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Abstract

Transverse momentunpf) speBtra of pions, kaons, and protons upio= 20 GeVE have been
measured in Pb—Pb collisions'ayy = 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 for more perdpleellisions. For

pr > 10 GeVE, the nuclear modi cation factor is found to be the same fottalee particle species

in each centrality interval within systematic uncertastof 10—20%. This suggests there is no direct
interplay between the energy loss in the medium and thectasipecies composition in the hard core
of the quenched jet. Fgr < 10 GeVEk, 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 stronglgtéracting decon ned medium of quarks and gluons
is created. Experimental evidence for this state of matisrideen found both at the Relativistic Heavy-
lon Collider (RHIC) ﬂgﬁl] as well as at the LHC [B—Q]. Transse momentumpgry) spectra probe many
different properties of this medium. At lowr (. 2 GeVk) the spectra provide information on bulk
production, while at highpr (& 10 GeVE) transport properties of the medium can be studied via jet
quenchingZ]. The microscopic QCD processes areréiffeat low and highpr, 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 maoma spectra of pions, kaons, and protons as
a function of pr for Pb—Pb collisions a? SuN = 2:76 TeV is presented. The focus is on intermediate
and highpy, where these measurements allow comparison between Isagymhmesons, 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 complatatierstood, and one of the main goals
of the experimental programs at the RHIC and the LHC is totifleadditional signatures associated
with the jet quenching to constrain theoretical modelingttiEle identi cation (PID) is of fundamental
interest since, due to the color Casimir factor, gluonsratetwo times stronger with the medium than
quarks [ﬁbﬂO] and it is known from*e studies of 3-jet events that gluons are more likely to frag-
ment to leading baryons than quarks are [21]. In additiomesmodels for jet quenching predict large
particle-species-dependent effects @—24]. Measureragrthe RHIC, in particular for baryons, have
so far been inconclusive due to the limitpg-range and the large systematic and statistical uncertain-
ties @@7]

In the intermediate transverse momentum regime, the banromeson 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” @dandlicate the presence of new hadroniza-
tion mechanisms such as parton recombina@h@l—%] thdtdde signi cantly enhanced and/or ex-
tended out to highepr at the LHC due to larger mini-jet producti34]. In recomdttion 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@y physics, the rise

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

In a recent IetteriE.S] 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 modi cationdiais the same fopr > 10 GeVk for all three
particle species. This suggests that there are no sigri particle-species-dependent effects related to
the energy loss. In this paper, the analysis used to obtaim#asurements at higgy is presented in full
detail, and the results for all centrality classes are mhetl Recent measurements at low and interme-
diate pr of identi ed particle production and correlations in p—Pdllisions have revealed phenomena
typically associated with uid-like behavior in heavy-iarollisions EGEB] 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 Sé¢. 2, the datdyaimis described. The method using
the energy loss in the TPC for particle identi cation is ladt rst and then the procedure using the
Cherenkov angle measured by the HMPID is presented. Il $#we Jal spectra are presented, and the
particle ratios and nuclear modi cation factors are disagsand compared with theoretical calculations
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and results from previous experiments at lower center-agsrenergies.

2 Data analysis

The results reported in this paper have been obtained vétbehtral barrel of the ALICE detector, which
has full azimuthal coverage around midrapidjtyj < 0:8 [@]. Different Particle IDenti cation (PID)
devices are used for the identi cation pf ;K ;and fp) (see Tablé14 for exaqtr ranges). Ordering
by pr, from lowest to highest, the results are obtained using peeis energy loss, &=dx, in the
silicon Inner Tracking System (ITS), th&ddx in the Time Projection Chamber (TPC), the time-of- ight
measured by the Time-Of-Flight (TOF) detector, the Chesgrangle measured by the High Momentum
Particle Identi cation Detector (HMPID), and the TPE&#ddx in the relativistic rise region. The general
performance of these devices is reportedzrh [43]. Detaileztdption of the lowepr analyses and the
resultingp ;K ;and gp) pr spectra in Pb—Pb collisions are already puinsIEH [44]himgection, the
method used to extract thepe spectra in the HMPID and the TPEddx relativistic rise analysis is
described in detail.

Due to the limited acceptance of the HMPID, the analysis leas iperformed with the larger 2011 dataset
where a centrality trigger was used, restricting the HMR#Bults to 0-50% central Pb—Pb collisions.

2.1 TPC dE/dx relativistic rise analysis

The relativistic rise of the B=dx in the TPC, where the average energy loss increases agl(})
bg 1000), allows ALICE to extend the PID @f ;K ;and gp) up to pr = 20 GeVE. 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 betwhee nuclear modi cation factors for in-
clusive and identi ed charged particles. The analysis VAtD described here has additional systematic
uncertainties related to the particle identi cation thag will describe in Se¢. 2.11.9.

Atotal of 11 10° Pb—Pb collision events recorded in 2010 are used in thiysisalThe online (of ine)
trigger for minimum bias interactions in Pb—Pb collisiorsjuires 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 intécarcpoint. The centrality is determined from the
measured amplitude in the VO detector] [45].

Primary tracks are reconstructed in the ALICE TRd [46] frdomsters in up to 159 pad rows, where
each cluster consists of a group of cells covering a few feighg pads and time bins. The tracks
used in the analysis are restrictedjip < 0:8 in order to be fully contained in the TPC active volume.
Furthermore, tracks are required to have at least one hiténod the two innermost SPD layers of the
ITS, and the distance of closest approach to the primargxéstrequired to be less than 2 cm along
the beam axis and less than 7 standard deviations in thevénaesplane (350mm for tracks with
pr = 2 GeVk, decreasing slightly witpr). The resulting relativesy resolution for these tracks is better
than 5% afpr = 20 GeVE [IE]. Thepr spectra have been corrected for this resolution using anding
procedure fopr > 10 GeVE [IE This correction is smaller than 2% m@mt= 20 GeVEt.

2.1.2 Particle identi cation at large transverse momentum

Figure[1 shows thekkdx as a function of momentum in 0-5% central Pb—Pb collisions. It is evident
that particle identi cation in the relativistic rise regiaequires precise knowledge of théE=dxi re-
sponse and resolutiasn. To quantify this, and to motivate the detailed studies sftillowing, the nal
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Fig. 1: (Color online) The &=dx as a function of the momentumat mid-rapidityjhj < 0:2 for 0-5% (left panel)
and 60-80% (right panel) Pb—Pb collisions. In each momeritinnthe dE=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 midl=dxi responses for pions, kaons, and protons.

---|n|<0.2
—0.6£|n|<0.8

p (GeV/c)

Fig. 2: Separation in number of standard deviatioBs)(@s a function of momentum between: pions and protons
(upper panels), pions and kaons (middle panels), and kawhpmtons (lower panels). Results are shown for
0-5% (left panels) and 40-60% (middle panels) Pb—Pb; andigipt(panels) collisions. Because the TPC response
is track-length dependent, the separation is better faksrat forward pseudorapidities (solid lines) than for
those at smalleh (dashed lines). The degradation in separation power in ro@ngral 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 assigned.
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response functions are used to estimate the separatiorr,pghere, for example, the charged pion-to-
kaon separation in number of standard deviati®gs|s

dE dE
dx p*+ dx K*+K

S = E=P ; @y
05(5p++p + SK++K )

that is, the absolutedE=dxi difference normalized to the arithmetic average of thelmiems. Fig[2
shows that the separation power between particle speadyis few standard deviations, making PID
very challenging, requiring optimization of th&ddx signal itself and the use of external PID constraints
to calibrate the response. In the following, these anabsigcts will be covered in detalil.

2.1.3 ThedE=dx calibration

The cE=dx is obtained as a truncated mean, where the average is pedaramsidering only the 60%
lowest cluster charge values to remove the tail of the Ladi#tawcluster charge distribution. It is cus-
tomary to use the notationEgdx and talk about the Bethe—Bloch curve, even if the=dx used in
the analysis is only th#uncatedmean and does not contain energy losses deposited as szdimm
threshold excitations or the full ionization from deltaetions, discussed in detail E[48]. While the
Bethe—Bloch speci c energy loss depends onlylom= p=m, the one obtained from the detected trun-
cated mean also depends on other parameters such as tHelkstien sample length, i.e., the pad length
and/or track inclination over the pad. In the following, el refer to the relationship between the two
types of speci ¢ energy losses #te transfer functiorand it is this relationship that is optimized in the
dE=dx calibration, and used also as input for the analysis styadesgussed later.

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

In pp collisions the cluster integrated charge is used flmutating the &=dx. The integrated charge is
corrected for the tails of the charge distribution that agtolw the readout threshold. Due to the large
probability for overlapping clusters in Pb—Pb collisiotise maximum charge in the cluster is used to
calculate the B=dx in this case. The maximum charge is the largest charge irsteclcell (pad and time
bin). The maximum charge has to be corrected for the dniftyle dependent reduction due to diffusion
and the dependence on the relative pad position of the indsigeal (the measured maximum charge is
largest if the cluster center is also the pad center, andesh#lit is between two pads).

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

in the following two ways. Reconstructed space points whieeecharge is deposited on a single pad,
that are not used for track tting, are included in the=ix calculation. An attempt is made, to identify
clusters below the readout threshold. If a row has no clustsigned to the track but clusters were
assigned in both neighboring rows, it is assumed that treterleharge was below the readout threshold
and a virtual cluster is assigned with charge correspondiniige lowest reconstructed charge cluster on
the track. This virtual cluster is then included in the cidtion of the truncated mean. This is similar to
the strategy adopted by ALEPH, but without changing thedation rangelﬂg].

The h dependence of thekdkdx is sensitive to corrections for the track-length and th&udibn. There

is also a small correction for the direct drift-length deghemt signal attenuation, due to absorption,
of ionization electrons by Oxygeﬂ46]. At = 0 the ionization electrons drift the full 250 cm to the
readout chambers and, as aresult, the signal is spreadieuty diffusion, making threshold effects more
prominent than for tracks with = 0:8. At the same time, the sampled track length is longer faktra
with h = 0:8 than withh = 0. The dE=dx calibration is validated using pions in the Minimum lonigin
Particle (MIP) regime and electrons in the Fermi PlateaioregA clean sample of MIP pions is selected
via tracks with momenta:@ < p< 0:6 GeVk and energy loss:8 < (dE=dx)=hdE=dxiyp < 1:2. A
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Fig. 3: The cE=dx as a function ofh for electrons on the Fermi Plateau (upper panel) and MIPs{aoriddle
panel); the selection criteria are described in the texe §dlid round markers indicate the averaugi=dxi, and

the height of the boxes is given by the standard deviasorT,he lower panel shows the ratio between the Plateau
and MIPhdE=dxi. The statistical uncertainty is smaller than the markezssiZ hese results were obtained for pp
collisions atp $=2.76 TeV.

clean electron sample is obtained in the same momentum kaéagentrality dependentii-dx cuts (as
S; depends on centrality) and by rejecting kaons using Timé&l@ht (TOF) information: @ < brog<
1:1. For both samples it is found that thedependence of thielE=dxi is negligible. We note that one
expects these two classes of tracks to have different satysio threshold corrections. The result of the
validation test for pp collisions is shown in Fid. 3, whiclspliays thédE=dxi response as a function of
h for electrons (upper panel) and pions (middle panel).

2.1.4 Division into homogenous samples

From studies of the transfer function, one expects a sigmitdrack-length dependence. For the “stiff”
high-pr tracks used in this analysis, the track-length in the trarssv bending plane is rather similar,
but there is a signi canh dependence and the effect of this on tie=dx resolution is visible in Fid.13
for the pion MIPs. This motivates performing the analysighipintervals: jhj < 0:2, 02 j hj < 0:4,
0:4 j hj< 0:6and 06 j hj< 0:8 and then combining the results.

Furthermore, tracks close to and/or crossing the TPC sbotandaries have signi cantly fewer clusters
assigned. Because the analyzed tracks are “stiff”, tha@sgkdrclose to the sector boundaries can be
easily rejected using geometriccut in the azimuthal track angje, which excludes approximately 10%
of the tracks forpr > 6 GeVk. Figure[4 shows the effect of the geometric cut on the disgtiob of

the number of clusters per track. The cases before and hé¢r tut are shown for pp (upper panel)
and central Pb—Pb (lower panel) collisions. The large difiee between the distributions for pp and
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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 panelyamtral Pb—Pb (lower panel) collisions agyy =
2.76 TeV. The minimum number of clusters on a track is 70.

central Pb—Pb is an occupancy effect and essentially imdigme of pr. The cut signi cantly improves
the de=dx performance by rejecting tracks with less information @ewlusters) in regions where the
calibration is more sensitive to complex edge behaviors ¢ha have larger effects on “stiff” tracks.
This also simpli es the analysis because in e@fghinterval, a single resolution parameter is suf cient
to describe individual particles species (e.g., all piong) given momentum bin.

2.1.5 Obtaining the highpr yields

Since, as already mentioned, the event and track seleatloene is identical to the one used for the
inclusive charged patrticle spect@[m], and each changmit has an associated TPE=dix measure-
ment, the charged pion, kaon, and (anti)proton yields nredsin this analysis are normalized to the
inclusive charged patrticle specﬂaThis highlights the unique direct correspondence betvireriwo
analyses and guarantees that the results are fully coms&sten at the level of statistical uncertainties.
The analysis of thel=dx spectra is therefore aimed at extracting the relative giefgp ;K ;and gp),
referred to as the patrticle fractions in the following.

In a narrow momentum anghj interval, the d&=dx distribution can be described by a sum of four
Gaussiansfd, K, p, ande), see e.g. Fid.]5, and the requirements for the analysis fbleeto extract

the yields with high precision is that the means and widththefGaussians are constrained. Additional
external track samples such as protons fillordecays are used to obtain the constraints. The method
presented in the following has been benchmarked using Moatk (MC) simulations and the closure

1Thej cut described in SeE.2.1.4 was not applied in the includiseged particle analysis, but as this cut is a geometric
cut it is independent of particle species type and therefoes not affect this normalization.
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Fig. 5: (Color online) Four-Gaussian ts (line) to thé=ekdx spectra (markers) for tracks having momentum in the
range 3.4—3% GeVk (upper gure) and 8.0-9 GeVk (lower gure) with jhj < 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 bfwal %) and therefore not visible in the gure. Results for
all six Pb—Pb centrality classes are presented. Hweldspectra have all been normalized to have unit integrals.
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tests, comparing reconstructed output with generated,ifquall yields show less than 2% systematic
deviations. From studies comparing test beam data resiitigtve ALICE speci ¢ MC implementation
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
( xed track topology and large gas gain) and that ion taieets are not included in the MC simulations.

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

The rst step of the analysis is to extract the response patanzations used to constrain the ts. The
Bethe—Bloch curve is parameterized as follows:

dE _ 1+(bg? © b (1+ bg)©

& -2 (bgz "¢ Trdqi+ bge @

wherea; b; c;d, andeare free parameters (the variadfis used to simplify the expression and is de ned
asd®= exdc(a d)=b] whered is thehdE=dxi in the Fermi Plateau regimé,g& 1000).

Ford® 1, as is the case here, the parameterization has a simpleitremadifferent regions obg.
For smallbg, bg 3-4, ‘j'j—'i (b;;)zg , While on the logarithmic rise:‘(’j—'i a+ blog(1+ bg). The
parameterization has been motivated by demanding thisvlmeha the discussed g limits, while at the
same time requiring that each parameter has a clear mednirsgs X b gto ensure that the logarithmic

term is always positive.

The relative resolutions =hdE=dxi, as a function obdE=dxi is parameterized with a second-degree
polynomial, which was found to describe the data well:

s=tdE=dxi = ap+ a;hdE=dxi + ayhdE=dxi%: (3)

The TPC response (Bethe—Bloch and resolution curves) &rdeted for eacth region. Due to the
deterioration of the TPCHE=dx performance with increasing multiplicity, the curves €ifsigni cantly
and have to be extracted separately for pp and each Pb—Rhliteriass.

The parameters; b; d; ande are well determined using external PID information. Seeoyngbion (pro-
ton) tracks identi ed via the reconstruction of the weak agdopology of I@ (L) and data samples
with TOF enhancedbor > 1) primary pions are used. TN selection used in this analysis is similar
to the one used in the dedicated analy@ [51]. To verify thatdE=dx response is Gaussian, narrow
invariant-mass cuts were applied to pp data wherevtheeconstruction is cleanest. Figure 6 shows
single Gaussian ts to the pion and proton peaks for such aatbwe note that the reduced value is

in the expected range for a valid t model. In the followind) MeV/c? wide invariant-mass cuts around
the peaks was used to select signal and reject backgrouncoasmomise between statistics and purity.
Using this information, the Bethe—Bloch function is coasted in thebg interval of 3—-60. Figuré]7
shows examples of the TP@Eddx spectra for these samples in the momentimhrange: 5-7 Ge\W
(0:6 j hj< 0:8) for the most central and most peripheral Pb—Pb collisamasyzed. In this case, the
proton candidate samples from thalecay are not pure samples, and have some contaminatioonsf pi
since the invariant mass peak region still contains conasliide combinatorial background. This contam-
ination is seen in the asymmetry towards the higher valueEefdd in the proton sample. In the case
of the pion samples from thég decay, proton contamination creates the asymmetry tovthed®wer
value of cE=dx in the spectra. Hence, in these cases, to obtain the ntesax@nd resolution for each
particle species, the asymmetric tail of the Gaussians m@reonsidered.

The Fermi Plateau is xed using electron-positron pairsrfiehoton conversions (a photon conversion is
reconstructed similar to allecay and identi ed from the low invariant mass). The sanfierimation is
used to measure thé&ddx resolution as a function ¢HE=dxi . The relative resolution around the NP

2The resolution depends on centrality and track length amwise in central events and for smaljéj.
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Fig. 6: (Color online) dE=dx spectra for secondary pions (top panel) and protons (bop@nel) identi ed via
the reconstruction of the weak decay topology @fahdL, respectively. A narrow invariant-mass cut reducing
statistics was applied to select clean samples (but thesaimple still contains a small visible proton background).
The curves are single Gaussian ts to the data and the redefésicalculated in the range indicated by the t
curves only.

is 5:5-7:5% and improves with increasirfglE=dxi (primary ionization) in the relativistic rise region
to 4:5-55%. These data samples are henceforth referred to as thaax#¢D data.

In the relativistic rise region, the analysis is very stdideause in this regioldE=dxi a+ blogbg,

so the &E=dx separation between particle species, e.g., protons ams,pie constant:rdE=dxi
hdE=dxi, a+ blog(p=m,) (a+ blog(p=m,)) blog(m,=m,). So as long as all particle species
are in thisbg regime a simple extrapolation can be applied. Bgr& 100 the pions |f & 14 GeVk)
start to approach the Fermi Plateau region andntiie=dxi dependence obg is more complex. To
address this, a two dimensional t to th&ddx vs p distribution is performed. All the parameters of the
resolution function and the parametex®;d; ande of Eq.[2 are xed. The paramet@rand the yields
of p* + p , K"+ K and p+ p in different momentum intervals are free parameterss Tthinethod
works ne if the corrections to the logarithmic rise, due @ ttransition to the Plateau, are small, which
restricts the current analysis tg < 20 GeVE. With higher statistics and the use of cosmic muons as
additional constraints, we expect to be able to extend theadeup to 50 Ge\W.

There is a nal subtle point that should be mentioned heree 3ystematic uncertainty on the yields
from the dE=dx method alone is rather large for particles with ionizatiorergy loss close to 1 MIP,
but additional information from other analyses can be usetbtstrain the results. One would like to

10
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Fig. 7: (Color online) dE=dx spectra for secondary pions (open triangles) and protaic{fcles) identi ed via

the reconstruction of the weak decay topology @femdL, 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) Rbedlisions are shown. The tracks were chosen in the
momentum (pseudorapidity) intervalkbp < 7 GeVk (0:6 | hj < 0:8). Note that most spectra also contain a

well-understood background.

avoid using the actual lowgsr p ;K ;and fp) measurements, as this will introduce a direct bias in
the nal combined spectra (Sdd 3). Instead, the neutrahkaelds are used to constrain the charged
kaons in Pb—Pb collisiols The two dimensional tis applied again, but the parameterhich mainly
affects the protomdE=dxi, is how allowed to vary while the other parameters], are constrained and
the charged kaon yield in the tis also restricted to be csiasit with the neutral kaon yield (the pion
and proton yields are free). The effect of this re t is largescentral collisions at lovwpr (< 4 GeVk)
and decreases with centrality; at 3 Gete effect on the extracted kaon yield is 10%1%) for 0-5%
(60-80%) collision centrality.

Figure[8 shows the nal parameterizations of the Bethe—Blaad resolution curves for pp and the most
central Pb—Pb collisions. The values obtained for the eatd?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 fouhj intervals and similar across systems. As previously maetipthe parameter

c is related to the transition in the logarithmic rise to thatBau and the large difference mainly re ects

3The assumption is that the invariap¢ spectra are the same. The charged kaon fractign,( ) is obtained working
backwards through ER] 5 and El.4.
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Fig. 8: (Color online) Final Bethe—Bloch (upper gure) and resadat(lower gure) curves obtained as described
in the text. Results are shown for pp (left panels) and 0-5%FB(right panels) collisions. The Bethe—Bloch
curve is shown in the region relevant for pions, kaons, aotbps in this analysis. The external PID data samples
of pions, protons and electrons are used to obtain the paeamaions, these data are plotted as markers. The
shaded areas represent the systematic uncertainty of theegerizations.

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}datral and peripheral Pb—Pb collisions and
pp collisions. Results are given as the range found for thejfg intervals.

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 f= 2 is used
for all jhj-slices .

The separation powes; , obtained with the nal parameterizations for pp, 0-5% Pb-&hd 40-60% Pb—
Pb collisions are shown in Figl 2. As expected, the perfoaaamthe best for low multiplicity events and
decreases as the multiplicity increases and the separatiatter for the longest tracks:@ | hj < 0:8).
Forp> 6:0 GeVktheS; separation is nearly constant as expected because of tréthogic relativistic
rise (ass 1 hdE=dxi a small decrease of the separation is observed). The sepapatwver plays an
important role in the determination of the systematic uraisties described in Sdc. 2.11.9.
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2.1.7 Extraction of the particle fractions

All the following results are for the sum of positive and nigapions, kaons, and protons. Positive and
negative yields were found to be comparable at the 5% leviebtter for all six centrality classes and pp
collisions.

Having determined the Bethe—Bloch and resolution curvedeasribed in the previous section, it is
now straightforward to t the &=dx spectra using the sum of four Gaussian distributions fongio
kaons, protons, and electrons. For each momentum inteheahdE=dxi position and width of each
Gaussian are xed. Figurlgl 5 shows examples of these ts fertfomentum intervals 3.4:8GeVE
and 8-9 GeM. The electrons are hardly visible in any of the ts as the ¢iisl below 1% of the total.
For pr > 10 GeVk, it is no longer possible to separate electrons from piond the relative fraction of
electrons is assumed to remain constant abovepthi§here is a small contamination of primary muons
in the pions due to the similar mass (and therefor sinfifl=dxi ). High-pt muons are predominantly
the result of semi-leptonic decays of hadrons containirayyheuarks and for those decays one expects
muon and electron branching ratios to be similar, so therelegield (fraction) is subtracted from the
pions to correct for the muon contamination. This correctibhanges the pion yield by less than 1%
in the full pr range in agreement with MC simulations based on the PYTHIAegsor [[__5|2]. Since
this de=dx analysis is not optimized for electrons and the contanonas extrapolated to higpy, half

of the correction is assigned as a systematic uncertairityy cbntamination of (anti)deuterons in the
(anti)proton sample is negligible:(1%).

The patrticle fractions, i.e., the contribution of chargéahg (f’?+ +p ), kaons ¢£+ +k ), and (anti)protons
(f§+ p) to the yield of inclusive charged particles, obtained asrefion of momentum, are plotted in
Fig.[d (upper gure) as a function of centrality for the twatemejhj intervals. One observes a signi -

canth dependence of pion and proton fractions jioxr 10 GeVE.

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

fia(hprii) = @ fia(hpi j)R(hpii; hpri ); (4)

i

where fig (f3) is given in bins ofpr (p) and R is a response matrix re ecting the relation betwgen
and py bins. This averaging introduces some smoothing of theifnastas neighboringr fractions
have contributions from the sanmefractions, but the analysis is done in narrghy intervals so only a
few momentum bins contribute and the fractions depend omlgkly onp; therefore, we consider the
systematic effect of this procedure negligible. The fi@ausifiy are shown in the lower panel of F(g. 9.
The transformation has little effect fprj < 0:2, as expected, but we now observe that tér 0 hj < 0:8
the results are consistent with particle ratios being @isit midrapidity. We nd that all four pseudo-
rapidity intervals are consistent and the nal fractiongdiso obtain the spectra in the next section are
computed as the weighted average of the four pseudorajdigvals.

2.1.8 Spectra

The invariant yields are obtained from the particle frawsiaising the relation

d?Nig
dprdy

The rst expression on the right hand side is the input from FHD analysis, wheregf,) gq is the ef -
ciency for (inclusive) identi ed charged particles anglid the Jacobian correction (from pseudorapidity
h to rapidity y) and fiq is the fractional yield. The second expression is the fullgrected transverse
momentum spectrum of inclusive charged particles that meady been published by ALICH16].

d?Nep,
dprdh”

€h
= Ji i
deol id

(5)
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The relative ef ciency correctiore.n=gq, was found to be consistent withir3% for all centrality classes
and pp collisions, and for event generators: PYTHIA [52],HET Eis], and HIJING@4]. Thus, an
average correction was used and a systematic uncertaif afas assigned. At highr the correction

is nearly constant and on the order of 0.95. It is below 1 beedle inclusive charged particle spectra
contain weakly decaying baryons suct&asthat are not reconstructed with the charged particle setect
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 ts to daE[44]. For 2 (3) GeVE, the correction is approximately
0.3% (4%) for the pion (proton) yield and decreasing withréasingpr. 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. 10: (Color online) Correction factors as a function @f. These are applied to the fractions of pions (left
panels), kaons (middle panels), and protons (right panBis3ults are presented for peripheral (upper gure) and
central (lower gure) Pb—Pb collisions. The correction e tpion fraction due to the muon contamination is not
drawn, butis 1%. Only pions and protons are corrected for feed-down.

The ef ciency and feed-down corrections are plotted in Ei@. as a function ofpr for central and
peripheral Pb—Pb collisions. The Jacobian correction fhotmy, which has to be included for the lower
pr bins, is also shown and the largest effect is observed fdopsp as expected. Atr 3 GeVk, the
correction is 5%, 1%, and 1% for protons, kaons, and pions, respectively.

2.1.9 Systematic uncertainties

The systematic uncertainty on the invariant yields hasthmain components: event and track selection,
ef ciency correction of the fractions, and the fraction mxdtion. Contributions from the event and track

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

for the corrections have been covered in the previous sectiad are summarized in Table 2.
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Fig. 11: (Color online) Upper gure: Relative variation of the widplarameterizations with respect to the measured
values in different B=dx=hdE=dxypi intervals. Lower gure: Relative variation of the Bethe-eBh hdE=dxi
parameterization with respect to the measured valuesfiereift E=dx=hdE=dxypi intervals. The distributions
were constructed using all the available data, six celhyralasses and pp collisions with four sub-sampjég (
intervals) each.
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The systematic uncertainty on the fractions is mainly duthéouncertainties in the parameterization
of the Bethe—Bloch and resolution curves used to constra@nts. This systematic uncertainty can
be due to calibration effects such that, for example,htie=dxi does not depend ohg alone, it can

be related to the parameterizations not being able to desthie data properly, or it can be due to the
statistical precision of the external PID data sets. Touatel the uncertainty due to these effects, the
deviation of the tted curves from the actual measured meartswidths of the B=dx spectra obtained
from the analysis of the external pion, proton, and elecsamples are used. Figure]l11 shows the
relative variations; all the available data were used forstwicting the distributions, i.e., each of the
six centrality classes and pp collisions have four sub-$esnpf tracks at differenhj. It was found
that the precision of all these data sets is similar, so tta variation in systematic uncertainties for the
same observable for different centrality classes and psicwis is caused by the different separation
power shown in Figi]J2. The results for the width (Figl 11 uppanel) are shown forp p, p* + p ,
ande' + e , corresponding to the different samples and covering riffendE =dxi =hdE=dxypi ranges.

In a givenhdE=dxi =hdE=dxyypi interval, the standard deviation of the distribution wasetaas the
systematic uncertainty associated with the extractiomeftidths. An analogous analysis was done for
the Bethe—Bloch curve, an example of which is shown in thestgeanel of Figl_1l1.

In peripheral collisions, an additional contribution dnigting from the statistical uncertainty in the ts

to the external PID data has to be taken into account for thkeB8loch curve. The total systematic
uncertainty is assigned as the quadratic sum of both caoitrits and is the band shown around the
parameterizations in Figl 8.

—
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Fig. 12: (Color online). An example of the systematic uncertaintinestion in 0-5% Pb—Pb and pp collisions for
34< p 3:6GeVk. Upper gure: From left to right: the variation of extractégctional yields for pions (left
panel), kaons (middle panel), and protons (right panel)nthe xed values for thédE=dxi and the resolution
are randomly varied. Lower gure: the corresponding vaoiabf the particle ratios.

The propagation of the uncertainties to the particle foatiis done by re tting the B=dx spectra, while
randomly varying the constrained parametéd&=dxi ands, within the uncertainty for the parameteri-
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zations assuming a Gaussian variation centered at the abwaine. For eacr bin, all therdE=dxi and

s values are randomly varied and re tted 1000 times resulitnigaction distributions like those shown
in Fig.[12. The systematic uncertainties assigned to thicfgafractions are the standard deviation of
the associated distributions. By using the same methochéparticle ratios (Fid. 12 lower panel), the
correlation in the t between the extracted yields for thetdifferent particle species are directly taken
into account. At highpr, the variation becomes dominated by statistical uctuadidue to the limited
amount of data. But, as the fractions are nearly constan¢ ffsee Fig[19) 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 systematicertainty is shown in Tablg 2 for all cen-
trality classes and for two representatipe 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,lEheyBtematic uncertainty is the largest.
The systematic uncertainty decreases with increasingama and is smaller where the fractions are
larger, see Fid.19. For protons gt = 3 GeVk, the two effects largely compensate (the fractional yields
increase for more central collisions) to keep the systamatcertainty nearly constant. For kaons, at the
samepr, there is a strong centrality dependence because theofmattields also are lower for more
central collisions. For the lower multiplicity intervalp and 60-80% centrality) this trend is broken
because of the signi cant statistical uncertainty in theapaeterized curves.

At high pr (10 GeVk) the PID systematic uncertainty for kaons stays betweef4orte8 Pb—Pb col-
lisions and is around 5% for pp collisions. For protons, tbetdbution is 16—20% (except for 60-80%
Pb—Pb collisions where it is 29% due to a much larger stegistincertainty in the ts to the external
PID data).

2.2 HMPID analysis of Pb-Pb data

0.8 e e

0.7 ;

06f P
05F
04F
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HMPID Cherenkov angle (rad)

01f ALICE 0-10% Pb-Pb |Sy,=2.76 TeV
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Fig. 13: 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. Thexis indicated by the
color scale is logarithmic.

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 a@dré&Rtivistic rise methods (in the region
aroundpr = 3GeVKk). Thus, it both improves the precision of the measuremeditvatidates the other

methods in the region where they have the worst PID separatio

The HMPID @] detector consists of seven identical proxynfocusing 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®08 0:84 cn? (the probability to
obtain an ampli ed signals for an incident photon, the quamef ciency, is  25% for/ pp = 175 nm).
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pt+p KFf+K p+p K=p p=p
pr (GeVrk) 2.0 10 3.0 10 3.0 10 3.0 10 3.0 10

Pb—Pb collisions (0-5%)

(a) 84% 8.1% 82% 81% 82% 8.1% -

(b) < 0:1% - 21% 1.5% < 0:1% 21% 1.5%

(c) 0.1% 1.7% - 06% 1.7% 0.6% 1.7%

(d) 15% 22% 18% 8.4% 98% 17% 22% 10% 11% 16%
Pb—Pb collisions (5-10%)

(@) 84% 82% 82% 82% 82% 8.2% -

(b) < 0:1% - 21% 1.5% < 0:1% 21% 1.5%

(c) 0.2% 1.5% - 0.6% 15% 0.6% 1.5%

(d) 14% 22% 16% 8.0% 95% 16% 18% 10% 9.8% 15%
Pb—Pb collisions (10-20%)

(a) 83% 8.1% 82% 81% 82% 8.1% -

(b) < 0:1% - 22% 1.8% < 0:1% 22% 1.8%

(c) 0.3% 1.3% - 06% 13% 0.6% 1.3%

(d) 15% 23% 16% 8.9% 10% 20% 16% 11% 9.2% 18%
Pb—Pb collisions (20-40%)

(@) 84% 82% 82% 82% 82% 8.2% -

(b) < 0:1% - 21% 1.6% < 0:1% 21% 1.6%

(c) 0.2% 1.3% - 05% 13% 05% 1.3%

(d) 15% 22% 15% 84% 10% 17% 16% 11% 10% 17%
Pb-Pb collisions (40-60%)

(a) 8.7% 85% 8.6% 85% 8.6% 8.5% -

(b) < 0:1% - 1.9% 1.6% < 0:1% 1.9% 1.6%

(c) 0.3% 1.1% - 05% 1.1% 05% 1.1%

(d) 14% 21% 14% 80% 11% 17% 15% 10% 11% 17%
Pb—Pb collisions (60-80%)

(a) 10% 9.7% 9.8% 9.7% 9.8% 9.7% -

(b) 0:1% - 20% 1.8% 0:1% 2.0% 1.8%

(c) 0.3% 0.8% - 0.4% 0.8% 0.4% 0.8%

(d) 14% 24% 16% 7.1% 20% 29% 16% 8.9% 18% 22%

pp collisions

(@) 74% 7.6% 74% 7.6% 7.4% 7.6% -

(b) 0:1% - 20% 1.8% 0:1% 2.0% 1.8%

(c) 0.4% 0.6% - 05% 0.6% 05% 0.6%

(d) 1.1% 1.7% 16% 57% 24% 17% 16% 6.8% 25% 13%

(e) 3.0% 4.2%

Table 2: Summary of the systematic uncertainties for the charged, jgi@on, and (anti)proton spectra and for the
particle ratios. The different contributions are (a) exaamd track selection, (b) feed-down correction, (c) coroect
for muons, (d) parameterization of Bethe—Bloch and regmiuturves, and (e) ef ciency correction (same for all

systems). Note that¥p = (K* + K )=(p" + p )andFp=(p+ p=(p* + p ).

The ampli cation gas is Chl at atmospheric pressure with an anode-cathode gap of 2 nengpitra-
tional voltage is 2050V corresponding to a gain of 10%. It is located at about 5 m from the beam
axis, covering a limited acceptancejbf < 0:5and 12 <j < 585 .

The HMPID analysis uses the 2011 Pb—Pb data with arou®d I0° central triggered events (0-10%
centrality) and 5 10° semi-central triggered events (10-50% centn@)ity' he event and track selection
is similar to the one described in Séc. 211.1, but in addiiias required that the tracks are propagated
and matched to a primary ionization cluster in the MWPC gaheMHMPID detector (denoted matched
cluster in the following). The matching ef ciency, includj spurious matches, is95% (se€@natch
below). The matching criteria are tightened to reject the feluster-track matches, which account for

4To 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.
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30-40% (se€gistancelater), so that only tracks matched with their correspogdirimary ionization
cluster are identi ed. The PID in the HMPID is done by measgrihe Cherenkov anglech, [@], given
by

!
1 P p>+ n?
€OSqch = %) gch = arccos T : (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 13 shows the Chereiakgle as a function of the momentum
for central Pb—Pb collisions.

The measurement of the single photgy, angle in the HMPID requires knowledge of the track impact
position and angle. These are estimated from the trackpoiaion from the central tracking devices
up to the radiator volume, where the Cherenkov photons aitegin 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 Gpedestar 1 ADC) and photons. The matching ef ciency is de ned for tkaextrapolated to the

HMPID acceptance as
N(Extrapolated with matched clusjer

N(Extrapolatedl
This ef ciency is  95% and independent of momentum, particle species, and euéfiplicity.

(7)
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1
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Fig. 14: (Color online) Distribution of theX (left panel) andr (right panel) residuals between the matched cluster
position and the closest extrapolated track point at the HMiBamber plane (HMPID module 2), for positive and
negative tracks wittpr > 1:5 GeVk in Pb—Pb collisions (0-50% centrality). The histogramsenbgen scaled to
have a similar maximum value. The small shift between pasaind negative tracks in theresiduals is due to a
radial residual misalignment and an imperfect estimatb®tinergy loss in the material traversed by the track and
is not corrected for in the calculation of the residual disga

In Fig.[I4, the residuals distribution between the trackapdlation and the matched cluster position in
local chamber coordinateX, andY, for tracks withpr > 1.5 GeVck is shown. The distributions have a
resolution ofs,es 2 cm. To reject fake cluster-match associations in the ttamainly the situation
when there is no correct signal to match as for example thiclgawas absorbed or de ected in the
material between the TPC and the HMPID detector, a seleciiothe distance, X2+ Y2, computed
on the cathode plane between the track extrapolation anch#étehed cluster is applied. This distance
has to be less than 5 cm. This represents the best comprogtisedn the loss of statistics and the
probability of an incorrect association, where the lattecdimes negligibleq0:1%) even in the most
central collisions, as estimated from MC simulations. Tistashce cut leads to a correction factor

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

(8)

Cistance=
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Fig. 15: (Color online) The distance cut correctidyistance @S a function ofpr for positive (red) and negative
(blue) tracks, respectively, in Pb—Pb collisions (0-50%tcaity).

for each momentum bin and does not depend on event multypli€ig.[I5 shows this correction factor
as a function ofpr for positive and negative tracks integrated over the cbiytidasses (0-50%).
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Fig. 16: (Color online) Fit to thegch-distributions of pions (upper panel) and protons (lowengdpobtained in
MC simulations for two different momentum bins. The hiseigis have been scaled to have a similar maximum
value.

Starting from the photon cluster coordinates on the phttock, 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 the most hit candidates is selected @#dis computed as the weighted mean of
the single photon angles. In central Pb—Pb collisions, @liee total number of signals in the HMPID
chambers is large, it is possible that the angle is congttubsed on hits not corresponding to the
Cherenkov photons associated with the track. This resulissigni cant reduction of the PID ef ciency
in the most central collisions. Figukell6 gives an examplthefsame effect in MC simulations. The
response function consists of a Gaussian distribution dorectly assigned rings (signal) plus a distri-
bution strongly increasing with the Cherenkov angle foomectly assigned rings (background). The
signals from other tracks and photons in the same event &@mmty distributed on the chamber plane,
and so the background rises wijby, since the probability of nding background clusters inges. The
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background contribution decreases with increasing tracknemtum because higher momentum tracks
give rise to a larger number of Cherenkov photons and haveaiegrimclination angle, producing rings
that are more likely to be fully contained inside the accepta As a result of this, the probability of
incorrectly associating an angle computed from backgralusters to the track decreases. The shoulder
in the distribution starting at 0.7 rad is a boundary effagt tb the nite geometrical acceptance of the
chamber.

= ALICE Pb-Pb \s\ =276 TeV | 38 Gev/c < p, < 4.0 GeV/c
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Fig. 17: (Color online) Distributions of the Cherenkov angle measiin the HMPID for positive tracks havirgy

in the range 2.6=Z GeVk (upper gure) and in the range 3.8:4GeVL (lower gure), for six different centrality
classes, 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, and 40-50% histograms have been scaled to have a similar
maximum value. The shoulder in the distributions startin@.@ rad is a boundary effect due to the nite chamber
geometrical acceptance.

Figure[1T gives examples of the reconstructed Cherenkade aligributions in two narrowpr intervals
for different centrality classes; the reconstructed adgd#ibution is tted with a sum of three Gaussian
distributions, corresponding to the signals from piongnsa and protons, plus a distribution associated
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with the misidenti ed tracks that is modeled with a 6th-degmpolynomial function that minimizes the
reducedc? of the t.
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Fig. 18: (Color online) Mean Cherenkov angle (upper panel) and stahdeviation (lower panel) values for
pions, kaons, and protons obtained by the three-Gausdiag procedure 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.

The tting is performed in 2 steps. In the rst step, the iaitiparameters are based on the expected
values. For the signal, the meamgi; are obtained from Eq. 6, tuning the refractive index to match
the observed Cherenkov angles, and the sigma valuase taken from the MC distribution in the given
transverse momentum bin. The initial shape of the 6th-aegotynomial background is taken from MC
simulations. Furthermore, the signal parameters are @net to the rangeshqchii - Si,hqcnii + Si]

for the means, ands| - 0.1s;, s; + 0.1s;] for the widths. After this rst step, thesr dependence of
each parameter is tted with a continuous function. In theosel step, the tting 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. 18 for 0-5% and 40-50% centrality classes. In Fig. 19ommarison is shown between the mean
values of the Cherenkov angle obtained from the tting pohae with those obtained using a clean
sample of protons and pions identi ed fromand K decays.

To correct for the incorrectly assigned Cherenkov ringslad? ciency is used. This ef ciency has to
be derived from a dataset containing identi ed particlesaafingle species, so one can use MG/8r
daughters. For such a clean set of particles that passessthaat cut, e.g. MC pions as in Fig. 16, the
PID ef ciency is

3 N(signa) ) 9)
~ N(signal and background (
where the signal is the integral of the Gaussian t functidhe PID ef ciency has been evaluated from

S=1]p)
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Fig. 19: (Color online) Comparison of the mean Cherenkov angle wabi#ained by the three-Gaussian tting
procedure and those evaluated from tis Study for pions (left panel) and protons (right panel) miost central
Pb—Pb collisions.
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Fig. 20: (Color online) Identi cation ef ciency for pions (upper pel) and protons (lower panel) selected ex-
ploiting V° decay properties, compared with the MC results for primeagks for 0-5% and 40-50% centrality
classes.

MC simulations that reproduce the background observeder#ta well. A data-driven cross check of
the ef ciency has been performed using a clean samp\¢’afaughter tracks. The comparison between
data and MC is shown in Fig. 20 for 0-5% and 40-50% centralégses, and shows good agreement.
We also observe that, as expected, the ef ciency decreasendre central collisions due to the occu-
pancy effects mentioned above. The maximum value of the Ptieecy is 80% atpr 6GeVk

in the 40-50% centrality class. As an additional check ofRll@ ef ciency, the ratio between the raw
yields extracted from the t (signal) corrected by the PIDc&fhcy and the total entries in the original
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histogram (signal and background) has been evaluated ¢br@abin for all centralities. The ratio is
consistent with unity when the systematic uncertaintigt®edi in Table 3 are taken into account.

The systematic uncertainty for the HMPID analysis has dautions from tracking and PID. These un-
certainties have been estimated by individually chandigtitack selection cuts and the parameters of
the t function used to extract the raw yields. The means ef @aussian functions have been changed
by s. Similarly, the widths of the Gaussian functions have besied by 10%, accounting for the
maximum expected variation of the resolution as a resulbefdifferent running conditions of the de-
tector during data acquisition that can have an impact opén®rmance. When the means are changed,
the widths are xed to the default value, and vice versa. Tammeter variation is performed for all
three particles species. In addition, the uncertainty eresdsociation of the track to the matched cluster
is obtained by varying the value of the distance cut requimethe match by 1 cm. These contributions
do not vary with the collision centrality. To estimate thecariainty due to the incomplete knowledge of
the shape of the background distribution, an alternatiekdpaund function, depending on tar(and
derived from geometrical considerations in case of orthatjtracks [55], has been used:

f(g)= a+b tang+c [tang(l+ tarfq)]"; (10)

wherea; b; c, andd are free parameters. The corresponding systematic umtgrtaaches a maximum
value at low momenta for the most central collisions 5% for pions and 8% for kaons and pro-
tons). The systematic uncertainty decreases witlhecause, as previously explained, the background
contribution decreases with increasing track momentunurAreary of the different contributions to the
systematic uncertainty for the HMPID Pb—Pb analysis ismgiveTable 3.

Effect p K p andp

pr range (GeW) 2.5 4 2.5 4 25 4
PID 6% 12% 6% 12% 4% 5%
Tracking ef ciency 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)protoisesise momentum spectra has been per-
formed via several independent analyses, each one focasiagsub-range of the totah distribution,
using individual detectors and speci ¢ techniques to op@rihe signal extraction (see Table 4). The re-
sults were combined in the overlapping ranges using a watiggnterage with the independent systematic
uncertainties as weights (a 3% common systematic uncsrtdire 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 21 shows the ratio of individual spectrhgeaccbmbined spectrum for the 0-5%, 20-40%,
and 60-80% central Pb—Pb data, illustrating the compayitlietween the different analyses. In the cen-
trality intervals where the HMPID measurements are avki|ahey improve the systematic uncertainty
of the kaon and proton yields by approximately a factor of iwthe pr region where it is later observed
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that the peaks of the kaon-to-pion and the proton-to-pitingare located (see Fig. 25 and Fig. 26). We
note that the nal charged pion spectra are consistent wighnieutral pion spectra scaled by a factor of
two within statistical and systematic uncertainties [57].
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Fig. 21: (Color online). The ratio of individual spectra to the comduil 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 pt > 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 tipis. The ITS+TPC+TOF spectra are the results published
in [44]. The statistical and independent systematic uaagies are shown as vertical error bars and as a band,
respectively, and only include those on the individual $ec

The nal combined transverse momentum distributions ferttiree particle species are shown in Fig. 22.
For pr < 3GeVk, a hardening of the spectra is observed going from peript@ientral events. This
effect is mass dependent and is characteristic of hydradimaow as discussed in [44]. For high
pr (> 10 GeVk) the spectra follow a power-law shape as expected from fietive QCD (pQCD)
calculations. In the following, the higpr results are rst discussed before going on to the interntedia

pr region.
3.1 The highpr results

To study jet quenching at highr, the nuclear modi cation factoiRaa, is constructed. ThBaa is
d?NAA =dydpr
Ran = 425 PP ;
hTaaid?s,y =dydpr

whereN4” and sizp are the charged particle yield in nucleus-nucleus (A-A)igiohs and the cross
section in pp collisions, respectively, ahthai is the nuclear overlap function. The latter is obtained

(11)
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ITS+TPC+TOF HMPID TPC B=dx rel. rise

p
K

(®)
Kip

p/p

0.1-3.0
0.2-3.0
0.3-4.6
0.2-3.0
0.3-3.0

15-40
15-40
15-6.0
15-40
15-40

2.0-20.0
3.0-20.0
3.0-20.0
3.0-20.0
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 change a little.
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Fig. 22: (Color online). Transverse momentum spectra of chargedspileft panel), kaons (middle panel), and
(anti)protons (right panel) measured in Pb—Pb and pp '(mih'mtp SuN = 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.

from a Glauber model [58] and is related to the average nurmabbinary nucleon-nucleon collisions

(Ncon) and the inelastic nucleon-nucleon cross sectioliasi = H\lco”i:si'r\]“e\f.

Figure 23 shows th&aa for all centrality classes. The results show that for alltcdity classes any
particle species dependence of the nuclear modi catiorpfor 10 GeVt is small, compared with the
large suppressiorRaa  1). This suggests that jet quenching does not produce sigrsathat affect
the particle species composition for the leading particld® results presented in this paper are all done
at the particle level, while for some models that motivatesse studies the predictions are done for jets,
e.g. the Sapeta—Wiedemann model [22]. It is not obvious lwwompare the results presented here
with such calculations. In the following we therefore dissthow inclusivepy spectra compare with
inclusive jetpr spectra. In particular, it is examined if the results arelfiko 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. 23: (Color online). The nuclear modi cation factd®aa 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, respdgtiVae total normalization uncertainty (pp and Pb—Pb)
is indicated in each panel by the vertical scale of the boxered atpr = 1 GeVE andRaa = 1 [16].

At the LHC, by studying dijets in Pb—Pb collisions and sefexion the dijet asymmetry, one can study
samples with large asymmetries where one knows, based guecmons with pp results, that at least the
subleading jet has suffered a large energy loss [8, 9]. Tuaystf the Fragmentation Functions (FFs)
for these quenched jets has shown that for charged trackspit 4 GeVk they are similar to those
observed in pp collisions for subleading jets wjihjer > 50 GeVE [59], in agreement with what one
also nds for inclusive jets [60]. This rules out a large fragntation bias (for lower jgpr see below)
and suggests that any surface bias is the same as for irejesiv To understand the jpt covered by
the results presented here, one can now, thanks to the siynd&the FFs in pp and Pb—Pb collisions,
rely on NLO pQCD calculations for pp collisions. The FFs fdun best describe the inclusive charged
particle spectra [61] are the Kretzer distributions [62).ONpQCD calculations using the Kretzer FFs
suggest that more than half of the particles wittbetween 10 and 20 Ge¥are from gluon jets and that
the typical jetpr is roughly a factor of 2-3 larger than the hadmen (e = prhadro=Prijet  0:4) [61]°.
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 witpr > 10 GeVE£ in a jet gives the same fragmentation bias of the
jet reconstruction ef ciency in Pb—Pb collisions as in PYIRHor 20 < prich jet < 110 GeVE [63], so
there is no evidence even for lowgr jets that there is a different fragmentation bias in Pb—Rlis@ns
than in pp collisions. The results in Fig. 23 therefore iatkcthat for jets with nalpy of order 25 to
50 GeVE, jet quenching does not produce large particle-specipsfuient effects in the hard core of the
jet where leading particle production mainly occurs.

To be able to set stronger constraints, one needs thednetamdeling. As theRaa for charged pions,
kaons, and protons reported here figr> 10 GeVE are all compatible to thBaa for inclusive charged

5The publication con?ins only calculations R)E: 900 GeV andp s= 7TeV that have been averaged as an approximate
estimate for the energy of s= 2:76 TeV shown here since the energy dependence is not thagstro
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particles [16] and neutral pions [57] we refer to these pajmrcomparisons with models without large
particle-species-dependent effects. When compared waithefa which include large particle-species-
dependent effects, the results indicate that the jet quegchechanism does not involve direct exchange
of qguantum numbers with the medium, and there are also nodtidns of a modi ed color structure
of the fragmentation [22] or that the probe is excited to pttwor states [23]. Models in which the
hadronization of jet fragments occurs in the medium als@apfo be ruled out [24]. It seems that the
medium guenches the jet as a whole rather than directlyaictieg with its fragments. Such a picture
has recently been proposed [64], arguing that the mediumaljyp cannot resolve the structure inside
the hard core of the jet such that all fragments lose energgrently.
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Fig. 24: (Color online). The nuclear modi cation fact®aa as a function opr for charged pions, compared with
PHENIX results for neutral pions [65]. 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. 24, theRaa for charged pions, the most precise measurement in this araikhe one least sensi-
tive to radial ow, is compared with th®aa for neutral pions measured by PHENIX [65] at the RELC
The ALICE results are systematically below the PHENIX valta pr < 10 GeVE but consistent within
systematic uncertainties for largpf. We note that the relative centrality evolution is similathe two
center-of-mass energies. In [66], a simple study ofRRg at pr = 10 GeVE foung that the energy loss
is 40% larger at the LHC than at the RHIC in all centrality clasescales as dN=dh for a xed
initial geometry).

The proton-to-pion and the kaon-to-pion ratios as a functb py are shown in Fig. 25 and Fig. 26.
The similarity at highpr for the Raa implies that the particle ratios there are also the same iarub
Pb—Pb collisions. Since the particle ratios are independepr in this region, we use the integrated
particle ratios forpr > 10 GeVEt to elucidate the precision with which the suppression ohgjdaons,
and protons is similar, see Fig. 27. The advantage of usinticlearatios is that the results for heavy-
ion collisions can be shown separately from the pp resultgthErmore, in the ratios the systematic
uncertainty associated with the inclusive charged parpglspectra normalization cancels. All the steps

6The results have been obtained from the tables at the PHENBSite and the 5-10% data set has been constructed from
the 0-5% and 0-10%.
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Fig. 25: (Color online). Charged kaon to charged pion ratio as a fanaf transverse momentum (solid markers).
The upper gure shows the fulpr-range with the pp results (open markers) overlaid in thetroestral and
the most peripheral centrality class. In the lower gure Ble-Pb results fopt < 8 GeVk are compared with
EPOS model 2.17-3 (line). The systematic and statisticar @re plotted as color boxes and vertical error bars,
respectively.
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Fig. 26: (Color online). (Anti)proton to charged pion ratio as a ftioe of transverse momentum (solid markers).
The upper gure shows the fulpr-range with the pp results (open markers) overlaid in thetroestral and
the most peripheral centrality class. In the lower gure Ble-Pb results fopt < 8 GeVk are compared with
EPOS model 2.17-3 (line). The systematic and statisticar @re plotted as color boxes and vertical error bars,
respectively.

31



Nuclear modi cation factor of charged pions, kaons, andqne ALICE Collaboration

T T T T T[T T I : |

(K KNP +p) 3 (P+PI(P +P)
Qo6 | + |
§ ik 1 e 4 10<p_<20 GeVic
@ 04r T+ ]
©
L Vo
T o2l ALICE \Su=2.76 TeV ,}'} MK I I
D‘? o Pb-Pb

#pp

O |

| | | | | | | | |

0 100 200 300 4000 _ 100 200 300 400
n
part

Fig. 27: (Color online). The integrated particle ratios for > 10 GeVk 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 ratio [44].

in the highpr dE=dx analysis discussed in Sec. 2.1 are done independently ébr eentrality class
(using disjunct datasets) so one does not expect any dicetlations of the results. We conclude
that all kaon-to-pion (proton-to-pion) ratios as a funitiof Npat are consistent within the systematic
uncertainty of 10 % ( 20%). Measurements with improved precision using Run 2 amd RLHC
data could reveal possible subtle particle-species difiegs.

3.2 Theintermediate pr results

In the following, the intermediat@r regions in Fig. 25 and Fig. 26, where the proton-to-pion dmed 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 agitteent quark-like and that they recom-
bine when hadronizing to give rise to distinct meson anddraproperties. As thé meson has a similar
mass to a proton, it is crucial in testing these ideas andtseatithe RHIC indeed seemed to con rm
this picture [67], while at LHC the picture appears to be mmmplicated [68, 69]. Some of the mod-
els developed to describe results at the RHIC have beendedeio the LHC energies. One can, in
general, separate recombination models into two claseesfi models, recombination only occurs for
soft thermal radially- owing partons. In [68] ALICE showezhlculations for such a model [31] and the
prediction is that at the LHC energies the particle ratiosentral collisions are similar to those mea-
sured at the highest RHIC energy. In hard recombination tepf fragments can recombine with both
partons from the medium and other jets. At LHC energies, tim-j@t activity is much larger than at
RHIC energies, which motivated predictions for centralismins of particle ratios an order of magnitude
larger p=p 10-20) than the peak values reported here and persistirtg auich higherpr [34]. The
failure of hard recombination is in qualitative agreemeithwhe picture where the jet interacts with the
medium as a whole so that the hard fragments of the jet camnotrbine with partons in the medium
or in another jet.

EPOS [70] is a full MC generator which contains both soft aaddiphysics. It incorporates a hydrody-
namical phase and additional hadronization processeseatriadiatepy where the interaction between
bulk matter and quenched jets is considered [71]. Thisaetern introduces a baryon-meson effect,
where fully quenched jets are allowed to hadronize with owimedium quarks. When we study the
full set of ratios at all centralities (Fig. 25 and Fig. 26)@&® generally reproduces the centrality depen-
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dence well, even for very peripheral events, where it is kmdimat pure hydrodynamical calculations
fail to describe the data [44]. However, EPOS overprediatagnitude 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 ow, when athpeeters have been tuned.
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Fig. 28: (Color online) ALICE (circles) results frorﬁ SuN = 2:76 TeV Pb—Pb collisions compared with STAR
and PHENIX results foP SuN = 200 GeV Au-Au collisions. Left panel: the proton-to-piotioa Right panel:
the kaon-to-pion ratio.

Figure 28 shows a comparison of particle ratios with redoitshn STAR [25] and PHENIX [27] at the
RHIC measured in Au—Au collision ;Et% = 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-
parison’. The proton-to-pion peak at the LHC is approximately 20%éarthan at the RHIC, which

is consistent with an increased average radial ow velockyhigh pr, the systematic uncertainties of
the STAR data are very large and it was noted in a later puldicdhat they might even be underesti-
mated [26]. Interestingly, there is no evidence for a pedkérkaon-to-pion ratio measured by PHENIX,
which is similar to the ALICE data points fggr 3 GeVk, but continues to rise in the few data points
above thispr.

Careful modeling ofpt spectra and azimuthal ow is needed to answer the questiomhether there
are additional hadronization processes such as soft rénatiun at the LHE. Since the multiplicity
evolution of particle ratios in p—Pb collisions is similarwhat is observed for Pb—Pb collisions [37] it
would be interesting to include those results in the modelim particular, since there is no indication of
jet quenching [73] which conceptually simpli es the proivle

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.A\doenbined with previously published
data at lowerpr, the new results provide a comprehensive dataset of piam, kand (anti)protorpr
spectra with unprecedented systematic precision gndeach. The spectra are sensitive to physics
mechanisms that differentiate between baryons and mestasge and non-strange, or heavy and light
hadrons.

"Values taken from https://drupal.star.bnl.gov/STAR$lstarpublications/65/data.html for protons and a sinfidad-down
correction has been assumed for anti-protons.

8We note that in a recent preprint it is shown that soft recomition together with pQCD+quenching can give a good
description of pion, kaon, and (anti)proton spectra ini@tteavy-ion collisions both at the RHIC and the LHC fd8 & pt <
10 GeVE[72].
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At high pr (pr > 10 GeVE), particle ratios and nuclear modi cation factors allovethtudy of effects
related to jet quenching. The measurements inphisange do not show any difference in the nuclear
modi cation factor for pions, kaons, and protons. A comparn of the present results with jet mea-
surements and theoretical calculations establishes éhaugnching does not introduce large species-
dependent modi cations for leading particles. Insteadhigh pr, for all 6 centrality classes and the
pp data analyzed here, the same kaon-to-pion and protpiotoratios are obtained within a systematic
precision of 10-20%.

At intermediatepr, calculations are needed to determine whether modelsinonganly hydrodynamics
and jet quenching can provide a good description across wlaggrvables of the available experimental
results or if additional processes such as recombinatiemeeded. Since the initial geometry of the
collision directly affects both the ow and the energy lofise centrality dependence presented in this
paper is important for constraining both the Ig#w-hydrodynamics and the higpr jet quenching in the
calculations.

The results in this paper, taken together with the wealthtleéohighpr and jet results from the LHC,
point toward a need for further development of a microsc@@D-based picture that explains in detalil
the relation between the jet, the medium, and the energy loss
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