constructed. ThBaa is

__ Ngh/dydpr
A T Py cydpr o

where N{QA and oi‘ép are the charged particle yield in nucleus-nucleus (A—Aligiohs and the cross
section in pp collisions, respectively, afitha) is the nuclear overlap function. The latter is obtained

from a Glauber mode@8] and is related to the average nurmmbbmary nucleon-nucleon collisions
(Ncoi) and the inelastic nucleon-nucleon cross sectiofTag) = (Neoi)/ ai'r\]'e'\l'.

Figure[22 shows th&aa for all centrality classes. The results show that for alltcadity classes any
particle species dependence of the nuclear modificatiopfor 10 GeVE is small, compared with the
large suppressiorRaa < 1). This suggests that jet quenching does not produce sigrsathat affects
the particle species composition for the leading particld® results presented in the paper are all done
at the particle level while for some models, that motivateelse studies, the predictions are done for
jets, e.g. the Sapeta-Wiedemann model [22]. Itis not olsvimw to compare the results presented here
with such calculations. In the following we therefore disslthow inclusivepy spectra compare with
inclusive jetpr spectra. In particular it is examined if the results areljike be affected by a quenched
jet fragmentation bias (if quenched jets emit less highparticles than unquenched ones) or a surface
bias (if unquenched jets from the surface dominate).
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Fig. 22: (Color online). The nuclear modification factBaa as a function ofpr for different particle species.
Results for different collision centralities are shownatttical and PID systematic uncertainties are plotted as
vertical error bars and boxes around the points, respéctiVae total normalization uncertainty (pp and Pb—Pb)
is indicated in each panel by the vertical scale of the botered atpr = 1 GeVk andRaa = 1 [16].

At the LHC, by studying dijets in Pb—Pb collisions and setegn the dijet asymmetry one can study
samples with large asymmetries where one knows, based grecmons with pp results, that at least the
subleading jet have suffered a large energy loss [8, 9]. Tdysf the Fragmentation Functions (FFs)
for these quenched jets have shown that for charged trackgpwi> 4 GeVi they are similar to the ones
observed in pp collisions for subleading jets withie: > 50 GeVE [@], in agreement with what one also
finds for inclusive jets|EO]. This rules out a large fragnagian bias (for lower jeppr see below) and
suggests that any surface bias is the same as for incluss/eTje understand the jgt covered by the
results presented here one can now, thanks to the simit#ritye FFs in pp and Pb—Pb collisions, rely
on NLO pQCD calculations for pp collisions. The FFs found #sdibe the inclusive charged particle
spectra the besﬂbl] are the Kretzer distributions [62].ONRQCD calculations using the Kretzer FFs
suggest that more than half of the particles wittbetween 10 and 20 Ge¥ére from gluon jets and that
the typical jetpr is roughly a factor of 2-3 larger than the hadnen((z) = pr hadror/ Pt jet = 0.4) @ﬁ
The conclusions for jets witpr jet > 50 GeVE is therefore expected to be directly applicable also for the
highestpr particles studied here. ALICE has studied charged jets+#PBlzollisions where it was found
that requiring minimum one track witphr > 10 GeVE in a jet gives the same fragmentation bias of the
jet reconstruction efficiency in Pb—Pb collisions as in PYAHbr 20 < prch jet < 110 GeVE [@], S0
there is no evidence even for lowgr jets that there is a different fragmentation bias in Pb—Rliszns
than in pp collisions. Based on the discussion in this padyme conclude that the results for charged
pr spectra presented here is expected to contain the sammatfon about the jet quenching as leading
pr spectra for inclusive jets. The results in Higl 22 therefodicate that for jets with finapr of order

25 to 50 GeV&, jet quenching does not produce large particle speciesndepe effects in the hard core
of the jet where leading particle production mainly occurs.

8The publication contains only calculations fg§ = 900 GeV and,/S= 7 TeV that have been averaged as an approximate
estimate for the energy @f's= 2.76 TeV shown here since the energy dependence is not thagstro
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To be able to set stronger constraints one needs theoratimd¢ling. As theRaa for charged pions,
kaons, and protons reported here figr> 10 GeVk are all compatible to thRaa for inclusive charged
particles [E.b] and neutral pion@S?] we refer to these paf@mrcomparisons with models without large
particle specie dependent effects. When compared with imedgch includes large particle species
dependent effects the results indicate that the jet quegahiechanism does not involve direct exchange
of quantum numbers with the medium and there are also noatidits of a modified color structure
of the fragmentation@Z] or that the probe is excited to oitwor states|E3]. Models in which the
hadronization of jet fragments occurs in the medium als@apfo be ruled oum4]. It seems that the
medium guenches the jet as a whole rather than directlyaictieg with its fragments. Such a picture
has recently been proposéE[64], arguing that the mediumay cannot resolve the structure inside
the hard core of the jet such that all fragments lose energgrently.

1 -1, ALICE 0-5% Pb-Pb - 5-10% 10-20%
| \'Syn = 2.76 TeV 1
o 10, PHENIX 0-5% Au-Au

0.8
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Fig. 23: (Color online). The nuclear modification factga as a function opr for charged pions, compared with
PHENIX results for neutral pionﬂbS]. Results for diffet@ollision centralities are shown. Statistical and PID
systematic uncertainties are plotted as vertical erras Bad boxes around the points, respectively.

In Fig.[23, theRaa for charged pions, the most precise measurement in this aotkthe one least
sensitive to radial flow, is compared with tRaa for neutral pions measured by PHENIEGS] at the
RHICY. We note that while the ALICE results are below the PHENIXueal, the relative centrality
evolution is very similar at the two center-of-mass enexgién @], a simple study of th®aa at
pr = 10 GeVE found that the energyloss #40% larger at the LHC than at the RHIC in all centrality
classes (it scales agdN/dn for a fixed initial geometry).

The proton-to-pion and the kaon-to-pion ratios as a funatibpr are shown in Fid. 24 and Fig.25. The
similarity at highpr for the Raa implies that the particle ratios there are also the same enplpPb—Pb
collisions. Since the particle ratios are independenprofn this region we use the integrated particle
ratios forpr > 10 GeVEt to elucidate the precision with which the suppression ofipid&aons, and pro-
tons is similar, see Fi§. 26. The advantage of particle sasi¢hat the result for heavy-ion collisions can
be shown separately from the pp results. Furthermore, ireties the systematic uncertainty associated

9The results have been obtained from the tables at the PHENDSite and the 5-10% data set have been constructed from
the 0-5% and 0-10%.
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Fig. 24: (Color online). Charged kaon to charged pion ratio as a fandf transverse momentum (solid markers).
The upper figure shows the fufir-range with the pp results (open markers) overlaid in thetroestral and
the most peripheral centrality class. In the lower figureRibe-Pb results fopt < 8 GeVk are compared with
EPOS model 2.17-3 (line). The systematic and statisticak @re plotted as color boxes and vertical error bars,
respectively.
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Fig. 25: (Color online). (Anti)proton to charged pion ratio as a ftioe of transverse momentum (solid markers).
The upper figure shows the fufir-range with the pp results (open markers) overlaid in thetroestral and
the most peripheral centrality class. In the lower figureRibe-Pb results fopt < 8 GeVk are compared with
EPOS model 2.17-3 (line). The systematic and statisticak @re plotted as color boxes and vertical error bars,
respectively.
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Fig. 26: (Color online). The integrated particle ratios fof > 10 GeVE in pp and Pb—Pb collisions as a function
of the number of participants. Left panel: the kaon-to-piatin. Right panel: the proton-to-pion ratio scaled by
a factor of 3 for clarity. Statistical and PID systematic eriainties are plotted as vertical error bars and boxes
around the points, respectively. Note that this kaon-tmgproton-to-pion) “highpt” ratio is ~4 (=2) times
larger than the bulk ratid [44].

with the inclusive charged particler spectra normalization cancels. All the steps in the hpgidE /dx
analysis discussed in Séc.]2.1 are done independently dhraemtrality class (using disjunct datasets)
so one does not expect any direct correlations of the rediésconclude that all kaon-to-pion (proton-
to-pion) ratios as a function d,,t are consistent within the systematic uncertainty=a0 % (=20%).
Measurements with improved precision using Run 2 and Run G dHta could reveal possible subtle
particle species differences.

3.2 The intermediate py results

In the following the intermediat@r regions in Fig{2¥ and Fi§. 25, where the proton-to-pion dred t
kaon-to-pion ratios are enhanced, are discussed.

The observation of the large proton-to-pion ratio at intediate pr at the RHIC generated numerous
speculations that the degrees of freedom in the medium asitent quark-like and that they recom-
bine when hadronizing to give rise to distinct meson anddraproperties. As the meson has a similar
mass to a proton, it is crucial in testing these ideas andtsdadeed seemed to confirm this picture at the
RHIC [@], while at LHC the pictures seems more complica@@]. Some of the models developed
to describe results at the RHIC have been extended to the Li¢@jies. One can, in general, sepa-
rate recombination models into two classes. In soft modetsymbination only occurs for soft thermal
radially-flowing partons. In@S] ALICE showed calculat®iffior such a modeE:kl] and the prediction
is that at the LHC energies the particle ratios in centrdigiohs are similar to those measured at the
highest RHIC energy. In hard recombination models, jetrfragts can recombine with both partons
from the medium and other jets. At LHC energies the mini-@ivéty is much larger than at RHIC en-
ergies, which motivated predictions for central collisaf particle ratios an order of magnitude larger
(p/ 1~ 10-20) than the peak values reported here and persisting outich highempy [@]. The fail-
ure of hard recombination is in qualitative agreement whid picture where the jet interacts with the
medium as a whole so that the hard fragments of the jet casnotrbine with partons in the medium
or in another jet.

EPOS ] is a full MC generator which contains both soft aaddtphysics. It incorporates a hydrody-
namical phase and additional hadronization processeseatrniadiatepr where the interaction between
bulk matter and quenched jets is conside [71]. Thisaten introduces a baryon-meson effect,
where fully quenched jets are allowed to hadronize with flgunedium quarks. When we study the
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full set of ratios at all centralities (Fif._24 and Higl 25)@&® generally reproduces the centrality depen-
dence well, even for very peripheral events, where it is kmtiat pure hydrodynamical calculations

fail to describe the data [44]. However, EPOS overpredimsmtagnitude of both the proton-to-pion and

the kaon-to-pion peak; it is therefore critical to undengtdow important the additional hadronization

processes are, relative to the hydrodynamic flow, when &rpaters have been tuned.
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Fig. 27: (Color online) ALICE (circles) results fron/Syv = 2.76 TeV Pb—Pb collisions compared with STAR
and PHENIX results fok/Syvy = 200 GeV Au—Au collisions. Left panel: the proton-to-piotioa Right panel:
the kaon-to-pion ratio.

Figure[2Y shows a comparison of particle ratios with redoiism STAR Efli] and PHENIX?] at the
RHIC measured in Au—-Au collision gfSyn = 200 GeV. In both cases the results have been averaged
for both charge signs for pions and protons. We use the STABd@vn corrected data for this com-
parisor@. The proton-to-pion peak at the LHC is approximately 20%éarthan at the RHIC, which

is consistent with an average larger radial flow velocity. Mgh pt the systematic uncertainties of
the STAR data are very large and it was noted in a later puldicahat they might even be underesti-
mated [[_Zb]. Interestingly, there is no evidence for a pedkérkaon-to-pion ratio measured by PHENIX,
which is similar to the ALICE data points fqrr < 3 GeVk, but continues to rise in the few data points
above thispr.

Careful modeling ofpr spectra and azimuthal flow is needed to answer the questiamether there
are additional hadronization processes such as soft rénatiun at the LHE]. Since the multi licity
evolution of particle ratios in p—Pb collisions is similarwhat is observed for Pb—Pb coIIisior|1J_)§|[37] it
would be interesting to include those results in the modelim particular, since there is no indication of
jet quenching|E3] which conceptually simplifies the proble

4 Conclusion

We have reported the centrality dependent measurementaofexh pions, kaons and (anti)protons at
large transverse momenta in Pb—Pb collisions at the LHC.i\¢benbined with already published data
at lower pr, the new results provide a comprehensive dataset of piam, knd (anti)protorpr spectra
with unprecedented systematic precision aadeach. The spectra are sensitive to physics mechanism
that differentiate between baryons and mesons, strange@ndtrange, or heavy and light hadrons.

10values taken frorn https://drupal.star.bnl.gov/S TAR##&arpublications/65/data.himl for protons and a sinfidad-down
correction has been assumed for anti-protons.

11We note that in a recent preprint it is shown that soft recowon together with pQCD+quenching can give a good
descriptio[l%)f pion, kaon, and (anti)proton spectra ini@tteavy-ion collisions both at the RHIC and the LHC fds & pt <
10 GeVk [72].
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At high pt (pr > 10 GeVk), particle ratios and nuclear modification factors allow gtudy of effects
related to jet quenching. The measurements inphisange do not show any difference in the nuclear
modification factor for pions, kaons, and protons. A congaariof the present results with jet mea-
surements and theoretical calculations establishes éhaugnching does not introduce large species-
dependent modifications for leading particles. Insteadgit pr, for all 6 centrality classes and the pp
data analyzed here, the same kaon-to-pion and protoreto+pitios are obtained within a systematic
precision of~10-20%.

At intermediatepr calculations are needed to determine whether models odamgadbnly hydrodynamics
and jet quenching can obtain a good description across nmzsgreables of the available experimental
results or if additional processes such as recombinatiemeeded. Since the initial geometry of the
collision directly affects both the flow and the energy labg centrality dependence presented in this
paper is important for constraining both the Ig@x-hydrodynamics and the higpr jet quenching in the
calculations.

The results in this paper, taken together with the wealthtleérohigh pr and jet results from the LHC,
points toward a need for further development of a microscQD-based picture that explains in detail
the interplay between the jet, the medium, and the energy los
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