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The pseudorapidity (η) and transverse-momentum (pT) distributions of charged particles produced in 
proton–proton collisions are measured at the centre-of-mass energy √s = 13 TeV. The pseudorapidity 
distribution in |η| < 1.8 is reported for inelastic events and for events with at least one charged particle 
in |η| < 1. The pseudorapidity density of charged particles produced in the pseudorapidity region |η| <

0.5 is 5.31 ± 0.18 and 6.46 ± 0.19 for the two event classes, respectively. The transverse-momentum 
distribution of charged particles is measured in the range 0.15 < pT < 20 GeV/c and |η| < 0.8 for events 
with at least one charged particle in |η| < 1. The evolution of the transverse momentum spectra of 
charged particles is also investigated as a function of event multiplicity. The results are compared with 
calculations from PYTHIA and EPOS Monte Carlo generators.
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1. Introduction

After a two-year long shutdown, the Large Hadron Collider 
(LHC) at CERN restarted its physics programme in June 2015 with 
proton–proton collisions at 

√
s = 13 TeV, the highest centre-of-

mass energy reached so far in laboratory. The measurement of the 
inclusive production of charged hadrons in high-energy proton–
proton interactions is a key observable to characterise the global 
properties of the collision, in particular whenever the collision 
energy increases significantly. Particle production at collider ener-
gies originates from the interplay of perturbative (hard) and non-
perturbative (soft) QCD processes. Soft scattering processes and 
parton hadronisation dominate the bulk of particle production at 
low transverse momenta and can only be modelled phenomeno-
logically. Hence, these measurements provide constraints for a bet-
ter tuning of models and event generators for hadron-collider and 
cosmic-ray physics [1].

We present the pseudorapidity (η) and transverse-momen-
tum (pT) distributions of primary charged particles measured in 
proton–proton collisions at the centre-of-mass energy 

√
s = 13 TeV

with the ALICE detector [2] at the LHC [3]. Primary particles are 
defined as prompt particles produced in the collisions, including 
all decay products, with the exception of those from weak decays 
of strange particles. Similar measurements have been performed 
by ALICE in proton–proton (pp), proton–lead (p–Pb) and lead–lead 
(Pb–Pb) collisions collected during the previous LHC run at lower 
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energies [4–14]. The pseudorapidity distribution is measured at 
central rapidity in |η| < 1.8. The measurements reported here have 
been obtained for inelastic events (INEL) and events having at least 
one charged particle produced with pT > 0 in the pseudorapidity 
interval |η| < 1 (INEL > 0). Similar results were recently published 
by the CMS Collaboration for INEL events [15]. The transverse-
momentum distribution of charged particles is measured in the 
range 0.15 < pT < 20 GeV/c and |η| < 0.8 for INEL > 0 events. The 
evolution of the transverse momentum spectra of charged particles 
is also investigated as a function of event multiplicity. The data 
have been compared to calculations from models commonly used 
at the LHC.

2. The ALICE detector and data collection

A comprehensive description of the ALICE experimental setup 
can be found in [2,16]. The main detectors utilised for the analy-
sis presented here are the Inner Tracking System (ITS), the Time-
Projection Chamber (TPC), the V0 counters and the ALICE Diffrac-
tive (AD) detector. The ITS and TPC detectors, which are located 
inside a solenoidal magnet providing a magnetic field of 0.5 T, are 
used for primary-vertex and track reconstruction. The V0 counters 
and the AD detector are employed for triggering and for back-
ground suppression.

The ITS is composed of six cylindrical layers of high-resolution 
silicon tracking detectors. The innermost layers consist of two ar-
rays of hybrid Silicon Pixel Detectors (SPD) located at radii 3.9 and 
7.6 cm from the beam axis and covering respectively |η| < 2.0
and |η| < 1.4 for particles emerging from the nominal interac-
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tion point (z = 0 cm). The TPC is a large cylindrical drift de-
tector of radial and longitudinal size of about 85 < r < 250 cm
and −250 < z < 250 cm, respectively. The active volume of nearly 
90 m3 is filled with an Ar–CO2 (88–12%) gas mixture and is di-
vided into two halves by a central high-voltage membrane main-
tained at −100 kV. The two end-caps are each equipped with 36 
multi-wire proportional chambers with cathode pad readout, com-
prising a total of 558 000 readout channels. The V0 counters are 
two scintillator hodoscopes placed on either side of the interaction 
region at z = 3.3 m and z = −0.9 m, covering the pseudorapidity 
regions 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively. The AD 
detector was integrated in ALICE during the LHC shutdown before 
Run 2 to enhance the capabilities of the experiment to tag diffrac-
tive processes and low pT events [17]. It consists of two double 
layers of scintillation counters placed far from the interaction re-
gion, on both sides: one in the ALICE cavern at z = 17.0 m and 
one in the LHC tunnel at z = −19.5 m. The pseudorapidity cover-
age of the two AD arrays is 4.8 < η < 6.3 and −7.0 < η < −4.9, 
respectively.

The data were collected after the startup of LHC Run 2 in June 
2015. Beams consisting of 39 bunches were circulating in the ma-
chine, with about 8 × 109 protons per bunch. In the ALICE interac-
tion region, 15 pairs of bunches were colliding, leading to a lumi-
nosity of about 5 ×1027 cm−2 s−1. This value corresponds to a rate 
of about 350 Hz for inelastic proton–proton collisions. The proba-
bility that a recorded event contains more than one collision was 
estimated to be around 10−3, which is consistent with the fraction 
of events containing more than one distinct vertex and tagged as 
pileup. The luminous region had an RMS width of about 5 cm in 
the z direction and about 85 µm in the transverse direction. The 
data were collected using a minimum-bias trigger requiring a hit 
in either the V0 scintillators or in the AD arrays. The events were 
recorded in coincidence with the arrival of proton bunches from 
both directions. Control triggers taken for various combinations 
of beam and empty buckets were used to measure beam-induced 
and accidental backgrounds. The contamination from background 
events is removed offline by using the timing information from 
the V0 and the AD detectors, which have a time resolution better 
than 1 ns. Background events are also rejected by exploiting the 
correlation between the number of clusters of pixel hits and the 
number of tracklets (short track segments pointing to the primary 
vertex) in the SPD. From the analysis of control triggers it is es-
timated that the remaining background fraction in the sample is 
less than 10−4 and can be neglected.

3. Event selection and data analysis

About 1.5 million events pass the minimum-bias selection cri-
teria. Events used for the data analysis are further required to have 
a valid reconstructed vertex within |z| < 10 cm. All corrections are 
calculated using a sample of about 4 million Monte Carlo events 
from the PYTHIA 6 [18] (Perugia-2011 [19]) event generator with 
particle transport performed via a GEANT3 [20] simulation of the 
ALICE detector.

The analysis technique employed for the measurement of the 
charged-particle pseudorapidity distribution is based on the recon-
struction of tracklets, which are built using the position of the 
reconstructed primary vertex and two hits, one on each SPD layer. 
Details on the algorithm for tracklet reconstruction are described 
in [4]. This technique effectively allows to reconstruct charged par-
ticles with pT above the 50 MeV/c cut-off determined by parti-
cle absorption in the material. The charged-particle pseudorapidity 
density is obtained from the measured distribution of tracklets 
dNtracklets/dη as dNch/dη = α(1 − β)dNtracklets/dη. The correction 
α accounts for the acceptance and efficiency for a primary parti-

Table 1
Summary of the relative systematic uncertainties (expressed in %) contributing to 
the measurement of the charged-particle pseudorapidity and transverse-momentum 
distributions. The values for the dNch/dη analysis are reported separately for the 
INEL and INEL > 0 classes. For the dNch/dpT analysis the pT dependence is sum-
marised with the values at 0.15 and 20 GeV/c for the INEL > 0 class.

dNch/dη dNch/dpT

INEL INEL > 0 0.15 20 GeV/c

Background events and pileup Negligible Negligible
Normalisation 2.8 2.3 2.3

Detector acceptance and efficiency 1.5 1.8 5.6
Material budget 0.1 1.5 0.2
Track(let) selection criteria Negligible 1.5 3.0
Particle composition 0.2 0.3 2.4
Weak decays of strange hadrons 0.5 3.4 0.4
Zero-pT extrapolation 1.0 Not applicable

Total (η, pT dependent) 1.9 4.4 6.8

Total 3.4 3.0 5.0 7.2

cle to produce a tracklet, while β is the contamination of recon-
structed tracklets from combinations of hits not produced by the 
same primary particle. Both correction factors are determined as 
a function of the z position of the primary vertex and the pseu-
dorapidity of the tracklet from detector simulations and are found 
to be on average 1.5 and 0.01, respectively. The vertex position re-
quirement results in an effective |η| < 1.8 coverage. Differences in 
strange-particle content between data and simulations, observed 
at lower beam energies [21,22], are taken into account by scaling 
the strangeness production in the Monte Carlo event sample by a 
factor 1.85 (strangeness correction), resulting in a further contami-
nation correction of about 1%.

The transverse-momentum distribution is measured from tracks 
reconstructed using the information from the ITS and TPC detec-
tors. Candidate tracks are selected with cuts on the number of 
space points used for tracking and on the quality of the track fit, 
as well as on the distance of closest approach to the reconstructed 
vertex. Details on the track-reconstruction algorithm and quality 
cuts can be found in [10,11,14]. The requirements applied for track 
selection result in an effective |η| < 0.8 acceptance. The efficiency 
for track reconstruction and selection depends on the particle type 
and it is known that PYTHIA 6 does not reproduce correctly the 
particle fractions measured at 

√
s = 7 TeV. A reweighting of the 

Monte Carlo efficiencies for each species with the relative abun-
dances measured in minimum-bias pp collisions at 

√
s = 7 TeV

[21,22] is performed. The overall primary charged-particle recon-
struction efficiency for |η| < 0.8 increases sharply from 34% at 
150 MeV/c, reaches 73% at 0.8 GeV/c, decreases moderately to 
67% for pT = 2 GeV/c and rises again to reach a saturation value 
of 74% at 10 GeV/c. The minimum around 2 GeV/c arises due to 
the azimuthal segmentation of the TPC readout chambers. Tracks 
of moderate pT, which may not have enough hits in adjacent 
azimuthal sectors, do not pass the selection criteria. Finally, the 
residual contamination from secondary particles is subtracted from 
the spectrum; this contamination, estimated from Monte Carlo 
simulations, is 7% for our lowest pT bin and decreases below 1% 
for pT > 2 GeV/c.

4. Systematic uncertainties

A summary of the contributions to the relative systematic un-
certainties of the charged-particle pseudorapidity and transverse-
momentum distributions is reported in Table 1.

One of the main contributions to the normalisation of the re-
sults comes from the limited knowledge of cross-sections and 
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kinematics of diffractive processes. For proton–proton collisions 
at 

√
s = 13 TeV there is not yet any experimental information 

available about diffractive processes, therefore trigger and event-
selection efficiency corrections are solely based on previous ex-
perimental data at lower collision energies and simulations with 
Monte Carlo event generators. The corresponding systematic un-
certainty has been evaluated by varying the fractions of single-
diffractive (SD) and double-diffractive (DD) events produced by 
PYTHIA 6 (Perugia-2011) by ±50% of their nominal values at 

√
s =

13 TeV. The resulting contribution to the systematic uncertainties 
for INEL and INEL > 0 events is estimated to be about 2% and 1.2%, 
respectively. To estimate systematic uncertainties associated to the 
model dependence of the normalisation correction we employed 
PYTHIA 8 [23] (Monash-2013 [24]), which shows large differences 
both in the multiplicity and transverse-momentum distributions of 
charged particles with respect to PYTHIA 6, especially in diffractive 
events [25]. A difference of about 0.4% and 2% is observed for INEL 
and INEL > 0 events, respectively. Finally, an uncertainty of 2% has 
been estimated by varying the offline event-selection criteria ap-
plied to the trigger detectors which only affects the normalisation 
of the INEL sample.

The systematic uncertainties for the transverse-momentum dis-
tribution analysis are evaluated in a similar way as in previous 
analyses of pp [9,10], p–Pb [11,12], and Pb–Pb [14] data. The dom-
inant sources of uncertainty are the track selections, the efficiency 
corrections and, for low pT, the contamination from weak decays 
of strange hadrons. The systematic uncertainties for the pseudo-
rapidity distribution analysis are discussed in the following. The 
uncertainty in detector acceptance and efficiency is estimated to 
be about 1.5%, determined from the change of the multiplicity at 
a given η by varying the range of the z position of the vertex 
and performing the measurement in different runs. The material 
budget in the ALICE central barrel |η| < 1 is known with a preci-
sion of about 5% [16]. The corresponding systematic uncertainty, 
obtained by varying the material budget in the simulation, is es-
timated to be about 0.1% and is negligibly small compared to the 
other sources. The sensitivity to tracklet selection criteria was es-
timated varying the selection requirements and is negligible. The 
uncertainty due to the particle composition is estimated to be 
about 0.2% and was determined by changing the relative fractions 
of charged kaons and protons with respect to charged pions pro-
duced by the Monte Carlo generator by ±30%. The uncertainty 
resulting from the subtraction of the contamination from weak de-
cays of strange hadrons is estimated to amount to about 0.5% by 
varying the strangeness correction by ±30%. The uncertainty due 
to the correction down to zero pT is estimated to be about 1% by 
varying the amount of particles below the 50 MeV/c low-pT cutoff 
by +100

−50 %.

5. Results

Fig. 1 shows the average charged-particle density distribution 
⟨dNch/dη⟩ measured in INEL and INEL > 0 events in the pseudora-
pidity range |η| < 1.8. The data points have been symmetrised av-
eraging the results obtained in ±η, which were consistent within 
statistical uncertainties. The corresponding pseudorapidity densi-
ties in |η| < 0.5 are 5.31 ± 0.18 and 6.46 ± 0.19, respectively. The 
pseudorapidity density for the INEL > 0 events is also measured 
in |η| < 1 for direct comparison with INEL > 0 results reported 
by ALICE at lower energies [5] and is 6.61 ± 0.20. Also shown in 
Fig. 1 are the results recently published by the CMS Collaboration 
for inelastic collisions [15], which agree, within the uncertainties, 
with the measurement presented here. We compared our mea-
surement to Monte Carlo calculations performed with PYTHIA 6 
[18] (Perugia-2011 [19]), PYTHIA 8 [26] (Monash-2013 [24]) and 

Fig. 1. Average pseudorapidity density of charged particles as a function of η pro-
duced in pp collisions at √s = 13 TeV. The ALICE results are shown in the normali-
sation classes INEL and INEL > 0 and compared to Monte Carlo calculations [18,19,
24,26–28] and to the results from the CMS Collaboration [15]. The uncertainties are 
the quadratic sum of statistical and systematic contributions.

Fig. 2. Charged-particle pseudorapidity density measured in the central pseudora-
pidity region |η| < 0.5 for INEL and INEL > 0 events [4–6,15,29–33]. The uncertain-
ties are the quadratic sum of statistical and systematic contributions. The lines are 
power-law fits of the energy dependence of the data and the grey bands represent 
the standard deviation of the fits.

EPOS LHC1 [27,28] in both the INEL and INEL > 0 event classes. 
PYTHIA 6 calculations are in better agreement with the data than 
PYTHIA 8 in both classes, with PYTHIA 8 being higher than the 
data by about 12% (7%) in INEL events and about 7% (3%) in 
INEL > 0 events at η ∼ 0 (η ∼ 1.5). EPOS LHC calculations are 
about 7% (4%) and about 7% (5%) higher than the data in INEL and 
INEL > 0 events, respectively, at η ∼ 0 (η ∼ 1.5). In Fig. 2 we show 

1 Calculations performed with CRMC package version 1.5.3.
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Fig. 3. Invariant charged-particle yield as a function of pT normalised to INEL > 0
events. The data are compared to Monte Carlo calculations [18,19,24,26–28]. For the 
ratio of models (MC) and data (lower panel) the systematic and total uncertainties 
of the data are shown as grey bands.

a compilation of results on pseudorapidity density of charged par-
ticles measured in |η| < 0.5 for the INEL and INEL > 0 results at 
different proton–proton collider energies [4–6,15,29–33]. The en-
ergy dependence of ⟨dNch/dη⟩ is parametrised by the power law 
asb fitted to data, where a and b are free parameters. By com-
bining the data at lower energies with ALICE and CMS results at √

s = 13 TeV, we obtain b = 0.103 ± 0.002 and b = 0.111 ± 0.004
for INEL and INEL > 0 event classes, respectively. Notice that the fit 
results assume that uncertainties at different centre-of-mass ener-
gies are independent, which is not strictly the case.

Fig. 3 presents the measured pT spectrum and its compari-
son with calculations with PYTHIA 6 (Perugia-2011), PYTHIA 8 
(Monash-2013) and EPOS LHC. For bulk particle production, the 
mechanism of colour reconnection is an important one in the 
PYTHIA models (see discussion below and in Ref. [34]). EPOS is 
a model based on the Gribov–Regge theory at parton level [27]. 
Collective (flow-like) effects are incorporated in the EPOS3 version 
[35] and treated via parametrisations in the EPOS LHC version [28]. 
These event generators, benefitting from the tuning performed on 
the LHC data in Run 1, describe the pT spectrum reasonably well, 
although not in detail. It is interesting to note that both PYTHIA 8 
and EPOS LHC models show a similar pattern in the ratio to data 
with discrepancies up to 20% and that PYTHIA 6 overestimates par-
ticle production at high pT.

Fig. 4 shows the ratio of transverse-momentum spectra of 
charged particles at 

√
s = 13 TeV and 7 TeV. The published data 

at 
√

s = 7 TeV [10] were for INEL events. We have recalculated 
the normalisation of the spectrum to correspond to INEL > 0
events in a similar manner as done for 

√
s = 13 TeV. The trigger 

and event-selection efficiency for INEL > 0 events at 
√

s = 7 TeV
was estimated using the same Monte Carlo simulations used for 
the publication [10]. The systematic uncertainties of the ratio are 
the quadratic sum of uncertainties at the two energies. As ex-
pected, the spectrum is significantly harder at 

√
s = 13 TeV than 

at 
√

s = 7 TeV. PYTHIA 6, PYTHIA 8 and EPOS LHC reproduce the 

Fig. 4. Ratio of transverse-momentum spectra in INEL > 0 events at √
s =

13 and 7 TeV. The boxes represent the systematic uncertainties. The data are com-
pared to Monte Carlo calculations [18,19,24,26–28].

trend observed in the data, but exhibit a slightly more pronounced 
hardening with energy in the transverse momentum region of a 
few GeV/c. The effect appears to be more significant in PYTHIA 8 
than in PYTHIA 6 and EPOS LHC.

The correlation of the particle mean transverse momentum 
(⟨pT⟩) with the multiplicity of the event (Nch) first observed at 
the Spp̄S collider [36] has been studied by many experiments at 
hadron colliders in pp(p̄) covering collision energies from 

√
s =

31 GeV up to 7 TeV [9,37–44]. The increase of ⟨pT⟩ with Nch in 
the central rapidity region observed in all experiments could be 
reproduced in the PYTHIA event generator only if a mechanism 
of hadronisation with colour reconnections (CR) is considered [34,
45–47]. A connection between CR and features of collective flow 
has been conjectured in [48]. In heavy-ion collisions, collective 
flow is established as a genuine space–time evolution of a fireball, 
while CR in PYTHIA is a mechanism invoked for hadronisation. The 
relevance of the CR-flow conjecture is currently investigated fur-
ther [49]. A mechanism involving collective string hadronisation is 
also used in the EPOS model [28].

Fig. 5 shows the ratio of spectra measured in three inter-
vals of multiplicity to the inclusive (INEL > 0) spectrum. For this 
ratio, the spectra were normalised by the integral prior to di-
viding. The selection is performed on the multiplicity measured 
in the same kinematic region as the spectrum, |η| < 0.8 and 
0.15 < pT < 20 GeV/c, using the measured track multiplicity Nacc

ch
for data and the true value of Nch known in Monte Carlo events. 
For INEL > 0 events, ⟨Nacc

ch ⟩ = 6.73 (and, from the spectrum in 
Fig. 3, ⟨Nch⟩ = 9.41 ±0.38) for data and ⟨Nch⟩ = 10.13 for PYTHIA 8 
and ⟨Nch⟩ = 9.97 for EPOS LHC events. The low-multiplicity in-
terval corresponds to Nch (Nacc

ch ) smaller than the average value 
in INEL > 0 events, ⟨Nch⟩ (⟨Nacc

ch ⟩), the medium-multiplicity inter-
val covers between ⟨Nch⟩ (⟨Nacc

ch ⟩) and twice ⟨Nch⟩ (⟨Nacc
ch ⟩), while 

the high-multiplicity interval includes all events with Nch (Nacc
ch ) ≥

2⟨Nch⟩ (⟨Nacc
ch ⟩). Given that the measurement efficiency of the pT

spectrum for INEL > 0 events with Nch = 1 is about 50%, the data 
is slightly biased for the lowest multiplicity interval. This leads to a 
slight hardening of the measured spectrum, but the magnitude of 
the spectral shape change, of a few percent, is clearly smaller than 
the observed difference between data and models. The systematic 
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Fig. 5. Ratios of transverse-momentum distributions of charged particles in three in-
tervals of multiplicities to the respective one for inclusive (INEL > 0) collisions. The 
spectra were normalised by the integral prior to division. The data are compared to 
Monte Carlo calculations [24,26–28].

uncertainties of the measured spectra cancel out completely in the 
ratios. A residual contribution, not estimated at this stage, is that 
of the contamination from strange-particle decays.

It is known that the increase of ⟨pT⟩ as a function of multi-
plicity is moderate [44]. The data in Fig. 5 show that the correla-
tion of the spectrum with multiplicity is prominent for the whole 
pT range and in particular that it is stronger at high pT. In first 
order, this correlation arises naturally from jets, giving the lead-
ing high-pT hadron and a significant contribution to multiplicity. 
The general features seen in the data, which are similar to those 
first seen at 

√
s = 0.9 TeV [9], are reproduced by PYTHIA 8 and 

EPOS LHC fairly well, but some disagreements are noticeable too, 
in particular in the pT region of a few GeV/c. This is more promi-
nent for EPOS LHC. It was shown earlier [44] that both EPOS LHC 
and PYTHIA 8 reproduce well, although slightly overpredicting, the 
correlation of ⟨pT⟩ with Nch. The present data on spectral shape 
highlight some deficiencies in both models concerning the descrip-
tion of spectral shapes as a function of multiplicity.

6. Conclusions

We have reported the measurement of the pseudorapidity and 
transverse-momentum distributions of charged particles produced 
in proton–proton collisions at 

√
s = 13 TeV with the ALICE detec-

tor at LHC. The pseudorapidity distribution is measured for two 
normalisation classes: inelastic events (INEL) and events having at 
least one charged particle in the pseudorapidity interval |η| < 1
(INEL > 0). The charged-particle densities in |η| < 0.5 are 5.31 ±
0.18 and 6.46 ± 0.19, respectively. The transverse-momentum dis-
tribution is measured in the range 0.15 < pT < 20 GeV/c and 
|η| < 0.8 for INEL > 0 events. The spectrum is significantly harder 
than at 

√
s = 7 TeV and shows rich features when correlated with 

the charged-particle multiplicity measured in the same kinematic 
region. The results are found to be in fair agreement with the 
expectations from lower energy extrapolations and with the calcu-
lations from PYTHIA and EPOS Monte Carlo generators, but not in 
all details. Both models exhibit a slightly more pronounced hard-
ening of the pT distributions with collision energy than the data 
for transverse momenta above a few GeV/c.
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M. Šefčík 41, J.E. Seger 87, Y. Sekiguchi 127, D. Sekihata 47, I. Selyuzhenkov 97, K. Senosi 65, S. Senyukov 3,36, 
E. Serradilla 10,64, A. Sevcenco 62, A. Shabanov 56, A. Shabetai 113, O. Shadura 3, R. Shahoyan 36, 
A. Shangaraev 111, A. Sharma 91, M. Sharma 91, M. Sharma 91, N. Sharma 125, K. Shigaki 47, K. Shtejer 9,27, 
Y. Sibiriak 80, S. Siddhanta 105, K.M. Sielewicz 36, T. Siemiarczuk 77, D. Silvermyr 85,34, C. Silvestre 71, 
G. Simatovic 129, G. Simonetti 36, R. Singaraju 132, R. Singh 79, S. Singha 132,79, V. Singhal 132, B.C. Sinha 132, 
T. Sinha 100, B. Sitar 39, M. Sitta 32, T.B. Skaali 22, M. Slupecki 123, N. Smirnov 136, R.J.M. Snellings 57, 
T.W. Snellman 123, C. Søgaard 34, J. Song 96, M. Song 137, Z. Song 7, F. Soramel 30, S. Sorensen 125, 
F. Sozzi 97, M. Spacek 40, E. Spiriti 72, I. Sputowska 117, M. Spyropoulou-Stassinaki 89, J. Stachel 94, 
I. Stan 62, G. Stefanek 77, E. Stenlund 34, G. Steyn 65, J.H. Stiller 94, D. Stocco 113, P. Strmen 39, 
A.A.P. Suaide 120, T. Sugitate 47, C. Suire 51, M. Suleymanov 16, M. Suljic 26,i, R. Sultanov 58, M. Šumbera 84, 
A. Szabo 39, A. Szanto de Toledo 120,i, I. Szarka 39, A. Szczepankiewicz 36, M. Szymanski 133, 
U. Tabassam 16, J. Takahashi 121, G.J. Tambave 18, N. Tanaka 128, M.A. Tangaro 33, M. Tarhini 51, M. Tariq 19, 
M.G. Tarzila 78, A. Tauro 36, G. Tejeda Muñoz 2, A. Telesca 36, K. Terasaki 127, C. Terrevoli 30, B. Teyssier 130, 
J. Thäder 74, D. Thomas 118, R. Tieulent 130, A.R. Timmins 122, A. Toia 53, S. Trogolo 27, G. Trombetta 33, 
V. Trubnikov 3, W.H. Trzaska 123, T. Tsuji 127, A. Tumkin 99, R. Turrisi 107, T.S. Tveter 22, K. Ullaland 18, 
A. Uras 130, G.L. Usai 25, A. Utrobicic 129, M. Vajzer 84, M. Vala 59, L. Valencia Palomo 70, S. Vallero 27, 
J. Van Der Maarel 57, J.W. Van Hoorne 36, M. van Leeuwen 57, T. Vanat 84, P. Vande Vyvre 36, D. Varga 135, 
A. Vargas 2, M. Vargyas 123, R. Varma 48, M. Vasileiou 89, A. Vasiliev 80, A. Vauthier 71, V. Vechernin 131, 
A.M. Veen 57, M. Veldhoen 57, A. Velure 18, M. Venaruzzo 73, E. Vercellin 27, S. Vergara Limón 2, 
R. Vernet 8, M. Verweij 134, L. Vickovic 116, G. Viesti 30,i, J. Viinikainen 123, Z. Vilakazi 126, 
O. Villalobos Baillie 101, A. Villatoro Tello 2, A. Vinogradov 80, L. Vinogradov 131, Y. Vinogradov 99,i, 
T. Virgili 31, V. Vislavicius 34, Y.P. Viyogi 132, A. Vodopyanov 66, M.A. Völkl 94, K. Voloshin 58, 
S.A. Voloshin 134, G. Volpe 135, B. von Haller 36, I. Vorobyev 37,93, D. Vranic 97,36, J. Vrláková 41, 
B. Vulpescu 70, A. Vyushin 99, B. Wagner 18, J. Wagner 97, H. Wang 57, M. Wang 7,113, D. Watanabe 128, 
Y. Watanabe 127, M. Weber 112,36, S.G. Weber 97, D.F. Weiser 94, J.P. Wessels 54, U. Westerhoff 54, 
A.M. Whitehead 90, J. Wiechula 35, J. Wikne 22, M. Wilde 54, G. Wilk 77, J. Wilkinson 94, 
M.C.S. Williams 104, B. Windelband 94, M. Winn 94, C.G. Yaldo 134, H. Yang 57, P. Yang 7, S. Yano 47, 
C. Yasar 69, Z. Yin 7, H. Yokoyama 128, I.-K. Yoo 96, J.H. Yoon 50, V. Yurchenko 3, I. Yushmanov 80, 
A. Zaborowska 133, V. Zaccolo 81, A. Zaman 16, C. Zampolli 104, H.J.C. Zanoli 120, S. Zaporozhets 66, 
N. Zardoshti 101, A. Zarochentsev 131, P. Závada 60, N. Zaviyalov 99, H. Zbroszczyk 133, I.S. Zgura 62, 
M. Zhalov 86, H. Zhang 18, X. Zhang 74, Y. Zhang 7, C. Zhang 57, Z. Zhang 7, C. Zhao 22, N. Zhigareva 58, 
D. Zhou 7, Y. Zhou 81, Z. Zhou 18, H. Zhu 18, J. Zhu 113,7, A. Zichichi 28,12, A. Zimmermann 94, 
M.B. Zimmermann 54,36, G. Zinovjev 3, M. Zyzak 43

1 A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2 Benemérita Universidad Autónoma de Puebla, Puebla, Mexico
3 Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
4 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS), Kolkata, India
5 Budker Institute for Nuclear Physics, Novosibirsk, Russia
6 California Polytechnic State University, San Luis Obispo, CA, United States
7 Central China Normal University, Wuhan, China
8 Centre de Calcul de l’IN2P3, Villeurbanne, France
9 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
10 Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain
11 Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico
12 Centro Fermi – Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”, Rome, Italy
13 Chicago State University, Chicago, IL, USA
14 China Institute of Atomic Energy, Beijing, China
15 Commissariat à l’Energie Atomique, IRFU, Saclay, France
16 COMSATS Institute of Information Technology (CIIT), Islamabad, Pakistan



328 ALICE Collaboration / Physics Letters B 753 (2016) 319–329

17 Departamento de Física de Partículas and IGFAE, Universidad de Santiago de Compostela, Santiago de Compostela, Spain
18 Department of Physics and Technology, University of Bergen, Bergen, Norway
19 Department of Physics, Aligarh Muslim University, Aligarh, India
20 Department of Physics, Ohio State University, Columbus, OH, United States
21 Department of Physics, Sejong University, Seoul, South Korea
22 Department of Physics, University of Oslo, Oslo, Norway
23 Dipartimento di Elettrotecnica ed Elettronica del Politecnico, Bari, Italy
24 Dipartimento di Fisica dell’Università ‘La Sapienza’ and Sezione INFN, Rome, Italy
25 Dipartimento di Fisica dell’Università and Sezione INFN, Cagliari, Italy
26 Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
27 Dipartimento di Fisica dell’Università and Sezione INFN, Turin, Italy
28 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Bologna, Italy
29 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Catania, Italy
30 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Padova, Italy
31 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Università and Gruppo Collegato INFN, Salerno, Italy
32 Dipartimento di Scienze e Innovazione Tecnologica dell’Università del Piemonte Orientale and Gruppo Collegato INFN, Alessandria, Italy
33 Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
34 Division of Experimental High Energy Physics, University of Lund, Lund, Sweden
35 Eberhard Karls Universität Tübingen, Tübingen, Germany
36 European Organization for Nuclear Research (CERN), Geneva, Switzerland
37 Excellence Cluster Universe, Technische Universität München, Munich, Germany
38 Faculty of Engineering, Bergen University College, Bergen, Norway
39 Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia
40 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic
41 Faculty of Science, P.J. Šafárik University, Košice, Slovakia
42 Faculty of Technology, Buskerud and Vestfold University College, Vestfold, Norway
43 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
44 Gangneung-Wonju National University, Gangneung, South Korea
45 Gauhati University, Department of Physics, Guwahati, India
46 Helsinki Institute of Physics (HIP), Helsinki, Finland
47 Hiroshima University, Hiroshima, Japan
48 Indian Institute of Technology Bombay (IIT), Mumbai, India
49 Indian Institute of Technology Indore, Indore (IITI), India
50 Inha University, Incheon, South Korea
51 Institut de Physique Nucléaire d’Orsay (IPNO), Université Paris-Sud, CNRS-IN2P3, Orsay, France
52 Institut für Informatik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
53 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
54 Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, Münster, Germany
55 Institut Pluridisciplinaire Hubert Curien (IPHC), Université de Strasbourg, CNRS-IN2P3, Strasbourg, France
56 Institute for Nuclear Research, Academy of Sciences, Moscow, Russia
57 Institute for Subatomic Physics of Utrecht University, Utrecht, Netherlands
58 Institute for Theoretical and Experimental Physics, Moscow, Russia
59 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovakia
60 Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
61 Institute of Physics, Bhubaneswar, India
62 Institute of Space Science (ISS), Bucharest, Romania
63 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
64 Instituto de Física, Universidad Nacional Autónoma de México, Mexico City, Mexico
65 iThemba LABS, National Research Foundation, Somerset West, South Africa
66 Joint Institute for Nuclear Research (JINR), Dubna, Russia
67 Konkuk University, Seoul, South Korea
68 Korea Institute of Science and Technology Information, Daejeon, South Korea
69 KTO Karatay University, Konya, Turkey
70 Laboratoire de Physique Corpusculaire (LPC), Clermont Université, Université Blaise Pascal, CNRS-IN2P3, Clermont-Ferrand, France
71 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France
72 Laboratori Nazionali di Frascati, INFN, Frascati, Italy
73 Laboratori Nazionali di Legnaro, INFN, Legnaro, Italy
74 Lawrence Berkeley National Laboratory, Berkeley, CA, United States
75 Moscow Engineering Physics Institute, Moscow, Russia
76 Nagasaki Institute of Applied Science, Nagasaki, Japan
77 National Centre for Nuclear Studies, Warsaw, Poland
78 National Institute for Physics and Nuclear Engineering, Bucharest, Romania
79 National Institute of Science Education and Research, Bhubaneswar, India
80 National Research Centre Kurchatov Institute, Moscow, Russia
81 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
82 Nikhef, Nationaal instituut voor subatomaire fysica, Amsterdam, Netherlands
83 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom
84 Nuclear Physics Institute, Academy of Sciences of the Czech Republic, Řež u Prahy, Czech Republic
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