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Transverse momentum spectra of π±, K± and p(p̄) up to pT = 20 GeV/c at mid-rapidity in pp, peripheral 
(60–80%) and central (0–5%) Pb–Pb collisions at √sNN = 2.76 TeV have been measured using the ALICE 
detector at the Large Hadron Collider. The proton-to-pion and the kaon-to-pion ratios both show 
a distinct peak at pT ≈ 3 GeV/c in central Pb–Pb collisions. Below the peak, pT < 3 GeV/c, both ratios 
are in good agreement with hydrodynamical calculations, suggesting that the peak itself is dominantly 
the result of radial flow rather than anomalous hadronization processes. For pT > 10 GeV/c particle 
ratios in pp and Pb–Pb collisions are in agreement and the nuclear modification factors for π±, K±
and p(p̄) indicate that, within the systematic and statistical uncertainties, the suppression is the same. 
This suggests that the chemical composition of leading particles from jets in the medium is similar to 
that of vacuum jets.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction

Heavy-ion collisions at ultra relativistic energies produce a new 
form of QCD matter characterized by the deconfined state of 
quarks and gluons (partons). Measurements of the production of 
identified particles in Pb–Pb collisions, relative to pp collisions, 
provide information about the dynamics of this dense matter. In pp
collisions, high transverse momentum (pT > 2 GeV/c) hadrons are 
produced from fragmentation of jets that can be calculated folding 
the perturbative QCD calculations for jets with universal fragmen-
tation functions determined from data such as those reported here. 
The bulk production of particles at lower pT is non-perturbative 
and requires phenomenological modeling. In heavy-ion collisions 
the production can be affected by the medium in several differ-
ent ways. In particular there is an intermediate transverse mo-
mentum regime, 2 < pT < 8 GeV/c, where the baryon-to-meson 
ratios, e.g. the proton yield divided by the pion yield, measured 
by experiments at RHIC revealed a, so far, not well understood en-
hancement [1–3]. This so-called “baryon anomaly” could indicate 
the presence of new hadronization mechanisms such as parton 
recombination [4–6] that could be significantly enhanced and/or 
extended out to higher pT at LHC due to larger mini-jet produc-
tion [7]. For transverse momenta above 10 GeV/c one expects to 
be able to study the pure energy loss (jet quenching) of high 
pT scattered partons traversing the medium [8–10]. This affects 

* alice-publications@cern.ch.

the inclusive charged particle pT spectrum as has been seen at 
RHIC [11,12] and over an extended pT range, up to 100 GeV/c, at 
the LHC [13,14]. The additional information provided by particle 
identification (PID) is of fundamental interest to study the differ-
ences in the dynamics of fragmentation between quarks and glu-
ons to baryons and mesons [15], and also to study the differences 
in their interaction with the medium considering that, due to the 
color Casimir factor, gluons lose a factor of two more energy than 
quarks [16,17]. The results presented in this Letter address three 
open experimental questions: Are there indications that the kaons 
are affected by radial flow at intermediate pT? Does the baryon-
to-meson ratio return to the pp value for high pT (>10 GeV/c) 
as suggested by the recent publication of the Λ/K0

S ratio [18]? Are 
there large particle species dependent jet quenching effects as pre-
dicted in several models [19–21], where measurements at RHIC, in 
particular for baryons, are inconclusive due to the limited pT-range 
and the large systematic and statistical uncertainties [22–24]?

2. Data analyses

In this Letter we present the measurement of the production 
of pions (kaons and protons) from a pT of a few hundred MeV/c
up to pT = 20 GeV/c in 

√
sNN = 2.76 TeV pp and Pb–Pb collisions 

with the ALICE detector [25]. The Inner Tracking System (ITS) and 
the Time Projection Chamber (TPC) are used for vertex finding 
and tracking. The ITS and TPC also provide PID through the mea-
surement of the specific energy loss, dE/dx. The PID is further

http://dx.doi.org/10.1016/j.physletb.2014.07.011
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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Fig. 1. (Color online.) Distributions of the Cherenkov angle measured in the HMPID for positive tracks in a narrow pT bin, for 0–5% central Pb–Pb (left) and pp (right) 
collisions. The slight shift of the pions, kaons and protons peaks in Pb–Pb data compared to the pp ones is due to different data taking conditions of the HMPID Cherenkov 
radiator (liquid C6F14).
Table 1
The η/y and pT range (GeV/c) covered by each analysis.

Analysis η/y range π K p

ITS-sa |y| < 0.5 0.1–0.7 0.2–0.55 0.3–0.6
TPC–TOF |y| < 0.5 0.3–1.2 0.3–1.2 0.45–2.0
TOF |y| < 0.5 0.5–2.5 0.5–2.4 0.8–3.8
HMPID |y| < 0.5 1.5–4.0 1.5–4.0 1.5–6.0
High pT dE/dx |η| < 0.8 2.0–20.0 3.0–20.0 3.0–20.0

improved at low and intermediate pT using the Time-of-Flight 
(TOF) and the High Momentum PID (HMPID) Cherenkov detectors. 
In Pb–Pb collisions the spectra at low pT have already been pub-
lished [26] and the new addition here is the extension of the pT
range up to 20 GeV/c and the improvement at intermediate pT
for the 0–40% most central collisions using the HMPID. The pp
low pT analysis combining information from ITS, TPC, and TOF 
follows the same procedures as the ones published by ALICE at √

s = 900 GeV [27] and in 
√

sNN = 2.76 TeV Pb–Pb collisions [26]. 
The main focus in the following will therefore be on explaining the 
analysis details for the HMPID and the high pT dE/dx analysis.

The pp analyses use 40 × 106 and the Pb–Pb minimum bias 
analysis uses 11 × 106 collision events. The HMPID analysis used 
the 2011 centrality triggered Pb–Pb data with around 4.1 × 106

0–5% central collision events. Data were taken during 2010 and 
2011 under conditions where pileup effects were negligible. Min-
imum bias interactions are triggered based on the signals from 
forward scintillators (V0) and, in pp collisions, the two innermost 
silicon pixel layers of the ITS (SPD). The trigger efficiency is 88.1% 
for pp inelastic collisions [28] and 97.1% for non-diffractive Pb–Pb 
collisions [29]. The Pb–Pb collision centrality is determined from 
the measured amplitude in the V0 detector [30] which is related to 
the number of participating nucleons and the nuclear overlap func-
tion (TAA) through simulations based on a Glauber model [29]. The 
same event and track selection is used as in the inclusive charged 
particle analysis [31]. Track cuts are optimized in order to select 
primary charged particles in the pseudorapidity range |η| < 0.8
and all results presented in this paper are corrected for feed-down 
from weak decays. As listed in Table 1 the low pT analysis is done 
for |y| < 0.5, while the high pT analysis is done for |η| < 0.8, to 
take advantage of the full statistics, and the final spectra are then 
normalized to the corresponding rapidity intervals, see Eq. (1) be-
low.

2.1. Identified particle spectra at low pT

The pp low pT analysis relies on the combination of four almost 
independent PID techniques, named after the detectors involved: 
ITS-sa, TPC–TOF, TOF and HMPID. The techniques have complemen-
tary pT ranges listed in Table 1.

The ITS-sa analysis exploits stand-alone (sa) tracks recon-
structed in the ITS to be able to go as low in pT as possible. The 
identification is done based on dE/dx measurements in up to 4 
of the 6 silicon layers. This information is combined in a Bayesian 
approach using a set of priors determined with an iterative pro-
cedure, and the track identity is assigned according to the highest 
probability. The minor residual contamination due to misidentifi-
cation is less than 10% in the pT-range reported in Table 1 and 
corrected for using MC.

The other three analyses all use global tracks reconstructed in 
both the ITS and the TPC. The TPC–TOF analysis is optimized to 
combine the information from the TPC and TOF. The identification 
is based on a three standard deviations agreement with the ex-
pected detector signal and resolution (3σ ) in the TPC dE/dx and 
for pT > 0.6 GeV/c a 3σ requirement is also applied for the time-
of-flight provided by the TOF detector. The TOF analysis identifies 
particles comparing the measured time-of-flight from the primary 
vertex to the TOF detector, ttof, and the time expected under a 
given mass hypothesis, texp

i (i = π, K, p). The TOF standalone analy-
sis is optimized for handling momentum regions where the separa-
tion is challenging. The precise signal shape for ttof −texp

i , including 
an exponential tail, is used, and the yield in a given pT interval is 
obtained by fitting.

The HMPID [32,33] is designed as a single-arm proximity-
focusing Ring Imaging CHerenkov (RICH) detector where the radi-
ator is a 15 mm thick layer of liquid C6F14 (perfluorohexane). It is 
located at about 5 m from the beam axis, covering a limited accep-
tance of |η| < 0.55 and 1.2◦ < ϕ < 58.5◦ . The PID in the HMPID is 
done by measuring the Cherenkov angle, θch. In the reconstruction, 
the tracks are propagated to the HMPID detector and associated 
with a MIP signal. A Hough Transform Method (HTM) [34] is used 
to discriminate the signal from the background. For a given track, 
the mean Cherenkov angle is computed as the weighted average of 
the single photon angles selected by the HTM. The Cherenkov an-
gle distribution is then fitted to obtain the yields, see Fig. 1 for an 
example of fits in the Pb–Pb and pp analysis.

The raw yields measured by each analysis are corrected for 
the reconstruction, selection, PID efficiency, and misidentification 
probability. The contamination due to particles from weak decays 
of light flavor hadrons and interactions with the material is sub-
tracted using MC-template fits of the distance-of-closest approach 
distributions [26]. Finally the raw spectra are corrected for the de-
tector acceptance, trigger selection, vertex and track reconstruction 
efficiency.

The systematic uncertainties for the ITS, TPC, and TOF analyses 
are obtained in essentially the same way as reported in [27,26]. 
The systematic uncertainty for the HMPID analysis has contribu-
tions from tracking and PID. These uncertainties have been esti-
mated by changing individually the track selection cuts and the 
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Fig. 2. (Color online.) dE/dx distributions measured for |η| < 0.2 and normalized to the integrated yields. The signals are fitted to a sum of four Gaussian functions (solid 
line). Two p intervals are shown for central (left) and peripheral (center) Pb–Pb; and pp (right) collisions. In all momentum intervals the electron fraction is below 1% (not 
visible). Individual yields are shown as dashed curves; protons in blue (left), kaons in green, and pions in red (right).
parameters of the fit function used to extract the raw yields by 
±10%. In addition, the uncertainty of the association of the track 
to the MIP signal is obtained by varying the value of the distance 
cut required for the match.

The HMPID analysis in Pb–Pb collisions is analogous to the pp
analysis except for the treatment of the background. In central 
Pb–Pb collisions, where the total number of hits in the HMPID 
chambers is large, it is possible that a Cherenkov ring is con-
structed based on hits incorrectly associated with the track. Fig. 1
gives examples of the reconstructed Cherenkov angle distributions 
in a narrow pT interval. In pp collisions (right panel) the recon-
structed angle distribution is fitted by a sum of three Gaussian 
distributions, corresponding to the signals from pions, kaons and 
protons. In the case of Pb–Pb collisions (left panel) the additional 
background distribution is modeled with a 6th order polynomial 
found to minimize the reduced χ2 of the fit. The shoulder in the 
background distribution starting at 0.7 rad is a boundary effect due 
to the finite chamber geometrical acceptance that is also observed 
in MC simulations. The fitting is done in two steps, where the 
width and the mean of each Gaussian distribution are free param-
eters in the first step and are then used to obtain a pT dependent 
parameterization. This parameterization is used to constrain the 
parameters in the second final fit. The means and widths con-
strained in this way are found to be independent of centrality. 
Finally we note that the background increases with the Cherenkov 
angle because the fiducial area used in the reconstruction becomes 
larger, making it more likely to associate spurious hits with the 
signal.

The PID efficiency has been evaluated from a Monte Carlo sim-
ulation that reproduces well the background in the data. A data-
driven cross check of the efficiency has been performed using a 
clean sample of protons and pions from Λ and K0

S decays identi-
fied in the TPC based on their topological decay.

To estimate the uncertainty due to the incomplete knowledge 
of the shape of the background distribution, an alternative back-
ground function, depending on tan(θch) and derived from geomet-
rical considerations in case of orthogonal tracks [32], has been 
used. The corresponding systematic uncertainty reaches the maxi-
mum value at low momenta for the most central collisions (∼15% 
for pions, and ∼8% for kaons and protons). The systematic un-
certainty decreases with pT as the track inclination angle in the 
bending plane decreases so that the fiducial area for the Cherenkov 
pattern search is smaller.

2.2. Identified particle spectra at high pT

Particle identification is performed in the relativistic rise regime 
of the Bethe–Bloch (BB) curve where the 〈dE/dx〉 separation be-
tween particles with different masses is nearly constant [35]. The 
dE/dx is obtained as the truncated mean of the 0–60% lowest 
charge samples associated with the track in the TPC [36]. The 
dE/dx response depends on the track length so the analysis is 
done in four equally sized |η|-intervals, and a geometrical cut to 
remove tracks entering the gap in between the TPC readout cham-
bers is applied to select tracks with the best dE/dx resolution. The 
separation in number of standard deviations (σ ) between pions 
and kaons (pions and protons) in pp and peripheral Pb–Pb collision 
is around 3.2 (4.6) at momentum p ≈ 6 GeV/c for 0.6 < |η| < 0.8
where the separation is largest. In central Pb–Pb collisions one 
finds a separation of 2.4σ (3.5σ ). In the worst case, |η| < 0.2, the 
separation is 11–15% smaller.

Fig. 2 shows examples of the dE/dx spectra obtained for pp and 
Pb–Pb (central and peripheral) collisions for two momentum, p, 
intervals and |η| < 0.2 where p ≈ pT. The pion, kaon, and proton 
yields are extracted by fitting a sum of four Gaussian functions 
(including electrons) to the dE/dx spectra.1 To reduce the de-
grees of freedom in the fits from 12 to 4, parameterizations of 
the BB (〈dE/dx〉) and resolution (σ ) curves as a function of βγ
are extracted first using tracks from identified particles. Samples 
of secondary pions (30 < βγ < 50) and protons (3 < βγ < 7) are 
obtained through the reconstruction of the weak-decay topology 
of K0

S and Λ, respectively; a similar algorithm is used to iden-
tify electrons resulting from photon conversions (fixing the dE/dx
plateau: βγ > 1000). Finally, using information from the time-
of-flight detector the relative pion content can be enhanced for 
sub-samples of the full datasets (16 < βγ < 50).

The 〈dE/dx〉 separation between kaons and protons in the 
high pT analysis is smallest for p ≈ 3 GeV/c and increases with 
p until both species are on the relativistic rise [35]. In central 
collisions the 〈dE/dx〉 separation is the lowest and the system-
atic uncertainties on the extracted yields are correspondingly large 
as discussed later, see Table 2. Hence, to improve the central val-

1 We note that muons from heavy flavor decays are subtracted from the pions 
based on the measured electron yields and that contamination from deuterons and 
tritons are negligible (	1%).
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Table 2
Systematic uncertainties, separated into the Nch, PID, and efficiency part, on the 
invariant yields from 3 < pT < 4 GeV/c (left quoted value) to 10 < pT < 20 GeV/c
(right quoted value).

System Pb–Pb 0–5% Pb–Pb 60–80% pp

Nch
a 8.3–8.2% 9.9–9.8% 7.4–7.6%

π+ + π−b 1.7–2.4% 1.5–2.2% 1.2–1.7%
K+ + K− 19–7.9% 17–8.7% 16–5.7%
p + p̄ 9.9–21% 20–24% 24–20%

Efficiency ratiosc 3%

a Taken directly from [31].
b Additional contribution due to μ± contamination is ≤1%.
c Same for all centralities and all particle species.

ues for the kaons and protons, the K0
S yields [18] are used as a 

proxy for the charged kaons to further constrain the BB curve in 
Pb–Pb collisions in a procedure which uses a two dimensional fit 
of dE/dx vs momentum. The effect of the K0

S bias is only relevant 
in central collisions at low pT (<4 GeV/c). At 3 GeV/c the effect
on the extracted kaon yield is an increase of 10% (<1%) for 0–5% 
(60–80%) collision centrality.

With the above information the BB and the resolution curves 
are determined for kaons and protons in the full momentum inter-
val reported here and for pions with p < 7 GeV/c. For p > 7 GeV/c
the pion 〈dE/dx〉 is restricted by the logarithmic rise until the 
〈dE/dx〉 starts to approach the plateau. This lack of additional con-
straint currently limits the pT reach of the analysis to ∼20 GeV/c.

From the fits in Fig. 2 the particle fractions, fπ/K/p(p) are ex-
tracted. The fraction in a pT bin, fπ/K/p(pT), is obtained as the 
weighted average of the contributing momentum (p) bins. The 
pT-dependent fractions are found to be independent of η and so 
all four η regions are averaged.

Finally, the invariant yields are obtained using the pT spectrum 
for inclusive charged particles [31], d2 Nch

dpTdη , in the following way:

d2Nπ/K/p

dpTdy
= Jπ/K/p

d2Nch

dpTdη

εch

επ/K/p
fπ/K/p(pT), (1)

where (εch) επ/K/p is the efficiency for (un)identified particles and 
Jπ/K/p is the Jacobian correction (from η to y). Normalizing to the 
pT spectrum of inclusive charged particles guarantees that only the 
systematic uncertainty due to PID is relevant when comparing the 
modification of the pT spectra of π/K/p to those for the uniden-
tified particles. The pT resolution is around 5% at pT = 20 GeV/c
and the pT spectra have been corrected for this resolution using 
an unfolding procedure for pT > 10 GeV/c [31,37]. This correction 
is less than 2% at pT = 20 GeV/c.

2.2.1. Systematic uncertainties
The systematic uncertainty on the invariant yields has three 

main components: event and track selection, efficiency correction 
of the fractions, and the fraction extraction. Contributions from 
the event and track selection are taken directly from the inclu-
sive charged particle analysis [31]. Efficiency ratios (εch/επ/K/p) 
are found to be nearly independent of pT (a small dependence 
is only observed for kaons), similar for all systems, and model 
independent within 3%. The largest systematic uncertainty in the 
extraction of the fractions comes from the uncertainty in the con-
strained parameters: the means (〈dE/dx〉) and the widths (σ ) used 
in the fits. The uncertainty on these parameters are estimated from 
the average difference between the final parameterizations and the 
data points obtained from the enhanced samples with identified 
particles. In addition, the statistical uncertainty on the extracted 
BB parameterization in peripheral Pb–Pb collisions is found to be 
of a similar magnitude and also taken into account in the following 

Fig. 3. (Color online.) The ratio of individual spectra to the combined spectrum as 
a function of pT for pions (top), kaons (center), and protons (bottom). Only the 
pT-range where the analyses overlap is shown. The ITS + TPC + TOF spectra are the 
results published in [26]. The statistical and independent systematic uncertainties 
are shown as vertical error bars and as a band, respectively, and only include those 
on the individual spectra.

variations. The dE/dx spectra are then refitted, varying the means 
and the widths within the estimated uncertainties, and the varia-
tion of the fractions are assigned as systematic errors. In this way 
the correlations in the systematic uncertainty for the particle ra-
tios can be directly included. A summary of the PID systematic 
uncertainties is shown in Table 2. The Nch systematic uncertainties 
cancel in the particle ratios.

3. Results and discussion

The measurement of charged pion, kaon and (anti-)proton 
transverse momentum spectra has been performed via several in-
dependent analyses, each one focusing on a sub-range of the total 
pT distribution, with emphasis on the individual detectors and 
specific techniques to optimize the signal extraction. The results 
were combined using the independent systematic uncertainties as 
weights in the overlapping ranges (a 3% common systematic un-
certainty due to the TPC tracking is not in the weight but added 
directly to the combined spectrum). The statistical uncertainties 
are much smaller and therefore neglected in the combination 
weights. For pT > 4 GeV/c only the high pT analysis is used for 
all species. Fig. 3 shows the ratio of individual spectra to the com-
bined spectrum for the 0–5% central Pb–Pb data, illustrating the 
compatibility between the different analyses.

Fig. 4 shows the invariant yields measured in Pb–Pb collisions 
compared to those in pp collisions scaled by the number of bi-
nary collisions, Ncoll [29] obtained for the measured pp cross sec-
tion [28]. For peripheral Pb–Pb collisions the shapes of the invari-
ant yields are similar to those observed in pp collisions. For central 
Pb–Pb collisions, the spectra exhibit a reduction in the production 
of high-pT particles with respect to the reference which is charac-
teristic of jet quenching.

Fig. 5 shows the proton-to-pion ratio, (p + p̄)/(π+ + π−), as 
a function of pT. For central (peripheral, not shown) Pb–Pb colli-
sions it reaches ∼0.83 (∼0.35) at the maximum around 3 GeV/c
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Fig. 4. (Color online.) Solid markers show the invariant yields of identified particles in central (circles) and peripheral (squares) Pb–Pb collisions. Open points show the pp
reference yields scaled by the average number of binary collisions for 0–5% (circles) and 60–80% (squares) [29]. The statistical and systematic uncertainties are shown as 
vertical error bars and boxes, respectively.

Fig. 5. (Color online.) Particle ratios as a function of pT measured in pp and the most central, 0–5%, Pb–Pb collisions. Statistical and systematic uncertainties are displayed as 
vertical error bars and boxes, respectively. The theoretical predictions refer to Pb–Pb collisions, see text for references.
and then decreases with increasing pT. These values are approxi-
mately 20% above the peak values measured by PHENIX [24] and 
STAR [22], when p/π+ and p̄/π− ratios are averaged and data are 
corrected for feed-down.

At LHC energies the mini-jet activity is expected to be larger 
than at RHIC energies, which motivated ratio predictions in the 
framework of recombination models where shower partons in 
neighboring jets can recombine to be an order of magnitude larger 
than the measurements reported here [7]. Other predictions where 
recombination only occurs for soft thermal radially flowing par-
tons are, as shown in the figure, more consistent with the data [4]. 
The surprising new result is that in central Pb–Pb collisions the 
(K+ + K−)/(π+ + π−) ratio also exhibits a bump at pT ≈ 3 GeV/c. 
This has not been observed at RHIC (this could be due to lim-
itations in precision in this pT region) but is also observed in 
the soft coalescence model [4]. The Kraków [38] hydrodynam-
ical model captures the rise of both ratios quantitatively well, 
while a similar model, HKM [39] that is not shown, does slightly 
worse. The EPOS [40] event generator which has both hydrody-
namics, but also the high pT physics and special hadronization 
processes for quenched jets [41] qualitatively well describes the 
data but tends to overestimate the peaks. The recent result [42]
that for pT < 3 GeV/c the shape of the phi-to-pion ratio is con-
sistent with the proton-to-pion ratio, reported here, taken together 
with the model comparisons shown in Fig. 5 indicate that the peak 
is mainly dominated by radial flow (the masses of the hadrons).

For higher pT (>10 GeV/c) both particle ratios behave like 
those in pp, suggesting that fragmentation dominates the hadron 

production. In this pT regime, the particle ratios in pp are not 
well described by the pQCD calculations in [43]. It was recently 
shown [44] that in general the fragmentation functions for gluons 
are badly constrained, leading to disagreement of up to a factor 
2 with Nch spectra measured at LHC. Furthermore it was pointed 
out that data with pT > 10 GeV/c, as reported here, are needed 
to reduce the scale dependence that seems to be the origin of the 
disagreement.

Fig. 6 shows the nuclear modification factor RAA as a function 
of pT defined as the ratio of the Pb–Pb spectra to the Ncoll scaled 
pp spectra shown in Fig. 4. The RAA for the sum of kaons and 
protons is included as it allows the most precise quantitative com-
parison to the RAA of pions. For pT < 10 GeV/c protons appear 
to be less suppressed than kaons and pions, consistent with the 
particle ratios shown in Fig. 5. At larger pT (>10 GeV/c) all par-
ticle species are equally suppressed; so despite the strong energy 
loss observed in the most central heavy-ion collisions, the particle 
composition and ratios at high pT are similar to those in vacuum.

The models cited in the introduction all suggest large dif-
ferences, of 50% or more, between the suppression of different 
species that are either related to mass ordering or baryon-vs-
meson effects. The differences are naturally large in these sce-
narios because they are directly related to the large suppression. 
To quantify the similarity of the suppression the double RAA ra-
tios, e.g. Rp+p̄

AA /Rπ++π−
AA , are inspected. Fig. 7 shows the double 

ratios constructed using the particle ratios to properly handle 
that the dominant correlated systematic uncertainties are between 
particle species and not between different collision systems. We 
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Fig. 6. (Color online.) The nuclear modification factor RAA as a function of pT for different particle species. Results for 0–5% (left) and 60–80% (right) collision centralities 
are shown. Statistical and systematic uncertainties are plotted as vertical error bars and boxes around the points, respectively. The total normalization uncertainty (pp and 
Pb–Pb) is indicated by the black boxes in the top panels [31].
Fig. 7. (Color online.) RAA double ratios as a function of pT for pT > 4 GeV/c. Sta-
tistical and PID systematic uncertainties are plotted as vertical error bars and boxes 
around the points, respectively.

note that a similar ratio for protons and pions made with the 
STAR data [22,23] would give a flat ratio for pT > 3 GeV/c of ap-
proximately 3 ± 2. The results disfavor significant modifications of 
hadro-chemistry within the hard core of jets, as predicted based 
on medium modified color flow which introduces a mass ordering 
of the fragmentation [19], or due to changes in the color struc-
ture of the quenched probe which could enhance baryon produc-
tion [20]. The data also contradict predictions where fragmentation 
into color neutral hadrons, assumed to have no energy loss after 
formation, occurs in the medium and the formation time scales 
directly with the hadron mass [21].

4. Conclusions

The production of pions, kaons and protons has been measured 
in pp and central and peripheral Pb–Pb collisions up to high pT. 
From the invariant yields we derived the particle ratios and the 
RAA as a function of pT. We observe that the proton-to-pion and 
the kaon-to-pion ratios both exhibit a peak and that at low pT the 
rise of both ratios can be well described by hydrodynamic calcula-
tions. This rules out models where shower partons recombine and 
sets strong constraints for soft recombination models. At higher-pT, 
both ratios are compatible with those measured in pp collisions. 
From the nuclear modification factor RAA, we conclude that for 
pT > 10 GeV/c within the systematic and statistical uncertainties, 
pions, kaons and protons are suppressed equally. This rules out 
ideas in which the large energy loss leading to the suppression is 
associated with strong mass ordering or large fragmentation dif-
ferences between baryons and mesons. The results presented here 

establish strong constraints on theoretical modeling for fragmenta-
tion and energy loss mechanisms.
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B. Chang do, S. Chapeland ah, J.L. Charvet n, S. Chattopadhyay dw, S. Chattopadhyay ct, M. Cherney ce, 
C. Cheshkov du, B. Cheynis du, V. Chibante Barroso ah, D.D. Chinellato dn,dm, P. Chochula ah, M. Chojnacki by, 
S. Choudhury dw, P. Christakoglou bz, C.H. Christensen by, P. Christiansen af, T. Chujo ds, S.U. Chung co, 
C. Cicalo cy, L. Cifarelli l,z, F. Cindolo cx, J. Cleymans ch, F. Colamaria ae, D. Colella ae, A. Collu w, M. Colocci z, 
G. Conesa Balbastre bp, Z. Conesa del Valle au,ah, M.E. Connors eb, G. Contin x, J.G. Contreras k, 
T.M. Cormier cc,dz, Y. Corrales Morales y, P. Cortese ad, I. Cortés Maldonado b, M.R. Cosentino bs,dl, 
F. Costa ah, P. Crochet bo, R. Cruz Albino k, E. Cuautle bh, L. Cunqueiro bq,ah, A. Dainese da, R. Dang g, 
A. Danu bg, D. Das ct, I. Das au, K. Das ct, S. Das d, A. Dash dm, S. Dash ar, S. De dw, H. Delagrange df,2, 
A. Deloff bv, E. Dénes ea, G. D’Erasmo ae, G.O.V. de Barros dl, A. De Caro l,ac, G. de Cataldo cw, 
J. de Cuveland am, A. De Falco w, D. De Gruttola ac,l, N. De Marco dd, S. De Pasquale ac, R. de Rooij bb, 
M.A. Diaz Corchero j, T. Dietel ay,ch, R. Divià ah, D. Di Bari ae, S. Di Liberto db, A. Di Mauro ah, P. Di Nezza bq, 
Ø. Djuvsland q, A. Dobrin bb, T. Dobrowolski bv, D. Domenicis Gimenez dl, B. Dönigus aw, O. Dordic u, 
S. Dørheim ck, A.K. Dubey dw, A. Dubla bb, L. Ducroux du, P. Dupieux bo, A.K. Dutta Majumdar ct, 
R.J. Ehlers eb, D. Elia cw, H. Engel av, B. Erazmus ah,df, H.A. Erdal ai, D. Eschweiler am, B. Espagnon au, 
M. Estienne df, S. Esumi ds, D. Evans cu, S. Evdokimov de, G. Eyyubova u, D. Fabris da, J. Faivre bp, 
D. Falchieri z, A. Fantoni bq, M. Fasel cl, D. Fehlker q, L. Feldkamp ay, D. Felea bg, A. Feliciello dd, 
G. Feofilov dv, J. Ferencei cb, A. Fernández Téllez b, E.G. Ferreiro p, A. Ferretti y, A. Festanti ab, J. Figiel di, 
M.A.S. Figueredo dl,dp, S. Filchagin cr, D. Finogeev ba, F.M. Fionda ae, E.M. Fiore ae, E. Floratos cg, M. Floris ah, 
S. Foertsch bj, P. Foka cp, S. Fokin cs, E. Fragiacomo dc, A. Francescon ab,ah, U. Frankenfeld cp, U. Fuchs ah, 
C. Furget bp, M. Fusco Girard ac, J.J. Gaardhøje by, M. Gagliardi y, A.M. Gago cv, M. Gallio y, 
D.R. Gangadharan s,bs, P. Ganoti cg,cc, C. Garabatos cp, E. Garcia-Solis m, C. Gargiulo ah, I. Garishvili bt, 
J. Gerhard am, M. Germain df, A. Gheata ah, M. Gheata bg,ah, B. Ghidini ae, P. Ghosh dw, S.K. Ghosh d, 
P. Gianotti bq, P. Giubellino ah, E. Gladysz-Dziadus di, P. Glässel cl, R. Gomez k, P. González-Zamora j, 
S. Gorbunov am, L. Görlich di, S. Gotovac dh, L.K. Graczykowski dy, R. Grajcarek cl, A. Grelli bb, A. Grigoras ah, 
C. Grigoras ah, V. Grigoriev bu, A. Grigoryan a, S. Grigoryan bk, B. Grinyov c, N. Grion dc, 
J.F. Grosse-Oetringhaus ah, J.-Y. Grossiord du, R. Grosso ah, F. Guber ba, R. Guernane bp, B. Guerzoni z, 
M. Guilbaud du, K. Gulbrandsen by, H. Gulkanyan a, T. Gunji dr, A. Gupta ci, R. Gupta ci, K.H. Khan o, 
R. Haake ay, Ø. Haaland q, C. Hadjidakis au, M. Haiduc bg, H. Hamagaki dr, G. Hamar ea, L.D. Hanratty cu, 
A. Hansen by, J.W. Harris eb, H. Hartmann am, A. Harton m, D. Hatzifotiadou cx, S. Hayashi dr, S.T. Heckel aw, 
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M. Heide ay, H. Helstrup ai, A. Herghelegiu bw, G. Herrera Corral k, B.A. Hess ag, K.F. Hetland ai, B. Hicks eb, 
B. Hippolyte az, J. Hladky be, P. Hristov ah, M. Huang q, T.J. Humanic s, D. Hutter am, D.S. Hwang t, 
R. Ilkaev cr, I. Ilkiv bv, M. Inaba ds, E. Incani w, G.M. Innocenti y, C. Ionita ah, M. Ippolitov cs, M. Irfan r, 
M. Ivanov cp, V. Ivanov cd, O. Ivanytskyi c, A. Jachołkowski aa, P.M. Jacobs bs, C. Jahnke dl, H.J. Jang bm, 
M.A. Janik dy, P.H.S.Y. Jayarathna dn, S. Jena ar,dn, R.T. Jimenez Bustamante bh, P.G. Jones cu, H. Jung an, 
A. Jusko cu, S. Kalcher am, P. Kalinak bd, A. Kalweit ah, J. Kamin aw, J.H. Kang ec, V. Kaplin bu, S. Kar dw, 
A. Karasu Uysal bn, O. Karavichev ba, T. Karavicheva ba, E. Karpechev ba, U. Kebschull av, R. Keidel ed, 
B. Ketzer ck, M.M. Khan r,3, P. Khan ct, S.A. Khan dw, A. Khanzadeev cd, Y. Kharlov de, B. Kileng ai, B. Kim ec, 
D.W. Kim bm,an, D.J. Kim do, J.S. Kim an, M. Kim an, M. Kim ec, S. Kim t, T. Kim ec, S. Kirsch am, I. Kisel am, 
S. Kiselev bc, A. Kisiel dy, G. Kiss ea, J.L. Klay f, J. Klein cl, C. Klein-Bösing ay, A. Kluge ah, M.L. Knichel cp, 
A.G. Knospe dj, C. Kobdaj ah,dg, M. Kofarago ah, M.K. Köhler cp, T. Kollegger am, A. Kolojvari dv, 
V. Kondratiev dv, N. Kondratyeva bu, A. Konevskikh ba, V. Kovalenko dv, M. Kowalski ah,di, S. Kox bp, 
G. Koyithatta Meethaleveedu ar, J. Kral do, I. Králik bd, F. Kramer aw, A. Kravčáková al, M. Krelina ak, 
M. Kretz am, M. Krivda cu,bd, F. Krizek cb,ap, M. Krus ak, E. Kryshen cd,ah, M. Krzewicki cp, V. Kučera cb, 
Y. Kucheriaev cs,2, T. Kugathasan ah, C. Kuhn az, P.G. Kuijer bz, I. Kulakov aw, J. Kumar ar, P. Kurashvili bv, 
A. Kurepin ba, A.B. Kurepin ba, A. Kuryakin cr, S. Kushpil cb, V. Kushpil cb, M.J. Kweon cl,at, Y. Kwon ec, 
P. Ladron de Guevara bh, C. Lagana Fernandes dl, I. Lakomov au, R. Langoy dx, C. Lara av, A. Lardeux df, 
A. Lattuca y, S.L. La Pointe dd,bb, P. La Rocca aa, R. Lea x, L. Leardini cl, G.R. Lee cu, I. Legrand ah, 
J. Lehnert aw, R.C. Lemmon ca, M. Lenhardt cp, V. Lenti cw, E. Leogrande bb, M. Leoncino y, 
I. León Monzón dk, P. Lévai ea, S. Li g,bo, J. Lien dx, R. Lietava cu, S. Lindal u, V. Lindenstruth am, 
C. Lippmann cp, M.A. Lisa s, H.M. Ljunggren af, D.F. Lodato bb, P.I. Loenne q, V.R. Loggins dz, V. Loginov bu, 
D. Lohner cl, C. Loizides bs, X. Lopez bo, E. López Torres i, X.-G. Lu cl, P. Luettig aw, M. Lunardon ab, J. Luo g, 
G. Luparello bb, C. Luzzi ah, R. Ma eb, A. Maevskaya ba, M. Mager ah, D.P. Mahapatra bf, A. Maire cl,az, 
M. Malaev cd, I. Maldonado Cervantes bh, L. Malinina bk,4, D. Mal’Kevich bc, P. Malzacher cp, A. Mamonov cr, 
L. Manceau dd, V. Manko cs, F. Manso bo, V. Manzari ah,cw, M. Marchisone y,bo, J. Mareš be, 
G.V. Margagliotti x, A. Margotti cx, A. Marín cp, C. Markert ah,dj, M. Marquard aw, I. Martashvili dq, 
N.A. Martin cp, P. Martinengo ah, M.I. Martínez b, G. Martínez García df, J. Martin Blanco df, Y. Martynov c, 
A. Mas df, S. Masciocchi cp, M. Masera y, A. Masoni cy, L. Massacrier df, A. Mastroserio ae, A. Matyja di, 
C. Mayer di, J. Mazer dq, R. Mazumder as, M.A. Mazzoni db, F. Meddi v, A. Menchaca-Rocha bi, 
E. Meninno ac, J. Mercado Pérez cl, M. Meres aj, Y. Miake ds, K. Mikhaylov bc,bk, L. Milano ah, J. Milosevic u,5, 
A. Mischke bb, A.N. Mishra as, D. Miśkowiec cp, C.M. Mitu bg, J. Mlynarz dz, B. Mohanty dw,bx, L. Molnar az, 
L. Montaño Zetina k, E. Montes j, M. Morando ab, D.A. Moreira De Godoy dl, S. Moretto ab, A. Morreale do,df, 
A. Morsch ah, V. Muccifora bq, E. Mudnic dh, S. Muhuri dw, M. Mukherjee dw, H. Müller ah, M.G. Munhoz dl, 
S. Murray ch, L. Musa ah, J. Musinsky bd, B.K. Nandi ar, R. Nania cx, E. Nappi cw, C. Nattrass dq, T.K. Nayak dw, 
S. Nazarenko cr, A. Nedosekin bc, M. Nicassio cp, M. Niculescu bg,ah, B.S. Nielsen by, S. Nikolaev cs, 
S. Nikulin cs, V. Nikulin cd, B.S. Nilsen ce, F. Noferini l,cx, P. Nomokonov bk, G. Nooren bb, A. Nyanin cs, 
J. Nystrand q, H. Oeschler cl,ax, S. Oh eb, S.K. Oh bl,an,6, A. Okatan bn, L. Olah ea, J. Oleniacz dy, 
A.C. Oliveira Da Silva dl, J. Onderwaater cp, C. Oppedisano dd, A. Ortiz Velasquez af, A. Oskarsson af, 
J. Otwinowski cp, K. Oyama cl, Y. Pachmayer cl, M. Pachr ak, P. Pagano ac, G. Paić bh, F. Painke am, C. Pajares p, 
S.K. Pal dw, A. Palmeri cz, D. Pant ar, V. Papikyan a, G.S. Pappalardo cz, W.J. Park cp, A. Passfeld ay, 
D.I. Patalakha de, V. Paticchio cw, B. Paul ct, T. Pawlak dy, T. Peitzmann bb, H. Pereira Da Costa n, 
E. Pereira De Oliveira Filho dl, D. Peresunko cs, C.E. Pérez Lara bz, W. Peryt dy,2, A. Pesci cx, Y. Pestov e, 
V. Petráček ak, M. Petran ak, M. Petris bw, M. Petrovici bw, C. Petta aa, S. Piano dc, M. Pikna aj, P. Pillot df, 
O. Pinazza ah,cx, L. Pinsky dn, D.B. Piyarathna dn, M. Płoskoń bs, M. Planinic cq,dt, J. Pluta dy, S. Pochybova ea, 
P.L.M. Podesta-Lerma dk, M.G. Poghosyan ah,ce, E.H.O. Pohjoisaho ap, B. Polichtchouk de, N. Poljak cq,dt, 
A. Pop bw, S. Porteboeuf-Houssais bo, J. Porter bs, V. Pospisil ak, B. Potukuchi ci, S.K. Prasad d,dz, 
R. Preghenella cx,l, F. Prino dd, C.A. Pruneau dz, I. Pshenichnov ba, G. Puddu w, V. Punin cr, J. Putschke dz, 
H. Qvigstad u, A. Rachevski dc, S. Raha d, J. Rak do, A. Rakotozafindrabe n, L. Ramello ad, R. Raniwala cj, 
S. Raniwala cj, S.S. Räsänen ap, B.T. Rascanu aw, D. Rathee cf, A.W. Rauf o, V. Razazi w, K.F. Read dq, 
J.S. Real bp, K. Redlich bv,7, R.J. Reed eb, A. Rehman q, P. Reichelt aw, M. Reicher bb, F. Reidt cl,ah, 
R. Renfordt aw, A.R. Reolon bq, A. Reshetin ba, F. Rettig am, J.-P. Revol ah, K. Reygers cl, V. Riabov cd, 
R.A. Ricci br, T. Richert af, M. Richter u, P. Riedler ah, W. Riegler ah, F. Riggi aa, A. Rivetti dd, E. Rocco bb, 
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M. Rodríguez Cahuantzi b, A. Rodriguez Manso bz, K. Røed u, E. Rogochaya bk, S. Rohni ci, D. Rohr am, 
D. Röhrich q, R. Romita dp,ca, F. Ronchetti bq, L. Ronflette df, P. Rosnet bo, S. Rossegger ah, A. Rossi ah, 
F. Roukoutakis cg,ah, A. Roy as, C. Roy az, P. Roy ct, A.J. Rubio Montero j, R. Rui x, R. Russo y, E. Ryabinkin cs, 
Y. Ryabov cd, A. Rybicki di, S. Sadovsky de, K. Šafařík ah, B. Sahlmuller aw, R. Sahoo as, P.K. Sahu bf, 
J. Saini dw, C.A. Salgado p, J. Salzwedel s, S. Sambyal ci, V. Samsonov cd, X. Sanchez Castro az,bh, 
F.J. Sánchez Rodríguez dk, L. Šándor bd, A. Sandoval bi, M. Sano ds, G. Santagati aa, D. Sarkar dw, 
E. Scapparone cx, F. Scarlassara ab, R.P. Scharenberg cn, C. Schiaua bw, R. Schicker cl, C. Schmidt cp, 
H.R. Schmidt ag, S. Schuchmann aw, J. Schukraft ah, M. Schulc ak, T. Schuster eb, Y. Schutz ah,df, 
K. Schwarz cp, K. Schweda cp, G. Scioli z, E. Scomparin dd, P.A. Scott cu, R. Scott dq, G. Segato ab, J.E. Seger ce, 
I. Selyuzhenkov cp, J. Seo co, E. Serradilla j,bi, A. Sevcenco bg, A. Shabetai df, G. Shabratova bk, 
R. Shahoyan ah, A. Shangaraev de, N. Sharma dq,bf, S. Sharma ci, K. Shigaki aq, K. Shtejer y, Y. Sibiriak cs, 
S. Siddhanta cy, T. Siemiarczuk bv, D. Silvermyr cc, C. Silvestre bp, G. Simatovic dt, R. Singaraju dw, 
R. Singh ci, S. Singha bx,dw, V. Singhal dw, B.C. Sinha dw, T. Sinha ct, B. Sitar aj, M. Sitta ad, T.B. Skaali u, 
K. Skjerdal q, R. Smakal ak, N. Smirnov eb, R.J.M. Snellings bb, C. Søgaard af, R. Soltz bt, J. Song co, M. Song ec, 
F. Soramel ab, S. Sorensen dq, M. Spacek ak, I. Sputowska di, M. Spyropoulou-Stassinaki cg, B.K. Srivastava cn, 
J. Stachel cl, I. Stan bg, G. Stefanek bv, M. Steinpreis s, E. Stenlund af, G. Steyn bj, J.H. Stiller cl, D. Stocco df, 
M. Stolpovskiy de, P. Strmen aj, A.A.P. Suaide dl, M.A. Subieta Vasquez y, T. Sugitate aq, C. Suire au, 
M. Suleymanov o, R. Sultanov bc, M. Šumbera cb, T. Susa cq, T.J.M. Symons bs, A. Szanto de Toledo dl, 
I. Szarka aj, A. Szczepankiewicz ah, M. Szymanski dy, J. Takahashi dm, M.A. Tangaro ae, J.D. Tapia Takaki au,8, 
A. Tarantola Peloni aw, A. Tarazona Martinez ah, M.G. Tarzila bw, A. Tauro ah, G. Tejeda Muñoz b, 
A. Telesca ah, C. Terrevoli w, A. Ter Minasyan bu, J. Thäder cp, D. Thomas bb, R. Tieulent du, A.R. Timmins dn, 
A. Toia da,aw, H. Torii dr, V. Trubnikov c, W.H. Trzaska do, T. Tsuji dr, A. Tumkin cr, R. Turrisi da, T.S. Tveter u, 
J. Ulery aw, K. Ullaland q, A. Uras du, G.L. Usai w, M. Vajzer cb, M. Vala bk,bd, L. Valencia Palomo au,bo, 
S. Vallero y,cl, P. Vande Vyvre ah, L. Vannucci br, J. Van Der Maarel bb, J.W. Van Hoorne ah, 
M. van Leeuwen bb, A. Vargas b, R. Varma ar, M. Vasileiou cg, A. Vasiliev cs, V. Vechernin dv, M. Veldhoen bb, 
A. Velure q, M. Venaruzzo x, E. Vercellin y, S. Vergara Limón b, R. Vernet h, M. Verweij dz, L. Vickovic dh, 
G. Viesti ab, J. Viinikainen do, Z. Vilakazi bj, O. Villalobos Baillie cu, A. Vinogradov cs, L. Vinogradov dv, 
Y. Vinogradov cr, T. Virgili ac, Y.P. Viyogi dw, A. Vodopyanov bk, M.A. Völkl cl, K. Voloshin bc, S.A. Voloshin dz, 
G. Volpe ah, B. von Haller ah, I. Vorobyev dv, D. Vranic cp,ah, J. Vrláková al, B. Vulpescu bo, A. Vyushin cr, 
B. Wagner q, J. Wagner cp, V. Wagner ak, M. Wang g,df, Y. Wang cl, D. Watanabe ds, M. Weber dn, 
J.P. Wessels ay, U. Westerhoff ay, J. Wiechula ag, J. Wikne u, M. Wilde ay, G. Wilk bv, J. Wilkinson cl, 
M.C.S. Williams cx, B. Windelband cl, M. Winn cl, C. Xiang g, C.G. Yaldo dz, Y. Yamaguchi dr, H. Yang bb, 
P. Yang g, S. Yang q, S. Yano aq, S. Yasnopolskiy cs, J. Yi co, Z. Yin g, I.-K. Yoo co, I. Yushmanov cs, 
V. Zaccolo by, C. Zach ak, A. Zaman o, C. Zampolli cx, S. Zaporozhets bk, A. Zarochentsev dv, P. Závada be, 
N. Zaviyalov cr, H. Zbroszczyk dy, I.S. Zgura bg, M. Zhalov cd, F. Zhang g, H. Zhang g, X. Zhang bo,g,bs, 
Y. Zhang g, C. Zhao u, D. Zhou g, F. Zhou g, Y. Zhou bb, H. Zhu g, J. Zhu df,g, J. Zhu g, X. Zhu g, A. Zichichi l,z, 
A. Zimmermann cl, M.B. Zimmermann ay,ah, G. Zinovjev c, Y. Zoccarato du, M. Zynovyev c, M. Zyzak aw
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cc Oak Ridge National Laboratory, Oak Ridge, TN, United States
cd Petersburg Nuclear Physics Institute, Gatchina, Russia
ce Physics Department, Creighton University, Omaha, NE, United States
cf Physics Department, Panjab University, Chandigarh, India
cg Physics Department, University of Athens, Athens, Greece
ch Physics Department, University of Cape Town, Cape Town, South Africa
ci Physics Department, University of Jammu, Jammu, India
cj Physics Department, University of Rajasthan, Jaipur, India
ck Physik Department, Technische Universität München, Munich, Germany
cl Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
cm Politecnico di Torino, Turin, Italy
cn Purdue University, West Lafayette, IN, United States
co Pusan National University, Pusan, South Korea
cp Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
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