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Abstract A detailed study of pseudorapidity densities and
multiplicity distributions of primary charged particles pro-
duced in proton—proton collisions, at ,/s = 0.9, 2.36, 2.76, 7
and 8 TeV, in the pseudorapidity range |n| < 2, was carried
out using the ALICE detector. Measurements were obtained
for three event classes: inelastic, non-single diffractive and
events with at least one charged particle in the pseudorapidity
interval || < 1. The use of an improved track-counting algo-
rithm combined with ALICE’s measurements of diffractive
processes allows a higher precision compared to our previ-
ous publications. A KNO scaling study was performed in
the pseudorapidity intervals |n| < 0.5, 1.0 and 1.5. The data
are compared to other experimental results and to models as
implemented in Monte Carlo event generators PHOJET and
recent tunes of PYTHIA6, PYTHIAS and EPOS.

1 Introduction

The multiplicity of emitted charged particles is one of the
most basic characteristics of high-energy hadron collisions
and has been the subject of longstanding experimental and
theoretical studies, which have shaped the understanding of
the strong interaction. Following on from earlier ALICE stud-
ies of global properties of proton—proton (pp) collisions [1—
8], this publication presents a comprehensive set of measure-
ments of the pseudorapidity density (dNep,/dn) of primary!
charged particles and of their multiplicity distributions over
the energy range covered by the LHC, from 0.9 to 8 TeV.
The pseudorapidity density of primary charged particles was
studied over the pseudorapidity range |n| < 2, and their mul-
tiplicity distributions in three intervals: || < 0.5, 1.0 and
1.5. Results are given for three conventional event classes:
(a) inelastic (INEL) events, (b) non-single diffractive (NSD)
events and (c) events with at least one charged particle in
[n] < 1 (INEL>0).

4 e-mail: alice-publications@cern.ch

At LHC energies, particle production is still dominated
by soft processes but receives significant contributions from
hard scattering, thus multiplicity and other global event prop-
erties measurements allow to explore both components. As
these properties are used as input in Glauber inspired models
[9-12], such studies are also contributing to a better mod-
elling of Pb—Pb collisions. Already at 8 TeV, high multiplic-
ity proton—proton collisions provide energy densities com-
parable, for instance, to energy densities in Au—Au central
collisions at RHIC, allowing a comparison of nuclear matter
properties in strongly interacting systems with similar energy
densities but with volumes orders of magnitude smaller.

It is worth noting that, already at /s = 2.36 TeV, hadron
collision models tuned to pre-LHC data failed to repro-
duce basic characteristics of proton—proton collisions at the
LHC, such as pseudorapidity density of charged particles,
multiplicity distributions, particle composition, strangeness
content, transverse momentum distributions and sphericity
(see for instance [2—4,13]). Therefore, a more precise mea-
surement of charged-particle multiplicity distributions and a
study of their energy dependence contribute to a better under-
standing of particle production mechanisms and serve to
improve models. In turn, a better simulation of collision prop-
erties improves the determination of the detector response
and background estimates of underlying event properties rel-
evant to the study of high- pr phenomena.

In the Regge theory [14-16], one of the most successful
models for describing soft hadronic interactions, the asymp-
totic behaviour of cross-sections for elastic scattering and
multiple production of hadrons is determined by the prop-
erties of the Pomeron, the 7-channel right-most pole, in the
elastic scattering amplitude. In QCD, the Pomeron, which
has vacuum quantum numbers, is usually related to gluonic

! Primary particles are defined as prompt particles produced in the
collision including all decay products, except those from weak decays
of light flavour hadrons and muons.

@ Springer



33 Page2of39

Eur. Phys. J. C (2017) 77:33

exchanges in the t-channel. The experimentally observed
increase of the total cross-section with increasing collision
energy made it necessary to consider a Pomeron as a Regge
trajectory with + = 0O intercept: ap(0) = 14+ A > 1 [14].
The energy dependence of the particle (pseudo-)rapidity den-
sity provides information about the Pomeron trajectory inter-
cept parameter, A. If interactions between Pomerons are
neglected, the inclusive particle production cross-section,
Olncl., 1S determined only by the contribution of the sin-
gle (cut-)Pomeron exchange diagram. In this approxima-
tion, doppc). /dy (~dommcl. /dn) at mid-rapidity is proportional
to s [17]. Thus, the energy dependence of the inclusive
cross-section gives more reliable information about the value
of A than the energy dependence of the total interaction
cross-section, for which contributions from multi-Pomeron
exchanges strongly modify the energy dependence of the
single Pomeron exchange diagram. In the same approx-
imation, the energy dependence of the particle (pseudo-
)rapidity density in the central rapidity region is given by
dN/dy s /Ont., Where oy, is the interaction cross-
section (see for instance [18-21]). Up to LHC energies, oy,
is well represented by a power law of s. However, for reasons
of unitarity [22], it is expected that this power law should
be broken at sufficiently high energy, although well above
LHC energies. Therefore, the energy dependence of the par-
ticle (pseudo-) rapidity density in the central region at LHC,
dN/dy & dN /dn, should follow the same power law trend.
In this publication, this relationship is explored further for
three event classes and using 5 ALICE data points.

It was more than 40 years ago that Polyakov [23] and then
Koba et al. [24] proposed that the probability distribution of
producing n particles in a collision, P (n), when expressed
as a function of the average multiplicity, (n), should reach an
asymptotic shape at sufficiently high energy

Py = —w (i) 1)
n) \(n)

where W is a function supposed to describe the energy-
invariant shape of the multiplicity distribution. Such scaling
behaviour is a property of particle multiplicity distributions
known today as Koba—Nielsen—Olesen (KNO) scaling.

One well identified mechanism for KNO scaling viola-
tion is the increasing probability of multi-parton scattering
with increasing +/s. Moreover, since the topologies and mul-
tiplicities of diffractive and non-diffractive (ND) events are
different, their KNO behavior may be different. Even if KNO
scaling were to be valid for each, it might not be valid for their
sum. Nevertheless, KNO scaling is expected to be violated
for both diffractive and non-diffractive processes [25,26] at
sufficiently high collision energies and the LHC provides the
best opportunity to study the extent of these scaling viola-
tions.
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Indeed, deviation from KNO scaling was already observed
long ago at ISR energies (proton—proton collisions at /s
from 30.4 to 62.2 GeV), in the full phase space, for inelastic
events [27]. On the other hand, for NSD collisions, scaling
was still found to be present [27], suggesting that diffractive
processes might also play a role in KNO scaling violations.
Inete™ collisions, at /s from 5 to 34 GeV, KNO scaling was
found to hold within £20% [28]. In proton—antiproton colli-
sions at the CERN collider (/s = 200, 546 and 900 GeV),
KNO scaling was found to be violated for NSD collisions in
full phase space [29-31]. Nevertheless, for NSD collisions,
in limited central pseudorapidity intervals, KNO scaling was
still found to hold up to 900 GeV, and at /s = 546 GeV,
KNO scaling was found to hold in the pseudorapidity inter-
val [n| < 3.5[32,33]. In NSD proton—proton collisions at the
LHC, at \/s = 2.36 and 7 TeV and in |5| < 0.5, ALICE [2]
and CMS [34] observed no significant deviation from KNO
scaling.

This publication presents a study of KNO scaling, at
/s from 0.9 to 8 TeV, in three pseudorapidity intervals
(In] < 0.5, 1.0 and 1.5) and for a higher multiplicity reach
compared to previous ALICE publications, quantified with
KNO variables (moments) [24] as well as with the param-
eters of Negative Binomial Distributions (NBD) used to fit
measured multiplicity distributions.

With respect to previous ALICE publications, the analy-
sis reported here makes use of improved tracking and track-
counting algorithms; better knowledge and improved simu-
lation of diffraction processes; an expanded pseudorapidity
range for dN,/dn studies and better statistical precision at
/s = 0.9 and 7 TeV, extending by a factor of 2 the pre-
viously published multiplicity distribution reach. Results at
/s = 2.76 and 8 TeV are presented for the first time in this
publication.

Previous measurements of both d N, /dn and multiplicity
distributions from CMS [35,36] and UAS [29] allow a direct
comparison to our data. Others by ATLAS [37] and LHCb
[38] use different definitions (1 and pt ranges) making direct
comparison impossible.

This publication is organized as follows: Sect. 2 describes
the ALICE sub-detectors relevant to this study; Sect. 3 pro-
vides the details of the experimental conditions and of the
collection of data; Sect. 4 explains the event selection; Sect. 5
describes the track selection criteria and the three track count-
ing algorithms; Sects. 6 and 7 report the analyses for the
measurement of the pseudorapidity density and of multiplic-
ity distributions, respectively; Sect. 8 discusses systematic
uncertainties; Sect. 9 presents the multiplicity measurements,
NBD fits of the multiplicity distributions, KNO scaling and
g-moment studies. Finally, in Sect. 10, the results are sum-
marized and conclusions are given.
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2 ALICE subdetectors

The ALICE detector is fully described in [39]. Only the main
properties of subdetectors used in this analysis are summa-
rized here. Charged-particle tracking and momentum mea-
surement are based on data recorded with the Inner Tracking
System (ITS) combined with the Time Projection Chamber
(TPC) [40], all located in the central barrel of the ALICE
detector and operated inside a large solenoid magnet pro-
viding a uniform 0.5 T magnetic field parallel to the beam
line.

The VO detector [41] consists of two scintillator
hodoscopes, each one placed at either side of the interac-
tion region, at z = 3.3 m (VOA) and at z = —0.9 m (VOC)
(z is the coordinate along the beam line, with its origin at
the centre of the ALICE barrel detectors), covering the pseu-
dorapidity ranges 2.8 < n < 5.1 and —3.7 < n < —1.7,
respectively. The time resolution of each hodoscope is better
than 0.5 ns.

The ITS is composed of high resolution silicon tracking
detectors, arranged in six cylindrical layers at radial distances
to the beam line from 3.9 to 43 cm. Three different tech-
nologies are employed. For the two innermost layers, silicon
pixels (SPD [42]) are used, covering pseudorapidity ranges
[n] < 2 and |n| < 1.4, respectively. The SPD is followed
by two Silicon Drift Detector layers (SDD, [43]). The Sili-
con Strip Detector (SSD, [44]) constitutes the two outmost
layers consisting of double-sided silicon micro-strip sensors.
The intrinsic spatial resolution (0, X o3) of the ITS subde-
tectorsis: 12 x 100 umz for SPD, 35 x 25 umz for SDD, and
20 x 830 pwm? for SSD, where ¢ is the azimuthal angle and r
the distance to the beam line. The ITS sensors were aligned
using survey measurements, cosmic muons and collision data
[45]. The estimated alignment accuracy is 8 pwm for SPD and
15 pm for SSD in the most precise coordinate (r¢). For the
SDD, the intrinsic space point resolution is o, = 30 pm in
the z direction and 0., = 40 to 60 wm, depending on the sen-
sor, along r¢ (drift). Because of some anomalous drift field
distributions, in the reconstruction, a systematic uncertainty
up to 50 pm in z and 500 wm in r¢ was added to account for
differences between data and simulation. The ITS resolution
in the determination of the transverse impact parameter mea-
sured with respect to the primary vertex is typically 70 pwm
for tracks with pr = 1 GeV/c, including the contribution
from the primary vertex position resolution.

The SPD and the VO scintillator hodoscopes provided trig-
gers for collecting data.

The TPC [40] is a large cylindrical drift detector with
a central high voltage membrane at z = 0, maintained at
4100 kV and two readout planes at the end-caps. The mate-
rial budget between the interaction point and the active vol-
ume of the TPC corresponds to 11% of a radiation length,
when averaged over |n| < 0.8.

The TPC and the ITS were aligned relative to each other
within a few hundred micrometers using cosmic-ray and pro-
ton collision data [45].

The momentum measurement is not explicitly used in this
study, however, the simulation of the detector response is
sensitive to the particle momentum spectrum. Since event
generators used in Monte Carlo simulations do not repro-
duce the observed momentum distributions, the difference
between data and Monte Carlo simulation is taken into
account when evaluating systematic errors. For momenta
lower than 2 GeV/c, representing the bulk of the data, the
pr resolution for tracks measured in the TPC and in the ITS,
is about 0.80% at ptr = 1 GeV/c, it increases to 0.85% at
pt = 2 GeV/c and to 3% at pt = 0.1 GeV/c.

Charged-particle multiplicities were measured using infor-
mation from the TPC in |n| < 0.9 and from the ITS in
[n| < 1.3. Atlarger pseudorapidities, the SPD alone was used
to expand the range of d N¢, /dn measurements to |n| < 2.0.

3 Experimental conditions and data collection
3.1 Proton beam characteristics

Data were selected during LHC collision periods at a lumi-
nosity low enough to allow the minimum bias trigger rate
not to exceed 1 kHz. At /s = 0.9 TeV, the number of pro-
tons per colliding bunch varied from 9 x 10” to 3.4 x 10!,
while the number of colliding bunches was either 1 or 8. At
/s = 2.76 TeV, the number of protons per colliding bunch
varied from 5 x 10'2 to 7 x 102, while the number of col-
liding bunches was either 48 or 64. At /s = 7 TeV, the
number of protons per colliding bunch varied from 8.6 x 10°
to 1.4 x 10'2, resulting in a luminosity between 10?’ and
1030 cm=2 s~!. There were up to 36 bunches per beam col-
liding at the ALICE interaction point. When needed, the
luminosity was kept below 1030 cm™2 s~! by a transverse
displacement of the beams with respect to one another. At
/s = 8 TeV, there were 3 proton bunches colliding at the
ALICE interaction point each containing about 1.6 x 10!
protons.

Data used for this study were collected at low beam cur-
rents, so that beam-induced backgrounds (beam-gas or beam-
halo events) were low and could be removed offline using VO
and SPD detector information, as discussed in Sect. 4.1.

3.2 Triggers

The ALICE trigger system is described in [46]. Data were
collected with a minimum bias trigger, MBoR, requiring a hit
in the SPD or in either one of the VO hodoscopes; i.e. essen-
tially at least one charged particle anywhere in the 8 units
of pseudorapidity covered by these detectors. Triggers were

@ Springer
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Table1 Foreach centre-of-mass energy: total number of minimum bias
(MB) events collected; number of those events that were reconstructed;
number of reconstructed events passing the selection described in the

text, except for z vertex quality and position; average number of inter-
actions per bunch crossing, (u); integrated luminosity corresponding
to the number of events reconstructed

Vs (TeV) MB events (x 10°) () Luminosity (nb~1)
Triggered Reconstructed Selected

0.9 7.4 6.3 5.6 0.04 £0.01 0.128 % 0.006

2.36 0.097 0.097 0.04 <0.001 -

2.76 339 32.6 28.3 0.025 £0.01 0.583+0.013

7 404.4 384.2 343.7 0.04 £0.01 6.05+0.25

8 31.5 26.6 24.1 0.02+0.01 0.41+£0.02

required to be in time coincidence with a bunch crossing the
ALICE interaction point. Control triggers, taken for various
combinations of beam and empty-beam buckets, were used
to measure beam-induced and accidental backgrounds.

3.3 Characteristics of data samples used in this study

General characteristics of the data samples used are given in
Table 1.

The data at /s = 0.9 TeV were collected in May 2010,
with one polarity of the ALICE solenoid magnet (solenoid
magnet field pointing in the positive z direction).

The first LHC data above Tevatron energy were collected
in 2009, at /s = 2.36 TeV, in a run with unstable LHC
beams, during which only the SPD was turned on. Therefore,
in this case, the charged-particle multiplicity was measured
using exclusively the SPD information. In this publication,
the previously published results at /s = 2.36 TeV [2] are
used for comparison.

Proton-proton data were collected at /s = 2.76 TeV,
an energy that matches the nucleon-nucleon centre-of-mass
energy in the first Pb—Pb collisions provided by the LHC, in
2011.

Data at /s = 7 TeV were collected in 2010. About
20% of the data were taken with a magnet polarity oppo-
site (solenoid field pointing in the negative z direction) to
that of /s = 0.9 TeV data. A sample of 12.3 x 10 events,
collected without magnetic field, was used to check some of
the systematic biases in track reconstruction.

At /s = 8 TeV only a subset of runs was collected
with the MBpras a minimum bias trigger in 2012, 10 were
selected for this analysis.

At0.9and 7 TeV, data samples are substantially larger than
those available in previous ALICE publications on charged-
particle multiplicities [1-3]. For the charged-particle mul-
tiplicity analysis, the event sample at /s = 0.9 and 7 TeV
increased by a factor of 50 and 2000, respectively, giving sig-
nificant extension of the multiplicity reach and better statis-
tical precision. The precision of d N /dn is not substantially
limited by event sample size. However, the large number of

@ Springer

runs available made it possible to study run-to-run fluctu-
ations of the dN¢,/dn measurements over long periods of
time, thus providing a monitoring of the uniformity of the
data quality.

4 Event selection
4.1 Background rejection
4.1.1 Beam background

The main sources of event background are beam gas and
beam halo collisions. Such events were removed by requir-
ing that the timing signals from the VO hodoscopes, if present,
be compatible with the arrival time of particles produced in
collision events. In addition, because of the different topol-
ogy of beam background events, the ratio between the num-
ber of SPD clusters and the number of SPD tracklets? is
much higher in beam background events, therefore a cut on
this ratio was applied. The remaining fraction of beam back-
ground events in the data, estimated by analysing special
triggers taken with non-colliding bunches or empty beam
buckets, does not exceed 10~* for all centre-of-mass ener-
gies. The track beam background is mostly significant in the
last 7 bins (|| &~ 2) where it reaches 4 x 1073 in the worst
case.

4.1.2 Event pileup

The other type of potential event background comes from
multiple collision overlap. For the data used in this publi-
cation, the proton bunch spacing was 50 ns or longer, the
luminosity did not exceed 103° cm~2 s~!, and the probabil-
ity to have collisions from different bunch crossings in the
300 ns integration time of the SPD was negligible. However,
multiple collisions in the same bunch crossing, also referred

2 A tracklet is a short track segments in the SPD, compatible with the
event vertex.
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to as event pileup or overlap, have to be considered in case
their vertices are not distinguishable. In order to avoid or min-
imize corrections for event pileup, runs with a low number
of interactions per bunch crossing, u < 0.061, were selected
resulting in an average u, (1) < 0.04, for all data samples
(Table 1). This corresponds to at most 2% probability of more
than one interaction per event.

The identification of pileup events relies on multiple ver-
tex reconstruction in the SPD, with algorithms using three
basic parameters: (a) The distance of closest approach (DCA)
to the main vertex for a SPD tracklet to be included in the
search for an additional interaction: DCA > 1 mm; (b) The
distance between an additional vertex and the main vertex,
Az > 8 mm; (c) The number of SPD tracklets (Nyk) used
to determine an additional vertex (number of contributors to
the vertex): Nyx > 3.

With this choice of parameters, and with the relatively
broad z vertex distribution at the LHC (FWHM > 12 cm),
typically only 10 to 15% of multiple collisions are missed,
and the fraction of fake multiple collisions due to SPD vertex
splitting from a single interaction is low (typically a few times
1079).

The pileup detection efficiency was studied both by over-
lapping two Monte Carlo proton—proton collisions and by
measuring pileup in the data. The pileup fraction, estimated
from identified pileup events in the data, is found to be con-
sistent with what is expected from the u values derived from
trigger information (Table 1).

In multiplicity measurements, pileup affects the data
mainly when two vertices are not distinguishable. When they
are distinguishable, the multiplicity is taken from the vertex
with the highest number of tracks. The small bias induced
by choosing systematically the highest multiplicity vertex is
negligible in our low pileup data samples.

Comparing d N¢p /dn measurements, for different runs, no
correlation is found between dN¢,/dn values at n = 0 and
u values. Comparing data with and without identified pileup
rejection, the change in d V¢, /dn values is smaller than 0.5%,
which is smaller than systematic uncertainties. Note that the
requirements for track association to the main vertex reject a
further fraction of the tracks coming from the 10 to 15% of
unidentified pileup collisions. The conclusion is that event
pileup corrections to dN./dn are negligible in these low
pileup data samples.

For multiplicity distributions, even though data were
selected with a low pileup probability, it is important to verify
that the pileup does not distort the distributions, as the rela-
tive pileup fraction increases with multiplicity. The fraction
of pileup events, which the ALICE pileup detection algo-
rithm identifies after the event selection, is about 10_2, with
no significant differences between the four centre-of-mass
energies. Moreover, tight DCA cuts allow tracks originating
from the main vertex to be distinguished from those com-

ing from a pileup vertex even when the vertices are closer
than 0.8 cm in z. This was confirmed by simulating events,
where two Monte Carlo pp collisions were superimposed,
demonstrating that only 5% of the events passing the selec-
tion had extra tracks from the secondary vertex. In 90% of
such cases, the distance along the beam line between the
two vertices was Az < 0.5 cm. In the data samples with a
pileup fraction of order /2 < 0.02, the residual average
fractions of events with pileup is at most 0.4%. Furthermore,
the simulation shows that the pileup that does affect the mul-
tiplicity of an event is rather broadly distributed across events
with different multiplicity, but becomes significant only out-
side the multiplicity range studied here. The multiplicity at
which the pileup contribution reaches 10% of the measured
multiplicity at /s = 7 TeV is N = 105, 170 and 310,
for |n] < 0.5, 1.0, and 1.5, respectively, which is beyond
multiplicity ranges covered in this publication.

Therefore, no pileup corrections were applied. Other back-
ground contributions from cosmic muons or electronics noise
are also negligible.

4.2 Offline trigger requirement

Both for the INEL and INEL >0 normalizations, the online
MBortrigger was used. However, for the NSD analysis, a
subset of the total sample was selected offline by requir-
ing a coincidence (MBaNp) between the two VO hodoscope
arrays. This corresponds to the detection of at least one
charged particle in both hemispheres, in the VO hodoscope
arrays separated by 4.5 units of pseudorapidity, a topology
that tends to suppress single-diffraction (SD) events; there-
fore, model dependent corrections and associated systematic
errors are minimized.

4.3 Vertex requirement

The position of the interaction vertex is obtained either
by correlating hits in the two silicon-pixel layers (SPD
vertex), or from the distribution of the impact parame-
ters of reconstructed global tracks® (global track vertex)
[39,40,45,47,48]. The next step in the event selection con-
sists of requiring the existence of a reconstructed vertex.
Two SPD vertex algorithms were used: a three-dimensional
vertexer (3D-vertexer) that reconstructs the x, y and z posi-
tions of the vertex, or a one-dimensional vertexer (1D-
vertexer) that reconstructs the z position of the vertex. The
vertex position resolution achieved depends on the track mul-
tiplicity. For the 3D-vertexer it is typically 0.3 mm both in the
longitudinal (z) direction and in the plane perpendicular to
the beam direction. The 1D-vertexer resolution in the z direc-

3 Tracks reconstructed in the TPC and matched to ITS clusters (see
Sect. 5.1 and references therein).

@ Springer
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tion is on average 30 pwm. If the 3D-vertexer algorithm does
not find a vertex (typically 47% of the cases at /s = 7 TeV),
then the simpler 1D-vertexer is used to determine the z posi-
tion of the vertex, and the x and y coordinates are taken from
the average x and y vertex positions of the run. The 3D-
vertexer efficiency is strongly multiplicity dependent. As the
bulk of the events have a low multiplicity, this explains the
relatively low average vertex finding efficiency. For the z
coordinate, if no reliable vertex is found (typically 14% of
the cases), either because the 1D-vertexer did not find a ver-
tex or the 1D-vertex quality was not sufficient (the dispersion
of the difference of azimuthal angles between the two hits,
one in each SPD layer, of tracklets contributing to the vertex
is required to be smaller than 0.02 rad), the event is rejected.
For the global track vertex, the resolution is typically 0.1 mm
in the longitudinal (z) direction and 0.05 mm in the direction
transverse to the beam line.

Both SPD and global track vertices have to be present
and consistent by requiring that the difference between the
two z positions be smaller than 0.5 cm. If not, in 3 to 4%
of the cases, the event is rejected. The cut was chosen to be
compatible with DCA; cut applied to tracks to ensure that
we combine tracklets and tracks from the same collision (see
Sect. 5.2). This condition removes mainly non-Gaussian tails
in the columns of the detector response matrix* at low mul-
tiplicity, coming from the fact that SPD and track vertices,
when separated, tend to have different multiplicities associ-
ated to them. In the data, this requirement also removes 80%
of pileup events with well-separated vertices.

The n acceptance is correlated with the vertex z position
(zvix) (Fig. 1). For multiplicity distribution measurements, in
order for tracks to remain within the acceptance of the SPD
in the 1 versus zyi plane, the following requirements were
imposed on the vertex position along the z axis: |zyx| < 10,
5.5 and 1.5 cm for || < 0.5, 1 and 1.5, respectively. In the
measurement of d V., /dn, the requirement on the vertex was
relaxed to |zyix| < 30 cm, in order to allow extending the n
range to |n| < 2.

4.4 Event selection efficiency

As described in [49], PYTHIA6 [50-52] and PHOJET
[53,54] event generators used by ALICE were adjusted to
reproduce the measured diffraction cross-sections and the
shapes of the diffracted mass (My) distributions extracted

4 The response matrix is a 2-dimensional matrix obtained from the
simulation giving the correspondence between generated and observed
multiplicities. A response matrix column consists of the digitized dis-
tribution of the probability to measure a given multiplicity for a given
generated multiplicity.
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Fig. 1 Foradatasample of events fulfilling the MBog trigger selection,
at /s = 7 TeV, the distribution of the quantity d> Ny, /dn dz is plotted
for tracklets, in the plane pseudorapidity (1) vs. z position of the SPD
vertex (Zytx ), showing the dependence of the 7 acceptance on zyix

from the Kaidalov—Poghosyan model [55]. These modified
versions of event generators are referred to as “tuned for
diffraction”. Typically, osp/oNgL = 0.20, where oNEL 1S
the inelastic cross-section, osp is the SD cross-section for
Myx < 200 GCV/CZ, and UDD/UINEL ~ (.11, where opp
is the double diffraction cross-section for An > 3 (An is
the size of the particle gap in the pseudorapidity distribu-
tion). These fractions have insignificant energy dependence
between 0.9 and 7 TeV [49], and the values at 7 TeV were
used for 8 TeV data.

Table 1 shows the number of events selected at each centre-
of-mass energy prior to the zy requirement. Selection effi-
ciencies using criteria defined above in this section, were
estimated for INEL, NSD and SD events (classified at gen-
erator level by event generator flags) as a function of the
number of generated charged particles (shown on Fig. 2 for
the case |n| < 1 and the various centre-of-mass energies con-
sidered). The particular selection is designated by the offline
trigger used to construct it, MBoror MBanp. Note that for
dN.p/dn measurement selection efficiencies are defined in a
separate way (see Sect. 6.1). At 4/s > 7 TeV the INEL event
selection efficiency based on the MBortrigger reaches 100%
for a charged-particle multiplicity above 8.

For SD events, the efficiency of the MBanpselection
reduces significantly when going to higher energies (Fig. 2),
because the Lorentz boost of the diffracted system increases
with increasing centre-of-mass energies. This implies that in
the normalization to the NSD event class, corrections for the
remaining SD contribution become smaller when going to
higher energies. The MB anptrigger selects 84%, 86%, 87%
and 87% of the MBogtriggers, and 13%, 4%, 1% and 1%
of the SD events satisfy the MB anpselection, at /s = 0.9,
2.76, 7 and 8 TeV, respectively.
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Fig. 2 Charged-particle multiplicity (No, = number of primary
charged particles generated in || < 1) dependence of the efficiency
of the event selection described in Sect. 4, obtained as the average
between PYTHIAG6 Perugia0 and PHOJET, both tuned for single diffrac-
tion defined for My < 200 GeV/c? (see [49]). Efficiencies are given
for INEL events with MBoRtrigger (open circles), NSD events with

5 Track selection and multiplicity algorithms
5.1 Track quality requirements

The following criteria were used to select reconstructed
tracks associated to the main event vertex:

— for tracks reconstructed from both ITS and TPC infor-
mation (global tracks), the selection requires at least
70 pad hit clusters in the TPC, a good track quality
(x2/dof < 4), a distance of closest approach (DCA)
along the z direction (DCA;) < 0.5 cm, and a pt-
dependent transverse DCA (DCAT) requirement, which
corresponds to a 7 sigma selection. DCAT conditions are
relaxed by a factor 1.5 for tracks lacking SPD hits.

— for tracks reconstructed with ITS information only (ITS-
only tracks) the number of ITS hit clusters associated
to the track must be larger than 3, among the 6 layers
of the ITS, and x?/dof < 2.5. The DCA, and DCAT
requirements are the same as for global tracks.

— for SPD tracklets, the association to the vertex is ensured
through a x2 requirement. Using the SPD vertex as the
origin, differences in azimuthal (A¢ = ¢, — @1, bending
plane) and polar (A8 = 6, — 61, non-bending direction)
angles are calculated between hits in the inner (layer 1)
and in the outer (layer 2) SPD layers. Hit combinations,
called tracklets, are selected with the following condition

MBanptrigger (open squares), and SD events with MBanptrigger
(open diamonds), at /s = 0.9 TeV (top left), 2.76 TeV (top right),
7 TeV (bottom left) and 8 TeV (bottom right). Error bars correspond to
the difference between the two event generators and statistical uncer-
tainty added in quadrature (non-negligible only for the SD events selec-
tion efficiency)

2 _ (M) 1 (20)°

= 5 X 5 < 1.6
a(p sin2 (91-592) o

@)

where o, = 0.08 rad, op = 0.025 rad and the sin’
factor takes into account the 6 dependence of Af. The
x? value 1.6 was chosen to lie well within the part of
the x? distribution of the data correctly reproduced by
the simulation. The cut imposed on the difference in
azimuthal angles rejects charged particles with a trans-
verse momentum below 30 MeV/c; however, the effective
transverse-momentum cut-off is determined mostly by
particle absorption in the material and is approximately
50MeV/c,in |n| < 1.If more than one hitin an SPD layer
matches a hit in the other layer, only the hit combination
with the smallest x2 value is used.

Some of the SPD elements had to be turned off, resulting
in lower efficiency in some regions of the 1 versus azimuthal
angle plane. In order to reach the best possible precision in
the measurement of d N, /dn, fiducial cuts were applied to
both tracks and tracklets, excluding azimuthal regions where
the tracking efficiency corrections are relatively large. These
fiducial cuts vary with data taking periods, following the evo-
lution of the SPD acceptance. At /s = 0.9, 2.76, 7, and
8 TeV, the fractions of the acceptance removed were 64%,
68%,65%, and 35%, respectively. Some of the SPD elements
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could be recovered before collecting 8 TeV data, explaining
the improvement.

For multiplicity distribution studies, fiducial cuts were not
applied because they increase statistical uncertainty, hence
limiting the high multiplicity reach.

5.2 Track counting algorithms

In previous ALICE publications [1-3], the charged-particle
multiplicity was measured in |n| < 1.3 using only SPD track-
lets built from SPD pixel hits. In order to extend the pseu-
dorapidity range to |n| < 2, an improved tracklet algorithm,
initially used in [56], was introduced to take into account the
0 dependence of the uncertainty in the x2 (Eq. (2)). With
this improvement, the efficiency for detecting SPD tracklets
became uniform as a function of pseudorapidity and z posi-
tion of the vertex, which allowed vertices further away from
the nominal interaction point along the beam direction to
be used, thereby extending significantly the pseudorapidity
range.

To be less sensitive to the SPD acceptance, track counting
algorithms were developed, that make use of tracking infor-
mation from other ALICE detectors, the SDD, the SSD and
the TPC. Each track is counted as primary if it fulfills the
transverse DCA requirements listed in Sect. 5.1 and it is not
associated to a secondary vertex identified by a dedicated
algorithm [47] tuned to tag y-conversions, K and A decays.

Three multiplicity estimators were developed by ALICE
using three different samples of tracks:

— SPD tracklets, with |n| < 2 (referred to as Tracklet algo-
rithm).5 The Tracklet algorithm stores, for each tracklet,
references to ITS or global track candidates using at least
one of its pixel clusters.

— ITS-only tracks, with || < 1.3, obtained using all hit
clusters in this detector, plus tracklets (|| < 2) built
out of SPD pixel clusters not matched to any ITS track
(referred to as ITS+ algorithm).

— TPC tracks, with || < 0.9, matched to hits in the ITS,
plus ITS-only tracks (up to || < 1.3) built out of silicon
hit clusters not matched to any TPC track, plus tracklets
(Jn] < 2) built out of SPD pixel clusters not matched
to any ITS or TPC track (referred to as ITSTPC+H algo-
rithm).

In order to keep away from the edges of the detectors,
where the acceptance is less precisely known, ITS and TPC
tracks used in this study are limited to |n| < 1.3 and |n| <
0.9, respectively.

5 Potentially || < 3 can be reached using event vertices displaced from
the detector center at distances |zyix| = 30 cm (see Fig. 1), however the
sample size of such events is too small.
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Fig. 3 Graphical representation of the detector response matrices
obtained with PYTHIA6 CSC [50] combined with a simulation of the
ALICE detector, at /s = 7 TeV, for three pseudorapidity intervals
(In] < 0.5,1.0, and 1.5 from left to right, respectively), and for the
three track counting algorithms, Tracklet, ITS+ and ITSTPC+, from
top to bottom, respectively. Horizontal axes show generated primary
charged-particle multiplicities and vertical axes measured multiplici-
ties

Properties of the three track counting algorithms are com-
pared in Fig. 3, showing that, going from Tracklet to ITS+
and to ITSTPC+ algorithms, the detector response matrix
becomes narrower and has a topology closer to that of a
diagonal matrix. When going from |n| < 0.5 to || < 1.5,
the response matrix becomes broader and has a less diago-
nal topology, as geometrical acceptance effects become more
important, and dominated by the SPD with significant ineffi-
ciency due to some missing modules. Note that by restricting
the azimuthal angle to good regions of the SPD, the dif-
ference between algorithms in d Non/dn measurements is of
order +1% in the central region (Fig. 4). However, the result
with the Tracklet algorithm is not sensitive to this cut, and,
as it is needed to measure multiplicities beyond || = 1.3,
it is used alone for d N, /dn measurement. For multiplicity
distribution measurements all three algorithms are used with-
out the ¢ region restrictions with a corresponding systematic
uncertainty contribution.

In the pseudorapidity region |n| < 0.9, the TPC accounts
for 90% of the tracks, the ITS complement 9% and the SPD
complement 1%. These fractions vary with the n range. Out-
side |n| < 1.3, SPD tracklets are the only contribution. The
small fluctuations between points in || > 1.3 come from
the slightly different number of events used for averaging
between algorithms, after efficiency corrections in each 7
bin.
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6 Pseudorapidity density of primary charged particles:
analysis

Raw dN.n/dn distributions have to be corrected for detec-
tor and trigger acceptance and efficiency, and for contam-
ination from daughters of strange particles. Note that this
section only describes the particularities of dN.,/dn mea-
surement, unless specifically stated otherwise. For charged
particle multiplicity distribution measurement see Sect. 7.

6.1 Acceptance and efficiency corrections

Three types of corrections have to be applied to the raw
data: (a) a track-to-particle correction to take into account
the difference between measured tracks and “true” charged
primary particles. This correction mainly depends on accep-
tance effects and on detector and reconstruction efficiencies;
(b) corrections for the bias coming from the vertex recon-
struction requirement, at both track and event levels (vertex
reconstruction correction). This bias exists on both the num-
ber of tracks and the events used, since events without a
reconstructed vertex are not selected, and tracks from those
events therefore do not contribute; (c) corrections at both
track and event levels, to take into account the bias due to the
MBortrigger required for INEL and INEL>0 event classes
or the MB anpoffline selection for the NSD event class.

In practice, the number of tracks is corrected as a function
of n and zy¢x and the number of events is corrected as a func-
tion of reconstructed track multiplicity and zyi. The number
of events without trigger or without reconstructed vertex is
estimated from the simulation and included in the corrected
number of events. Finally, the quantity d N, /dn, averaged
over all events, is obtained for each 7 bin. The range of zy
contributing to the multiplicity varies with n (Fig. 1). For
instance, at n = 2, tracks originate mostly from vertices in
the range: —30 cm < zyx < —5 cm. Therefore, for each
n bin, a zy acceptance correction is applied. See [57] for
details of the procedure.

6.2 Strangeness correction

Since ALICE’s definition of primary charged particles
excludes particles originating from the weak decays of
strange particles, data have to be corrected for cases when
daughter particles of such decays pass the track selection.
Current Monte Carlo event generators have a strangeness
content which differs from data by a factor approaching 2.
Therefore, the strangeness content in the Monte Carlo sim-
ulation was normalized to data using ALICE’s K° and A
measurements in || < 0.9 [4], that were extrapolated to
[n] < 2 using the shape from simulation. The ratios of
strangeness contents between data and Monte Carlo gener-
ators are slightly centre-of-mass energy dependent. For /s
varying from 0.9 to 8 TeV they increase from 1.6 to 1.85
according to PYTHIAG6, and from 1.4 to 1.6 according to
PHOIJET. The uncertainty on these ratios coming from the
uncertainty in ALICE measurements of strange particle pro-
duction [4], is estimated to be 5%. The strangeness contami-
nation is slightly  dependent, and varies from 1.7% atn = 0
t02.5% at n = 2 at /s = 7 TeV. The strangeness correction
is about 1%, has no significant » variation in || < 2 and no
significant energy dependence between /s = 0.9 and 8 TeV.
This correction is explained in more detail in the Sect. 8.1.3,
where the corresponding systematic uncertainty is discussed.

6.3 Event class normalization

The final correction applied to the data is the normalization
to one of the three event classes defined in this study: NSD,
INEL and INEL=>0. In the normalization to NSD, correc-
tions have to be made for the fraction of SD events remain-
ing in the selection and for the fraction of double-diffraction
(DD) events not included in the selection. In the normal-
ization of results to the INEL event class, corrections have
to be made for the fraction of single- and double-diffractive
events not included in the selection. The INEL >0 class is of
interest because it minimizes diffractive corrections. In addi-
tion, ALICE measurements of SD and DD cross-sections [49]
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Table 2 MBanptrigger efficiencies for NSD events and MBogrtrigger
efficiencies for inelastic events at four centre-of-mass energies, obtained
from diffraction-tuned versions of PYTHIAG6 Perugia0 [50] and PHO-
JET [53]. Uncertainties listed are total uncertainties. Statistical errors
are negligible. The asymmetry of the MBogerrors is due to the asym-
metric uncertainties in the diffraction efficiencies

Vs (TeV) MBaND MBor
0.9 0.9410:02 0.91100
276 0.93%003 0887000
7 0.9310:02 0.8570:08
8 0.9310:02 0.8570:08

reduced the systematic uncertainties coming from diffrac-
tion. Corrections for higher order diffractive processes asso-
ciated with events with two or more pseudorapidity gaps
(regions devoid of particles) are neglected in the normaliza-
tion to INEL, NSD and INEL>O0 classes, as their contribu-
tion to inelastic collisions is expected to be smaller than 1%
[14,55]. Furthermore, such events tend to have a high trig-
ger efficiency, which makes corresponding corrections even
smaller.

To normalize measurements to a given event class, trigger
biases must be corrected for, both at event and track levels.
For the INEL and INEL >0 classes, the correction is straight-
forward using the MBortrigger efficiency (Table 2).

For the NSD event class, contamination of the event sam-
ple by SD events must be taken into account. The measured
quantity may be re-written as:

1 d (Z Ntrk)MBAND

(Nev)mB AND dn
1
a (Ng/SD)MBAND + (NeSVD)MBAND

d (Z Ntl;IkSD)MBAND d (Z Nt?]]())MBAND
X + 3
dn dn

where (3 Nt%lass)mgger is the number of tracks aggregated
over all events (Necvlass)Trigger of a given class (superscript)
selected with a given trigger type (subscript outside the

parentheses). Given that (NSP)yp .y O EE,I%ANDUSD and
(NgSD)MB AnDp X eﬁ%]iNDUNSD, where ¢ and o are efficien-

cies and cross-sections, respectively, for SD or NSD events
[49], one obtains:

1 d (X Nk ms o
(NeIiSD)MBAND dn
(e
EMBnp (Nev)MBanD dn
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SD SD SD
— 8MBAND o 1 d (Z Ntrk )MBAND (4)
NSD NSD SD
EMBAND o (NGV )MBAND d n

The coefficient in front of the single diffraction term in
Eq. (4), varies from 0.04 at /s = 0.9 TeV to 0.003 at /s =
8 TeV. As the single diffraction term is not measured, but cor-
responds to a relatively small correction, this term was cal-
culated using the simulation. The corresponding uncertainty
was estimated by varying the single diffraction term conser-
vatively between extreme cases, assuming either no SD, or
assuming that all events are from SD. The last step consists
of correcting for the MB anptrigger efficiency to obtain the
desired quantity, 1/(NNSP)mp i d(3 NYSP)MB o /d0-

The DD event content of the MBorand MB anpdata sam-
ples, is small, of the order of 5.5 and 4.5%, respectively. These
fractions do not vary significantly between 0.9 and 8 TeV. The
corrections for DD efficiency are included in the general effi-
ciency correction. For the INEL and INEL>0 event classes,
the MBortrigger efficiency for DD events as a function of
multiplicity is the same as for the other inelastic events. The
MBanpselection, which is used for the NSD event sample,
has an efficiency for DD events that is lower than that of the
other inelastic events. However, we checked in the simula-
tion that the average efficiency correction for the NSD event
class gives the same result as separate efficiency corrections
implemented for DD and ND events.

7 Multiplicity distributions of primary charged
particles: analysis

7.1 Unfolding multiplicity distributions

The data samples used in these measurements are described
in Table 1. The next step in the analysis consists of correcting
the raw distributions for detector acceptance and efficiencies,
using an unfolding method.

The unfolding procedure follows the same approach as in
[2], i.e. the corrected distribution is constructed by finding
the vector U, which minimizes a x 2 given by

_ 2
x2 = Z (w) + B x F(U) 3)

m

where M represents the raw multiplicity distribution vector
with uncertainty vector s, U the unfolded multiplicity dis-
tribution vector, and R the detector response matrix. Indices
m and ¢ run from O to the maximum number of multiplic-
ity bins, in raw and corrected distributions respectively. The
regularization term 8 x F(U) is used to decrease the sensi-
tivity of the unfolding to statistical fluctuations. For F(U) a
usual Tikhonov-type of function [58] was used, which has a
smoothing effect on the unfolded distribution
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Table 3 Values of the weight parameter B used in the regularization
term (Eq. (5)), for each centre-of-mass energy and for each pseudora-
pidity range

Vs (TeV) Ay

0.5 1 1.5
0.9 10 10 102
2.76 10 10% 10%
7 10 10% 103
8 50 102 102

N—1 2
U, —2U; + U, —
F(U)=N x < i+l U’ d 1) (©)
t

t=1

where N is the number of unfolded multiplicity bins, evalu-
ated with the help of the response matrix, from the maximum
raw multiplicity.

The weight B (Table 3) was chosen to minimize the mean
squared error [58]. The solution is found to be stable over a
broad range of B values (£50%), and the correct minimum
was ensured in each case by scanning § over few orders of
magnitude. The particular values of optimal weights depend
on many features of the unfolding problem, such as distri-
bution size, a pattern of fluctuations in the input raw data,
properties of the response matrix and the regularization term.
The most obvious dependence was eliminated by factorizing
N in Eq. (6).

For each generated multiplicity bin N8 = ¢, the response
matrix column Ry, consists of the distribution of the prob-
ability to measure multiplicity No, = m. To extend the
response matrix to the highest multiplicities encountered
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Fig. 5 Example of Gaussian parameterization of the response matrix,
at /s = 7 TeV, for |n| < 1: (lefr) parameterization of the mean val-
ues, with a linear function (red dashed line); (right) parameterization

in this study, beyond the reach of the available simulation,
probability distributions were parameterized and extrapo-
lated towards high multiplicities (Fig. 5). In the low-N&"
region (N&" < 10 to 20, depending on the n range) the
response matrix was taken directly from the simulation. In
the large N2 region (N&" > 10 to 20), the column R,
is well described by a Gaussian distribution and mean val-
ues follow a linear trend (Fig. 5). Widths were parameterized
using two different functions, a Padé function and a power
law

14 Cit + Cat?
1+ Cat
W(t) = Co+ Cit”  Power law 8

W(t) = Cy Padé @)

Co, C1, C2, C3 and y are constants to be fitted. These func-
tions have different asymptotic behaviours (Fig. 5), however,
using either function makes a difference only for multiplici-
ties above 100 (in |n| < 1.5).

The switch to parameterization occurs at N&" = 10,
15 and 20, for || < 0.5, 1 and 1.5, respectively, for all
energies. These values ensure that using the parameterized
response matrix introduces no distortions in the low multi-
plicity region.

The range of multiplicities in the final unfolded distri-
bution was further restricted by requiring that the bias (an
estimate of how far is the result from the true solution [58])
is less than 10% in each bin. As unfolding is performed for
each correction scenario (see Sect. 8.2 on systematic uncer-
tainties), in the end the multiplicity range is limited by the
unfolding resulting in the shortest range. The quality of the
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of the widths, with a Padé function (red solid line) and a power law
function (blue dashed line). The bottom parts of the figures show the
ratios between data and fits
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unfolding was verified by comparing the raw distribution M
to the product R @ U.

7.2 Event class normalization

After the unfolding step, distributions have to be corrected
for event selection efficiency (including trigger efficiency and
vertex reconstruction efficiency).

For the INEL and INEL>0 event classes this is straight-
forward, given that

Mm 2281Rm1U[ (9)
1

where ¢; is the selection efficiency for true multiplicity ¢.
Thus the unfolded distribution can be normalized to the
inelastic event class by dividing the contents of each mul-
tiplicity bin by the corresponding efficiency.

For the NSD event class the procedure is different as the
unfolded distribution, U*, includes a contamination by SD
events

U =& °PUSP 4 2P0 (10)

where upper indices denote the event class. The overall frac-
tion of SD in inelastic collisions («;) was measured by the
ALICE Collaboration [49]

USP = a UM = o (UNSP 4+ USP) (1

The desired unfolded distribution normalized to the NSD
event class is obtained by combining Egs. (10) and (11)

t Sg\ISD + lz_ta, 8,SD

8 Study of systematic uncertainties
8.1 Common sources of systematic uncertainties
8.1.1 Material budget

The material budget in the ALICE central barrel was checked
intherange 5| < 0.9, by comparing measured and simulated
gamma conversion maps. The conclusion is that, in this pseu-
dorapidity range, the material budget is known with a preci-
sion of 5% [48]. The corresponding systematic uncertainty
was obtained by varying the material budget in the simula-
tion, conservatively over the whole pseudorapidity range by
4+10%, which induces a variation of d Ny, /dn of £0.2% for
all event classes. For multiplicity distributions, the n range
considered does not exceed +1.5, making the effect of the

@ Springer

higher material budget uncertainty outside |n| < 0.9 rela-
tively small. The systematic uncertainty from material budget
is negligible compared to other sources of uncertainty.

8.1.2 Magnetic field

The magnetic field map was measured and simulated with
finite precision. To check the sensitivity of the detector
response to the precision of the simulation of the ALICE
solenoidal magnetic field, data samples collected at /s =
7 TeV with opposite polarities were compared. The differ-
ences in dN.y/dn values are consistent with observed fluc-
tuations between runs within the data-taking period at this
energy. Therefore, the contribution from systematic uncer-
tainties associated with the magnetic field are smaller than,
or of the order of, the run-to-run fluctuations, and have been
neglected.

8.1.3 Strangeness correction and particle composition

The main sources of uncertainty associated to the correction
for strange particles originate from: (a) the difference (<5%)
in K and A detection efficiency between data and simulation
[4]; (b) the difference in pr distributions of strange particles
in data compared to simulation, which implies a difference
in the fractions of daughter particles meeting the vertex asso-
ciation condition; and (c) the uncertainty in the simulation of
the strange particle content.

For dN.,/dn measurements, the systematic uncertainty
from strangeness correction is found to have a small  varia-
tion, it is slightly larger at = 0 compared to 1| = 2. These
uncertainties have a small energy dependence, they increase
slightly with increasing /s, from 0.14% at /s = 0.9 TeV to
0.16% at /s = 8 TeV. The uncertainties at = 0 are listed
in Table 4.

For multiplicity distributions, the strangeness contamina-
tion was studied with the Monte-Carlo simulation by evalu-
ating the survival probability of strange particle decay prod-
ucts for the track selection used in the analysis. The prob-
ability that a track from strange particle decay passes the
track requirements is less than 0.1% on average, leading to
a negligible contribution to the uncertainty on multiplicity
distributions.

The particle composition affects the efficiency estimate,
because different particle species have different efficiencies
and effective pr cut off. The influence of the uncertainty in
particle composition was estimated by varying, in the simula-
tion, the relative fractions of charged kaons and protons with
respect to charged pions by +30%, which covers conserva-
tively the uncertainties in the measured particle composition
at the LHC [59], and found to range, for d N, /dn, between
0.1% for the INEL events class and 0.2% for the NSD and
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Table 4 Relative contributions,
in percent, to systematic
uncertainties in the

measurement of dN¢ /dn, at

n = 0, for centre-of-mass
energies considered in this study
and for the three event classes
defined in the text; the

pT uncertainties combine the
contributions from the
difference between MC models
and data with the uncertainty on
the pr distribution below 50
MeV/c. Run-to-run fluctuation
contributions indicated here for
comparison are not included in
total uncertainties

Event class Vs (TeV)
0.9 2.76 7 8
Material budget All 0.2 0.2 0.2 0.2
Strangeness corrections All 0.14 0.17 0.16 0.16
P uncertainties All +1.0 +1.0 +1.0 +1.0
-0.5 -0.5 -0.5 -0.5
Particle composition INEL 0.1 0.1 0.1 0.1
NSD 0.2 0.2 0.2 0.2
INEL>0 0.2 0.2 0.2 0.2
Event generator dependence INEL +3.5 +6.7 +7.3 +7.3
—-1.2 —4.0 —3.5 -3.5
NSD +4.0 +3.9 +2.2 +2.2
-2.0 -3.0 -2.0 -2.0
INEL>0 +0.5 +0.5 +0.6 +0.6
—0.5 —0.5 —0.6 —0.6
SPD simulation All 0.8 1.1 0.6 0.7
Total systematic uncertainty INEL +3.8 +6.9 +7.4 +7.4
—1.6 —4.2 —3.6 -3.6
NSD +4.2 +4.2 +2.6 +2.6
—2.3 —33 —2.2 —23
INEL>0 +1.5 +1.7 +1.5 +1.5
—1.2 —1.4 —-1.2 -1.2
Run-to-run fluctuations INEL 0.4 0.2 0.4 0.4
NSD 0.4 0.3 0.3 0.3
INEL>0 0.3 0.2 0.4 0.4

INEL>0 event classes (Table 4). The effect is negligible for
multiplicity distributions.

8.1.4 Detector simulation

The systematic uncertainty related to the limited precision
with which the detector performance is simulated was eval-
uated by varying the threshold on parameters used to select
the various types of tracks, over a range obtained from the
observed difference in the distributions of these parameters
between simulation and data. For dN.,/dn measurements
based on tracklets, the X2 cut was varied between 1.3 and 4.
The spread of d N, /dn values over the range of z-positions of
the vertex covered by a given 1 bin was used as a measure of
the bias introduced by the z-dependence of the tracklet recon-
struction efficiency. The corresponding uncertainty ranges
from 0.6 to 1.1% depending on the data sample (Table 4).

Since for multiplicity distribution measurements all three
track-counting algorithms are used, track parameters were
also varied for global tracks, and for ITS-only tracks (details
may be found in [48]):

— for global tracks, the minimum number of TPC clusters
was varied between 60 and 80 and the x?2 cut between 3
and 5.

— for ITS-only tracks, the X2 cut was varied between 2 and
3.

The uncertainty on the DCA distribution is not considered
here, as it is included implicitly in the uncertainty on the
strangeness content, which affects the DCA distribution.

We find that, in the case of multiplicity distributions,
uncertainties in the detector simulation are negligible com-
pared to other sources of uncertainties.

8.1.5 Model dependence

The remaining SD fraction in the sample selected with the
MB anptrigger in view of the normalization to the NSD event
class is 3%, 1% and negligible at /s = 0.9, 2.76 and >
7 TeV, respectively. Uncertainties coming from diffraction
contributions are included in the trigger efficiency uncer-
tainties (Table 2) obtained in [49], for /s < 7 TeV. At
/s = 8 TeV, the efficiency values were taken to be the same
as for /s = 7 TeV. In addition, the model uncertainties at
/5 =0.9,2.76,7 and 8 TeV were obtained from the differ-
ence between PYTHIAG Perugia0 and PHOJET. A test of the
efficiency evaluation was obtained by comparing simulated
MBanpto MBortrigger efficiency ratios to the measured val-
ues. Excellent agreement was found at all energies [49].
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Fig. 6 (Left) At \/s = 7 TeV, average raw pr vs. raw charged track
multiplicity in || < 1, for data (black circles), PYTHIA6 Perugia0
(blue dashed line) and ATLAS-CSC (red dotted line). The bottom part of
the figure shows the ratios of the two simulated distributions to the data;
(right) Comparison of dN¢y,/dn evaluations, as a function of 7, using

For multiplicity distributions, the systematic uncertainty
from the model dependence is included in both efficiency cor-
rection and pt dependence uncertainties, as different event
generators and tunes are used to estimate independently effi-
ciencies and response matrices (see Sect. 8.2).

8.1.6 pt dependence

None of the MC generators used in the detector simulation
reproduces correctly the pt distribution of charged parti-
cles observed in the data [60,61]. This introduces an uncer-
tainty in the determination of the detector response, as it
is integrated over transverse momenta, and the probability
of detecting a particle decreases with decreasing prt. This
affects in particular, together with the uncertainty on the
material budget and the magnetic field, extrapolations of
measurements to pt = 0.

In order to study pr spectrum effects, two different tunes
of the PYTHIAG6 event generator were used, ATLAS CSC and
Perugia0, which give an average pt versus charged-particle
multiplicity respectively below and above the data (Fig. 6
(left)), for most of the multiplicity range (Ng, > 2). The
difference between measurements obtained with response
matrices corresponding to each of these Monte Carlo gen-
erators, is used as the corresponding systematic error contri-
bution. Figure 6 (right) shows that this procedure introduces
an uncertainty which is weakly dependent on 1, and amounts
to £0.3%, when averaged over |n| < 2.

For undetected particles, below a threshold of about 50
MeV/e, a value chosen to coincide with a track detec-
tion efficiency of 50%, the corresponding systematic uncer-
tainty is obtained by varying their fraction by a conservative
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correction maps obtained with a PYTHIAG6 PerugiaO (blue dashed line),
b PYTHIA6 ATLAS-CSC (red dotted line) and c the average between
a and b; The bottom part of the figure shows the ratios of corrected
distributions from a and b to the average

amount (—50 and +100%). (The fraction of the pt spec-
trum below 50 MeV/c is about 1% of the total, for both
PYTHIA6 and PHOIJET.) The resulting systematic uncer-
tainty on d Ncp/dn is n dependent, and found to range from
—0.5and +1.0%, atn = 0,to —0.75 and +1.5%, at |n| = 2.

The systematic uncertainty induced on P (N¢,) by the dif-
ference in pt between data and simulation is slightly sen-
sitive to the tune of PYTHIAG6 considered: for instance, at
Nech = 90, varying the pt spectrum below 50 MeV/c by —50
and +100% induces a change of —5 and +9%, respectively
for the ATLAS CSC tune and of —4 and +-8%, respectively,
for the Perugia0 tune.

8.2 Systematic uncertainties in unfolding of multiplicity
distributions

8.2.1 Uncertainty evaluation

The results of the unfolding procedure and unfolding uncer-
tainty estimate were cross-checked, in standard ways:

— changing the regularization term by either varying 8 or
the function F(U);

— using two alternative unfolding procedures: Bayesian
[62] and singular value decomposition [63].

The changes in unfolded distributions due to variations of
the different elements used in the unfolding procedure, each
having their own systematic uncertainty, were studied by
considering all possible combinations: counting algorithm
(3 cases), event generator used for efficiency correction (2
cases: PYTHIA6 and PHOJET tuned for diffraction), event
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Table 5 Systematic uncertainties, in percent, due to efficiency correc-
tions including trigger and reconstruction efficiency, event generator
dependence and diffraction, for INEL, NSD and INEL >0 event classes,
in pseudorapidity intervals || < 0.5, 1.0 and 1.5, at ﬁ =0.9,2.76,7
and 8 TeV. Numbers are given, from left to right, for multiplicities 0, 1
and 2. For the INEL>0 event class, the efficiencies are the same as for

the INEL class, except that there is no bin with multiplicity 0. Note that
the uncertainty listed here for bin O is not the total uncertainty in that
bin. Bin 0 values are recalculated separately from simulation, which
adds a significant spread of values that is seen in the total uncertainty
estimate

Source of uncertainty Event class s (TeV)
0.9 2.76 7 8

Efficiency uncertainty (%)

[n] < 0.5 INEL 0.96-0.7-0.5 305-2.1-1.2 2.11-15-09 252-17-1.0
NSD 4.68-35-24 9.20-6.3-3.7 455-32-19 13.45-9.1-53
INEL>0 --0.7-0.5 --21-12 --15-09 --17-10

nl <1 INEL 0.14-0.2-0.2 049-0.5-0.5 0.18-0.2-0.3 0.02-0.2-0.3
NSD 042-0.8-1.2 1.66-2.1-2.3 031-08-1.1 291-3.1-3.1
INEL>0 --02-02 --05-05 --02-03 --02-03

Inl < 1.5 INEL 0.02-0.2-0.3 0.03-0.1-0.2 0.03-03-0.4 0.03-0.2-0.4
NSD 0.10-0.4-0.7 0.12-1.2-2.0 0.01-04-0.7 0.19-1.6-2.8
INEL>0 --02-03 --0.1-02 --03-04 --02-04

generator used for the response matrix (2 cases PYTHIA6
CSC and PYTHIAG Perugia0), low pt spectrum extrapola-
tion below 50 MeV/c (3 cases: varying the integral below
50 MeV/c by —50, 0 and +100%), response matrix parame-
terization (2 cases: Power law, and Padé), which correspond
to 72 separate measurements that are correlated as a result
of the unfolding procedure. To take these correlations into
account, for a given energy and a given n range, the sys-
tematic uncertainty from all the sources considered was esti-
mated as the overall spread between the resulting distribu-
tions. The average between these distributions (center of the
band covered by the 72 curves) was used as the measurement.
The total uncertainty originating from the unfolding proce-
dure (evaluated for each multiplicity bin as a linear sum of the
unfolding bias [58] and the unfolded distribution covariance
calculated from the statistical uncertainty of the raw distribu-
tion) was added linearly to the systematic uncertainty defined
as half the size of the band. This takes into account the fact
that the unfolded distributions come from the same raw mul-
tiplicity histogram, hence the raw data statistical fluctuations
are propagated to each of the unfolded distributions in a sim-
ilar way and affect the spread of distributions uniformly. The
resulting systematic uncertainty is expected to be highly cor-
related with multiplicity.

The systematic uncertainties from material budget, track-
let and track selection, detector alignment (evaluated by
changing the geometry within alignment uncertainties), par-
ticle composition, strangeness corrections are found to be
negligible. Among the non-negligible contributions to multi-
plicity distribution systematic uncertainties, the contribution
from selection efficiency (Table 5) can be evaluated sepa-

rately as it is a multiplicative correction. All the other con-
tributions, from the uncertainty on (pt), the extrapolation
down to pt = 0, the counting algorithms, and the model
dependence including the contribution from diffraction, are
all mixed together through the procedure described above.
For NSD and INEL event classes, the diffraction contribu-
tion is mainly significant in the zero multiplicity bin, which
is absent for the INEL>0 event class.

8.2.2 Bin-to-bin correlations in systematic uncertainty

Due to specific nature of the correction procedure, the
final multiplicity distributions contain bin-to-bin correlations
coming from various sources with different properties. These
sources can be categorized by their effect:

— statistical correlations, resulting from the propagation
of the raw distribution statistical uncertainties through
unfolding process, their characteristics largely depend on
the response matrix structure;

— fully correlated shift of the distribution as a result of the
uncertainty in normalization;

— long-range correlations in systematic uncertainties as a
result of multiplicity scale change (that is determined by
the position of the response matrix bulk relative to the
diagonal, see Sect. 7.1) in the unfolded distribution.

We found that first category correlations (statistical) are
negligible compared to the last category (scaling), while the
second category correlations can be easily factorized for fit-
ting the multiplicity distribution. The three main sources of
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Table 6 Total systematic uncertainties in charged-particle multiplicity
distribution measurements, in percent, for INEL, NSD and INEL>0
event classes, in pseudorapidity intervals |n| < 0.5, 1.0 and 1.5, at
/s =0.9,2.76,7 and 8 TeV. Values for INEL and NSD event classes

are given for three characteristic multiplicities, from left to right: zero
multiplicity — mean multiplicity — five times the mean multiplicity. For
the INEL >0 class, the first value is for N, = 1, as there is no entry for
Nen = 0

Source of uncertainty Event class s (TeV)
0.9 2.76 7 8

Total systematic uncertainty (%)

Inl < 0.5 INEL 4-4-16 2-2-6 1-3-4 22-9-13
NSD 16 -6-28 28-9-15 19-7-9 35-8-12
INEL>0 8§-3-14 3-2-6 3-4-4 3-1-4

Inl <1 INEL 7-7-21 3-3-8 1-3-5 29-11-13
NSD 38-10-32 52-8-15 38-8-11 59-8-14
INEL>0 14-6-20 7-3-8 10-3-5 4-2-4

Inl < 1.5 INEL 11-9-27 3-7-12 3-5-8 34-9-14
NSD 62-8-34 76 -12-24 57-8-14 80-9-17
INEL>0 12-7-27 7-7-11 10-6-8 8§-1-6

correlated uncertainty, falling into the third category, are the
change of counting algorithm, the change of event genera-
tor tune used to produce the response matrix (see Fig. 6) and
the variation of pr distribution under the detection threshold.
In order to evaluate the effect on the final distributions we
construct 18 intermediate distributions corresponding to all
possible combinations of counting algorithm, event genera-
tor tunes and variations of pt spectra. All other sources of
systematics are included (except the uncertainty correspond-
ing to bin N¢p, = 0 renormalization, as it is not applied) with
the same procedure described for the final distribution previ-
ously in this section. These 18 distributions are then treated
independently in Sect. 9.5 to evaluate the effect of correlated
uncertainties on NBD fits.

8.3 Summary of systematic uncertainties
8.3.1 Pseudorapidity density

The various contributions to systematic uncertainties in
dNcp/dn are summarized in Table 4 for the three event classes
and the four centre-of-mass energies studied in this publica-
tion. For the INEL>0 event class, a precision of 1.5% is
achieved, as the sensitivity to diffraction is negligible and
the 7 range is reduced in the definition of this event class.
In the n range covered in this study (|| < 2), we find
that systematic uncertainties show essentially no » variation
(Fig. 7), and are therefore strongly correlated bin-to-bin.

8.3.2 Multiplicity distributions
The efficiency uncertainties (Table 5) are only relevant at low

multiplicity. For multiplicities above 8 to 9, the efficiency
reaches 100% and the corresponding systematic uncertainty

@ Springer

becomes negligible. Therefore, efficiency uncertainties are
only given for a few characteristic low multiplicities. The
total systematic uncertainties vary with multiplicity, there-
fore they are given in Table 6 only for a few characteristic
values of the multiplicity.

8.3.3 Consistency checks

In the measurement of d N /dn, statistical errors are negligi-
ble. Therefore, the study of run-to-run fluctuations (measured
RMS of dN¢h/dn results in different runs) provides a check
that all run dependent corrections are properly handled.

For the INEL and NSD event classes, contributions from
run-to-run fluctuations are significantly smaller than the total
systematic error (Fig. 7). For the INEL>0 event class, for
which the precision is highest, the relative importance of
run-to-run fluctuations is larger than for the INEL and NSD
event classes (Fig. 7), but reaches at most 5% of the total
systematic uncertainty.

As data correction procedures are significantly differ-
ent between d N /dn and multiplicity distribution measure-
ments, a test was performed to verify the consistency of the
two measurements. At the four centre-of-mass energies and
for the three pseudorapidity intervals used in this study, inte-
grals of the multiplicity distributions were found to be consis-
tent with the direct measurements of d N. /dn, within errors.

9 Experimental results

9.1 Pseudorapidity density of primary charged particles:
measurements

In their common 7 range, || < 0.9, the three track counting
algorithms discussed in Sect. 5.2 achieve a similar precision
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Fig. 7 Total relative systematic uncertainty on dN.p,/dn (thick black
lines), as a function of pseudorapidity, compared to run-to-run fluctu-
ations (thin red dashed lines) at /s = 0.9 TeV (top row), 2.76 TeV

of 1%, and were found to give consistent results. The main
difference is that for ITS+ and ITSTPC+, there is a detector
calibration contribution to systematics for the TPC and the
SDD, not present for the SPD. To achieve the largest pos-
sible n range, in the measurement of d N, /dn versus 7, the
Tracklet algorithm is used alone.

The measurement at /s = 0.9 TeV is shown in Fig. 8
compared with previous results. At [n| > 0.9 the mea-
surement for the INEL event class is slightly lower than
in ALICE’s previous publication [2]. The difference comes
mainly from: (a) the tuning of the MC generators for diffrac-
tion, as larger pseudorapidities are more sensitive to SD;
(b) the subtraction of particles coming from the decay of
strange particles was improved, using ALICE’s measure-
ment of strangeness [4]; and (c) the improvement of the n
dependence of the Tracklet algorithm.

The discrepancy with UAS for the INEL event class
at large n could perhaps be related to the fact that UAS
used a 1/My variation of the single-diffractive cross sec-
tion (see [55]). Note also that UAS data seem to be internally

(second row), 7 TeV (third row) and 8 TeV (bottom row), for the INEL,
NSD and INEL>0 event classes, as indicated

inconsistent (see discussion in [64]). The measurement at
/s = 2.76 TeV is shown in Fig. 9 top, and found to be con-
sistent with the ALICE measurement at /s = 2.36 TeV [2],
as expected because of the small change in center-of-mass
energy. The new measurements of dNy,/dn, at /s = 7 TeV
(Fig. 9 middle), show agreement both with the previous
ALICE results for INEL>0 [3], and with CMS NSD data
[35]. The measurements of d N, /dn at /s = 8 TeV (Fig. 9
bottom) show the 3% increase with respect to the 7 TeV data,
which corresponds to what is obtained in the extrapolation
from lower energy data. Comparisons of the 1 distributions
at the four centre-of-mass energies (Fig. 10), for the three
events classes, show no significant change of shape and a
smooth increase of the charged-particle density with increas-
ing energy.

The data for the INEL event class at /s = 0.9 and 7 TeV
were compared to simulations with current event generators
(Fig. 11). At \/s = 0.9 TeV, EPOS LHC [65] and PYTHIAS
4C [66,67] are consistent with the data. PHOJET overesti-
mates the data, while PYTHIAG6 Perugia0 and Perugia 2011
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Fig. 8 dN.,/dn vs. 5 at /s = 0.9 TeV, for the three normalizations
defined in the text, and a comparison with ALICE previous measure-
ments [2,3], UAS5 [68] and CMS [35]. Note that to avoid overlap of
data points on the figure, the INEL>0 data were displaced vertically,
and for these data the scale is to be read off the right-hand side vertical
axis. Systematic uncertainties on previous data are shown as error bars
(except for UAS, with coloured bands), while they are shown as grey
bands for the data from this publication

underestimate the data. At /s = 7 TeV, EPOS LHC, PHO-
JET and PYTHIAG Perugia 2011 are consistent with the data.
PYTHIAS 4C overestimates the data, while PYTHIAG6 Peru-
gia0 underestimates the data. Note that PYTHIAG6 Perugia
2011, PYTHIAS 4C and EPOS LHC were tuned using LHC
data.

9.2 Energy dependence of dN¢,/dn atn =0

The traditional definition for d V¢ /dn at n = 0 is an integral
of the data over the pseudorapidity range [n| < 0.5

IN +O.5dN
ANen | _ / dNeh (13)
n=0

dn

dn

The results of the measurements of dN¢/dn at n = 0 are
givenin Table 7. The energy dependence of d N, /dnatn = 0
is of interest not only because it provides information about
the basic properties of pp collisions, but also because it is
related to the average energy density achieved in the interac-
tion of protons, and constitutes a reference for the comparison
with heavy ion collisions. At mid-rapidity, dN¢/dn can be
parameterized as d Ne, /dn ~ s°. Combining the ALICE data
with other data at the LHC and at lower energies, we obtain
8 =0.10240.003, 0.114 4 0.003 and 0.114 + 0.0015,% for
the INEL, NSD and INEL >0 event classes, respectively, to
be compared to § >~ 0.15 for central Pb—Pb collisions [56].

6 The uncertainty on § was obtained, assuming that the data errors are
independent at different centre-of-mass energies, which is not strictly
the case.
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Fig. 9 dN.,/dn vs. n measurements: /s = 2.76 TeV compared with
/s = 2.36 TeV taken from ALICE [2] (fop); /s = 7 TeV and com-
parison with CMS [35] and ALICE [3] data (middle); /s = 8 TeV
(bottom). Systematic uncertainties are shown as error bars for the pre-
vious data and as grey bands for the data from this publication. The
scale is to be read off the right-hand side axis for INEL>0

This is clear evidence that the particle pseudorapidity density
increases faster with energy in Pb—Pb collisions than in pp
collisions. Fits are shown on Fig. 12 and Table 8 gives extrap-
olations to centre-of-mass energies of 13 and 14 TeV (LHC
design energy). While this paper was being prepared, the
first measurement at 13 TeV by CMS appeared [69], result-
ing in dNcn/dnlj <05 = 5.49 &+ 0.01 (stat) = 0.17 (syst)
for inelastic events, which is consistent with our extrapola-
tion of 5.30 £ 0.24. Over the LHC energy range, from 0.9 to
14 TeV, while the centre-of-mass energy increases by a fac-
tor 15.5, extrapolation of present data for dN¢/dnp atn =0
shows an increase by factors 1.75 £ 0.03, 1.87 &+ 0.03 and
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Table 7 Summary of ALICE measurements of dN./dn at n = 0
(integral of the data over || < 0.5), for centre-of-mass energies and
event classes considered in this study. The errors shown are systematic
errors. Statistical errors are negligible

V5 (TeV) INEL NSD INEL>0

0.9 2.941041 3.611017 3751008

2.36° 377505 4431017 -

2.76 3751036 4.637039 4767008
0.34 0.15 0.09

7 4.607073 5741012 5.98% 00
0.35 0.15 0.10

8 4667073 5.90%) 13 6.13%508

4 Data taken from [2]

1.8740.01, respectively for the three event classes. The mul-
tiplicity increase is similar for NSD and INEL>0 classes but
slightly lower for the INEL class.

215 1050 05 1

-15 -1-05 0 05 1

15 2 15 2
n n

9.3 Multiplicity distributions of primary charged particles:
measurements

The results of ALICE measurements of multiplicity distribu-
tions of charged primary particles are displayed as probability
distributions (P (N¢p)) in Figs. 13 (INEL), 14 (NSD) and 15
(INEL>0). For the first two event classes the measurements
were obtained in three pseudorapidity intervals || < 0.5, 1
and 1.5, and for INEL>01in |n| < 1. At/s = 7TeV, P (Nep)
varies over 6 to 7 orders of magnitude and the multiplicity
range reaches up to 160 in |n| < 1.5 for both INEL and NSD
event classes. In |[n| < 0.5 and |n| < 1, the observed multi-
plicity reaches 10 times the mean multiplicity. It is expected
that the average energy density in proton collisions at the
LHC, at /s = 14 TeV, is about 5 to 15 times smaller than
energy densities reached in gold ions at RHIC [78]. There-
fore, in proton—proton collisions of multiplicity exceeding
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Fig. 12 Charged-particle pseudorapidity density in the pseudorapidity
region |n| < 0.5 (dNcy/dn at n = O calculated as the integral of the
data over |n| < 0.5) for INEL, NSD, and INEL>0 collisions, as a
function of the centre-of-mass energy. Lines indicate fits with a power-
law dependence on +/s. Grey bands represent the one standard deviation
range. Data points at the same energy have been shifted horizontally for
visibility. The LHC nominal centre-of-mass energy is indicated by a
vertical line. Data other than from ALICE used in this figure are taken
from references [27,35,68,70-77]

Table 8 Extrapolations of dN.,/dn, at n = 0, for the three event
classes, to higher energies at the LHC (/s = 13 and 14 TeV), using
the fits described in the text

/s (TeV) INEL NSD INEL>0

13 5.30£0.24 6.50 +£0.20 6.86 £0.10
13.5 5.33£0.25 6.56 = 0.20 6.92 £0.10
14 5.37£0.25 6.62 = 0.20 6.98 £0.10

10 times the average multiplicity, energy densities should
overlap with those of heavy ion collisions at RHIC, allowing
to compare properties of systems with very different colli-
sion volumes (two to three orders of magnitude) but the same
energy density. Future runs of the LHC should allow extend-
ing much further the range of multiplicities probed so far.

The high-multiplicity tail of the distribution increases as
expected with increasing energy (Fig. 16). This behaviour
is studied quantitatively in Sect. 9.6 on KNO scaling and
g-moment analysis.

The measurements presented in this publication are con-
sistent with previous ALICE data, for INEL [2] at /s =
0.9 TeV and INEL>0 [3] at /s = 7 TeV, in the multiplic-
ity range where they overlap (Fig. 17). The wavy structure
already observed by ALICE in [2,3], for multiplicities above
Nch = 25, and previously by UAS [29], is still hardly signif-
icant, and it is not present in the raw data. This feature was
also observed in a study of CMS data [79]. However, apply-
ing the same procedure to Monte Carlo data produces similar
structures in the unfolded distribution, while no oscillation
was present at particle level. We conclude that this structure
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is an unfolding procedure artifact. The period of the structure
is related to response matrix width.

9.4 Comparison of multiplicity distributions with other
experiments and models

CMS data are available for the NSD normalization only. At
/s = 0.9 and 7 TeV, in the three pseudorapidity intervals
where they could be compared, the ALICE multiplicity mea-
surements are generally in agreement with CMS data [36]
(Fig. 17). However, at /s = 0.9 TeV, above Ny, ~ 40 in
[n] < 1 and above Ny =~ 50 in || < 1.5, the ALICE
multiplicity distributions tend to be higher than CMS data.
The difference is not significant in each isolated bin, how-
ever the general trend seems to be different. As the bin-to-bin
correlations in CMS’s results are unknown, it is very diffi-
cult to obtain reliable unbiased quantitative comparison. A
possible source of the discrepancy is the different treatment
of single-diffractive events in the two analyses making the
NSD event sample definitions not strictly compatible. More
precisely, there was no diffraction tuning in the simulations
used by CMS and, moreover, ALICE’s criteria for events
to be considered single-diffractive (see [49]) include a fixed
cut on diffractive mass that differs from the value that CMS
used. This explanation is supported by the fact that the differ-
ence is insignificant at /s = 7 TeV, where single-diffractive
contribution is negligible. The comparison with CMS data is
further discussed in the Sect. 9.5, where NBD fits to the data
are reported.

Measured multiplicity distributions are compared to mod-
els (Fig. 18), for two energies, the lowest one (/s =
0.9 TeV), and the energy at which there is the largest event
sample (4/s = 7 TeV), for the INEL event class, in the pseu-
dorapidity range |n| < 1.

At /s = 0.9 TeV, PYTHIAG6 Perugia0 fails to reproduce
the data. PYTHIAG Perugia 2011, PYTHIAS 4C and EPOS
LHC underestimate the multiplicity distribution at high mul-
tiplicities (Nen = 25). PHOJET provides the best match to
the data over the observed multiplicity range, up to Ncp & 60.

At /s = 7 TeV, both PYTHIAG6 Perugia0 and PHOJET
fail to reproduce the data. They severely underestimate the
high multiplicity part of the distribution. PYTHIAG6 Perugia
2011, EPOS LHC and PYTHIAS 4C give a reasonable fit of
the low multiplicity region but underestimate the data above
Nen ~ 60.

9.5 Parameterization of multiplicity distributions with
NBDs

Single Negative Binomial Distributions (NBD) have been
traditionally used to parameterize particle multiplicity distri-
butions in hadron collisions
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Fig. 13 Measured multiplicity distributions in three pseudorapidity
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leff); b dataat /s = 2.76 TeV (top right); ¢ dataat \/s = 7 TeV (bottom
left); d data at /s = 8 TeV (bottom right). Ratios of data to the fits are
also shown, with shaded areas representing combined systematic and
statistical uncertainties
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where (n) is the average multiplicity and the variance is given
by

D* = (n*) — (n)* = (n) + ——

(n)?
p (15)
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classes and for |n| < 0.5 (top row) and |n| < 1.5 (bottom row)

The parameter k is related to the two-particle correlation
function, in the pseudorapidity interval considered [80]. In
the limit k — oo, the NBD becomes a Poisson distribution.

Inprevious ALICE data, for the NSD event class, no strong
deviation from a single NBD fit was observed at /s = 0.9 and
2.36 TeV, for |n| < 1, while a hint of a substructure appears
at || < 1.3 [2]. At i/s = 7 TeV, for the INEL>0 event
class, the single NBD fit slightly underestimated the data at
low multiplicity (Ng, < 5), and slightly overestimated the
data at high multiplicities (Ncn > 55) [3].

In the present data, for all event classes, already at /s =
0.9 TeV, there is a hint that single NBD fits start diverging
from the data at the higher multiplicity, for |n| < 0.5 and
1.0. More significant departure from single NBD starts at
s = 2.76 TeV. The values of x2/dof reflect this, as they
are rather high and increase further with increasing centre-
of-mass energies.

The appearance of substructures in multiplicity distribu-
tions attributed to the occurrence of several sources in the
process of particle production [8§1-84], can be parameterized
by fitting the data with two NBDs. Indeed, a much better fit
to the data is obtained by using a weighted sum of two NBD
functions
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P (n) = AlaPngD (1, (n)1, k1)

+ (1 — @) Pngp (1, (n)2, k2)] (16)
This type of function, however, is not meant to describe the
value P(0) for INEL and NSD distributions, which occurs
when the n acceptance is limited, therefore the binn = 0 was
excluded from the fit and an overall normalization factor (1)
was introduced, as a free parameter, to account for this. At
/s = 7 TeV, P. Gosh et al. in [79] perform a similar fit for
CMS data, however without using an overall scale factor (1)
and with no account for the effect of bin-to-bin correlations.

As was described in Sect. 8.2.2, 18 multiplicity distri-
butions, corresponding to main sources of correlated uncer-
tainty, were fitted independently. For each of these distri-
butions systematic uncertainties corresponding to the non-
leading sources were found to have negligible correlations, as
expected. Thus these residual systematic uncertainties were
added to the diagonals of the statistical covariance matrices
for these distributions, that were produced in the unfolding
procedure. In Tables 9, 10 and 11 we present the central val-
ues of the fit parameters, i.e. center of the maximum spread
of each parameter between the 18 independent fits. Half of
the spread is used to estimate the systematic uncertainty of
the parameters (the statistical uncertainty being negligible).



Eur. Phys. J. C (2017) 77:33

Page 25 0f 39 33

"E EI L T T 17T T T T T T T T T UL | T T 1T | T T 17T | T T \E
< 10; ALICE INEL _
o E L esee E
B pp @ Vs =0.9 Te\H
e =
e, .
E _‘.‘ u,_““ |,,| <15(x10°) 3
-2 ‘.‘ e " . ;
10 % ,“‘ u;;;;;ﬂ E
E , 3
10’3 ? &"’:‘_ ."._.|TI|<1-0 (10" E
104 b . .
g E +'-. Inl<05 3
] O,sggALICE E
107k -+ALICE[2] -
o T8 HIL E
> 145 i E
< 12E st =
B f
SE O:BE
04E
1.6E :
o 15 el
R
= O.SE‘ :
= 04
0 10 20 30 40 50 60 70
< L B L L B BN IR LR B |V B
=z 10 .. ALICE NS
—~ =5 pay =
o E ... PP @ Vs = 0.9 TeV]
uu;u;;.. ?
» T, ;
10 £ "‘4,,*& ++++l.—.i: Il <1.5(10%) 3
2L e M -
E S
10° %, s <10 (<10 =
E " Tl —‘_ E
10°E@ALICE %<0 T E
1055 B
E +ALICE[2] J 3
100 +CMS[34] =
8 v e e P P B P ey L
28
\%2 4 |
= g L _1_+
1= o o L I | 1
ehs i - E
By o 1
- ‘215 %—F_!_ _______________ 3
I
@1 T
= {-RE
= 0.6E
AE
0 10 20 30 40 50 60 7ON
ch

Fig. 17 Comparison with ALICE previous publications [2,3], for the
INEL event class, at /s = 0.9 TeV (top left) and the INEL>0 event
class at 4/s = 7 TeV (top right); in both cases, ratios between ALICE
new data and ALICE previous data are also shown. The total uncer-
tainties are shown as error bars for the previous data and as a band for
the present measurement. For the NSD event class, comparison with
ALICE previous publication [2] and with CMS data at /s = 0.9 TeV
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[36] (bottom left), and comparison with CMS data at /s = 7 TeV [36]
(bottom right); ratios of the NBD fits of ALICE data taken without errors
to CMS data, for the various 5 intervals (indicated on the figure), are
also shown. Error bars represent the contributions of the CMS errors
to the ratios, the bands represent the ALICE total uncertainty assigned
to the ratio of 1

@ Springer



33 Page 26 of 39

Eur. Phys. J. C (2017) 77:33

< e
z ALICE INEL é
0 Pp@Vs=09Tev ]
107 E
10*3:5 E
10 E eI ALICE oo,
— PYTHIA6 (Perugia0) "1 %,
10°E - - - PHOJET ir, % :
F --- PYTHIA6 (Perugia2011) 3
10°E - - PYTHIA8 4C SH
E — EPOS LHC 3
g

10 20 30 40 50 60
Ny, (Inl < 1)

Fig. 18 Comparison with models of measured multiplicity distribu-
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However these estimates should be treated with caution due
to the significant correlations between parameters. The mul-
tiplicity distributions for each of the 18 cases differ by their
slope and intersect at low-to-middle values of multiplicity
(Nch & 10 to 30 depending on  window and energy). There
is no single point of intersection for a given set, but rather a
small interval. Therefore extreme cases were selected as the
curves with highest and lowest values at high multiplicities
(and consequently lowest and highest values at low multi-
plicity). To indicate the change in shape of the parametriza-
tion allowed by the correlations present in systematic uncer-
tainties, the parameters for these extreme cases are given in
Tables 9, 10 and 11 as well.

The shape evolution is quantified by the parameter (1),
which tends to increase with increasing n range and with
increasing centre-of-mass energy. The observed relation
(n)2 & 3 x (n)1, is consistent with the analysis of CMS data
reported in [79], despite the fact that the scaling parameter A
was not used in their fit function.

In the bins || < 1 and |n| < 1.5, the CMS NSD data at
/s = 0.9 TeV (Fig. 17) showed a different trend at high mul-
tiplicity as compared to the ALICE data (Sect. 9.4). We have
made our own fit of CMS data excluding the bin N, = 0
(Table 12) and using the overall scaling parameter (1). As we
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cannot take into account correlations within CMS data, we
compare these fits with fits of our final distributions, ignor-
ing the correlations. We find that the relative weight of the
second NBD component in the CMS data is smaller than
in the ALICE data, while other parameters are compatible
within their respective uncertainties. This confirms the dif-
ferent trends observed in distribution tails.

In conclusion, a double-NBD function provides a precise
description of the entire set of multiplicity distributions mea-
sured in this experiment.

9.6 KNO studies

The KNO variable Ny, /(Nch) provides another way to study
the evolution of the shape of multiplicity distributions with
varying centre-of-mass energies and varying pseudorapidity
intervals. This study is carried out for the NSD event class
only so that SD events, which may have a different behaviour,
are not included in the data samples.

The quantities of interest are derived from the original set
of 72 multiplicity distributions and the resulting spread is
used to estimate the various uncertainties presented in this
section.
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Table 9 Double-NBD fit parameters for charged-particle multiplicity
distributions of INEL events. The shaded (middle) row for each entry
contains central values of the parameters with their estimated uncer-

tainty, and the surrounding rows represent the parameter values of the
bounding fits: topmost in the first row and the bottommost in the last
one

Vs An a (n)y kg (n), ka 1
(TeV)
0.427 1.87 2.59 4.92 2.52 0.805
0.5 0.469+0.118 2.08+0.30 3.09+0.67 5.56+0.82 2.97+0.60 0.793+0.013
0.587 2.37 2.64 6.38 3.48 0.788
0.9 0.615 4.46 2.38 11.98 3.76 0.813
: 1 0.627 +£0.048  4.77+0.45 2.45+0.31 1293+1.20 3.95+0.38 0.805+0.012
0.672 5.22 2.49 14.13 433 0.798
0.444 6.18 3.54 15.63 3.04 0.793
1.5 0.502+0.069 6.81+0.66 3.22+0.32 1736 +£1.74 3.34+0.40 0.794 +0.008
0.553 7.25 2.90 18.79 3.60 0.791
0.546 2.39 2.34 7.46 3.12 0.799
0.5 0.588+0.052 2.54+0.15 220+036 7.87+0.41 3.32+0.24  0.800+0.009
0.578 2.54 2.13 7.89 3.24 0.799
276 0.574 5.05 2.40 15.54 3.53 0.802
: 1 0.591+0.025 5.20+0.20 2.26+0.18 16.16+0.63 3.63+0.19 0.805+0.006
0.591 5.15 2.08 16.07 3.52 0.811
0.580 7.86 2.55 23.04 3.69 0.797
1.5 0.601+0.021 8.15+0.29 242+0.13 2394+0.90 3.81+0.12 0.800+0.003
0.593 8.15 2.42 24.68 3.79 0.799
0.713 3.39 1.54 11.52 4.10 0.787
0.5 0.716+0.046  3.42+0.24 1.49+0.14 11.54+0.61 4.01+£0.28 0.792 +0.007
0.733 3.55 1.42 11.92 4.13 0.795
7 0.668 6.46 1.70 22.07 4.04 0.789
1 0.679+0.013 6.62+0.16 1.68+0.06 22.66+0.60 4.14+0.11 0.788+0.005
0.680 6.69 1.66 22.94 4.14 0.790
0.581 8.59 2.06 29.84 3.46 0.785
1.5 0.577+0.030 8.72+0.43 2.12+0.29 30.69+0.98 3.50+0.13 0.781+0.014
0.607 8.92 1.83 31.66 3.62 0.795
0.589 2.95 1.90 10.48 3.29 0.793
0.5 0.593+0.029 3.01+0.12 1.85+0.07 10.64+0.32  3.30+0.19 0.795+0.002
0.568 2.92 1.89 10.44 3.13 0.794
3 0.626 6.42 1.93 22.24 3.82 0.794
1 0.673+0.047 7.03+0.61 1.81+£0.12 23.61+1.37 4.19+£0.37 0.795+0.001
0.669 7.06 1.79 23.79 4.14 0.795
0.709 10.88 1.71 36.16 4.64 0.803
1.5 0.696+0.018 10.83+0.30 1.71+£0.05 36.22+0.70 4.48+0.19 0.803+0.002
0.689 10.84 1.73 36.38 4.44 0.802

9.6.1 Evolution of the shape of multiplicity distributions

with /s

The KNO test in the range 0.9 to 8 Te'V is limited by the mul-
tiplicity reach at 0.9 TeV. KNO-scaled distributions and their
ratios were obtained for each of the available combinations
of corrections with the same procedure used for multiplicity
distribution measurements (averaging the 72 cases listed in
Sect. 8.2 and using the spread as a measure of the systematic
uncertainty). Bin to bin correlations were ignored when com-

paring KNO distributions and ¢g-moments at various centre-
of-mass energies. Consequently, the relative errors obtained
on the ratios are somewhat overestimated. Ratios between
the two highest energies and 0.9 TeV exceed the value 2 at
Nch/{Ncn) larger than 5.5, 5 and 4.5, for || < 0.5, |n| < 1
and |n| < 1.5, respectively (Fig. 19). This confirms that KNO
scaling violation increases with increasing pseudorapidity
intervals. The shape of the KNO scaling violation reflects the
fact that the high-multiplicity tail of the distribution increases
faster with increasing energy and with increasing pseudora-
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Table 10 Double-NBD fit parameters for charged-particle multiplicity
distributions of NSD events. The shaded (middle) row for each entry
contains central values of the parameters with their estimated uncer-

tainty, and the surrounding rows represent the parameter values of the
bounding fits: topmost in the first row and the bottommost in the last
one

Vs An a (n)y kg (n), ka 1
(TeV)
0.317 1.90 4.47 4.80 2.45 0.935
0.5 0.363+0.094 2.07+0.23 434+1.22 531+0.65 2.75+043  0.930+0.014
0.457 2.30 3.46 5.92 3.09 0.922
0.9 0.548 4.58 2.80 11.70 3.62 0.952
: 1 0.572+0.074 4.98+0.57 2.82+029 12.79+1.41 3.88+0.50 0.944+0.012
0.646 5.55 2.77 14.19 4.37 0.937
0.661 8.28 2.73 19.28 4.28 0.933
1.5 0.703+0.120 9.20+1.23 2.54+024 21.51+338 4.73+£1.06 0.937+0.012
0.823 10.43 2.30 24.89 5.67 0.936
0.513 2.49 2.73 7.42 3.11 0.934
0.5 0.509+0.019 2.50+0.05 2.77+0.28 7.53+0.13 3.04+0.09 0.931+0.006
0.493 2.48 2.66 7.45 2.95 0.931
276 0.605 5.64 2.48 16.36 3.87 0.941
: 1 0.545+0.060 5.32+0.34 2.71+0.24 15.65+0.75 3.52+0.35 0.935+0.006
0.498 5.11 2.87 15.26 3.24 0.930
0.703 10.31 2.38 26.50 4.63 0.908
1.5 0.703+0.067 10.63+0.92 2.18+0.21 27.39+1.77 4.52+0.49 0.913+0.006
0.655 10.04 2.20 26.47 4.19 0.915
0.748 3.87 1.66 12.24 4.54 0.944
0.5 0.688 +0.060 3.58+0.32 1.81+0.15 11.54+0.80 4.07+0.46 0.942+0.002
0.649 3.38 1.90 11.16 3.75 0.940
7 0.673 7.00 2.02 22.77 4.29 0.948
1 0.671+0.020 7.07+0.27 2.02+0.11 23.06+0.74 427+0.18 0.942+0.006
0.679 7.25 1.95 23.49 4.34 0.943
0.615 10.17 1.94 31.42 3.75 0.931
1.5 0.622+0.019 10.43+0.43 1.89+0.07 32.31+0.89 3.84+0.13 0.930+0.004
0.618 10.36 1.89 32.76 3.82 0.932
0.557 2.95 2.10 10.28 3.18 0.927
0.5 0.567+0.018  3.03+0.08 2.04+0.06 10.48+0.20 3.22+0.12 0.929+0.002
0.555 3.01 2.02 10.44 3.13 0.929
3 0.589 6.25 2.25 21.71 3.68 0.932
1 0.625+0.035 6.70+0.44 2.13+£0.12 22.72+1.00 3.94+0.26 0.932+0.001
0.631 6.88 2.07 23.18 3.98 0.931
0.817 14.18 1.56 40.81 5.60 0917
1.5 0.857+0.042 1531+1.14 1.49+0.07 43.06+2.25 625+0.73 0.918+0.003
0.839 15.18 1.51 42.89 5.83 0.915

pidity interval than the low (N < 20) multiplicity part as
already noted in Sect. 9.5.

9.6.2 Quantitative KNO study with normalized q-moments

Multiplicity distributions may be characterized by their nor-
malized ¢g-moments defined as

(n4

(n)d

~

c, (17)

@ Springer

where ¢ is a positive integer studied here for values 2, 3,
4 and 5, for NSD events (Fig. 20; Table 13). For the three
pseudorapidity intervals studied here (|| < 0.5, 1 and 1.5),
C, remains constant over the energy range, C3 shows a small
increase with increasing energy for the two largest n intervals,
Cy4 and Cs show an increase with increasing energy, which
becomes stronger for larger 1 intervals. These new data are in
agreement with UAS5 [29], CMS [36] and ALICE’s previous
results [2,3] in all cases where a comparison was possible
(Fig. 20).
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Table 11 Double-NBD fit parameters for charged-particle multiplic-
ity distributions of INEL>0 events. The shaded (middle) row for each
entry contains central values of the parameters with their estimated

uncertainty, and the surrounding rows represent the parameter values
of the bounding fits: topmost in the first row and the bottommost in the
last one

Vs a (n)q ki (n)z ka 1

(TeV)
0.595 4.40 2.56 11.82 3.69 1.047

09  0.661+0.069 497+0.58 245+020 13.39+1.57 4.21+055 1.046+0.004
0.731 5.55 2.25 14.96 4.76 1.048
0.581 5.12 2.37 15.64 3.57 1.038

2776  0.588+0.028 5.15+0.29 2.30+0.11 16.12+0.69 3.59+0.24 1.047+0.012
0.572 4.98 2.19 15.79 342 1.060
0.677 6.63 1.72 22.36 4.13 1.049

7 0.683+£0.012 6.65+0.24 1.68+0.05 22.86+0.55 4.19+0.12 1.053+0.010
0.684 6.78 1.69 23.08 4.19 1.052
0.631 6.26 1.74 22.07 3.75 1.056

8 0.640+0.009 6.44+0.18 1.73+0.04 22.59+0.51 3.84+0.09 1.053+0.004
0.641 6.57 1.76 22.86 3.85 1.049

Table 12 Comparison of double-NBD fit parameters for charged-
particle multiplicity distributions of NSD events by ALICE and CMS,
obtained without accounting for correlations using the function defined

by Eq. (16). CMS data are taken from [36]. The last column gives the
X2 value and the number of degrees of freedom (7240f)

Vs (TeV) An A @ (n)1 ky (n)2 ka X2 /ndof

ALICE

0.9 1 0.95 +£0.02 0.56 £0.10 5.0+£0.8 2.64+0.8 124+2 344+1.1 1.5/53
1.5 0.96 +0.02 0.70 £0.18 8.44+3.0 25+1.1 2148 4.7+3.1 14.0/65

CMS

0.9 1 0.93 +£0.03 0.72 +£0.08 54+1.0 2.6+0.1 14+2 58+23 2.3/33
1.5 0.94 +£0.02 0.74 £0.05 844+1.0 2.6+0.1 21+2 6.4+1.8 1.8/45

10 Discussion of results and conclusion

The ALICE Collaboration has carried out a detailed study
of pseudorapidity densities and multiplicity distributions of
primary charged particles produced in proton—proton colli-
sions, at 4/s = 0.9, 2.36, 2.76, 7 and 8 TeV, in the pseudora-
pidity range |n| < 2. A large increase of event sample size
compared to previous ALICE publications, combined with
improved measurement techniques, was used to study the
evolution of charged-particle multiplicities over the whole
centre-of-mass energy range covered so far by the LHC. The
data at the highest energy appear as a smooth continuation
of lower energy data, both in shape and in magnitude.

The pseudorapidity density of charged particles, d N, /dn,
was measured as a function of pseudorapidity in the range
|n| < 2. The relative precision achieved at n = 0 for /s =
7 TeV is 5.5, 2.6 and 1.3% for INEL, NSD and INEL>0
event classes, respectively.

The power law parameterization of d Ny /dn at n = 0, 5%,
provides a good description of the data from ISR to LHC ener-

gies:§ = 0.102£0.003,0.114£0.003 and 0.114+£0.001, for
the INEL, NSD and INEL >0 event classes, respectively, to be
compared to § >~ (.15 for Pb—Pb collisions [56]. The ALICE
Collaboration has shown clearly that the particle pseudora-
pidity density increases faster with energy in Pb—Pb colli-
sions than in pp collisions. The extrapolation of dNy,/dn at
n = 0to the nominal LHC energy (/s = 14 TeV) is obtained
with a precision of 4.6%, 3.0% and 1.3% for INEL, NSD and
INEL>0 event classes, respectively.

Multiplicity distributions of primary charged particles
were measured in three pseudorapidity ranges: |n| < 0.5,
In| < 1.0 and || < 1.5. At 4/s = 7 TeV, N¢p, reaches about
70, 120 and 150, in || < 0.5, 1.0 and 1.5, respectively, with
the present statistics. These correspond to multiplicity den-
sities 8 to 10 times the average multiplicity density. Based
on the Bjorken formula [85], a characteristic collision energy
density can be estimated, which increases by the same factor.
For a qualitative estimate, assuming that the average energy
density in pp collisions at /s = 7 TeV is of the order of
1 GeV/fm3 (see for example [78]), a density of 10 GeV/fm3
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Fig. 19 KNO-scaled 5 £ T T ! T ™
distribution (Ncp)P (Nep) versus < j ﬁlll‘lgggp NSD
the KNO variable Nep/(Ne) at a 107¢ E
5 =0.9,2.76, 7 and 8 TeV, for =107 F E
three pseudorapidity intervals: 108k -
[n] < 0.5 (top), 1.0 (middle) and 104 ] -
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to the distribution at 10 3 E E
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right-hand side parts of the 0 2 4 8 10 8
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should be reached with high multiplicity pp collisions, simi-
lar to the energy density of Au—Au central collisions at RHIC
[86]. When LHC runs at its nominal centre-of-mass energy of
14 TeV, high multiplicity proton—proton collisions will pro-
vide further direct comparisons of nuclear matter properties
for interacting systems with similar energy densities but very
different volumes.

At LHC energies, above 2 TeV, multiplicity distributions
can no longer be represented by a single NBD, but a double
NBD gives a good representation of the data. The deviation
from single NBD is already visible in the tail of the distri-
butions at /s = 0.9 TeV, but becomes increasingly large as
the centre-of-mass energy increases.

A test of KNO scaling between /s = 0.9 and 8 TeV con-
firms that KNO scaling violation increases with increasing
/s and, at a given centre-of-mass energy, with increasing
width of pseudorapidity intervals.

Comparisons with models in the pseudorapidity range
[n] < 1 show that none of the event generators considered is
able to describe all properties of charged particle production
up to 4/s = 8 TeV. PYTHIAG6 Perugia 2011, PYTHIAS8 4C
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and EPOS LHC describe the pseudorapidity densities fairly
well at /s = 7 TeV, as well as the multiplicity distributions,
but not above N, ~ 60. The fact that PYTHIA6 Perugia
2011, PYTHIA8 4C and EPOS LHC are in reasonable agree-
ment with the data presented in this publication can probably
be attributed to the fact that these generators were adjusted
using the first LHC data.

Studies of charged-particle production are refining the
understanding of global properties of proton—proton colli-
sions at the LHC. It was already demonstrated that, as with
lower energy data, there is a strong correlation between multi-
plicity and mean transverse momentum (pt) [87]. However,
there is also evidence [4] that the high multiplicity events
have a topology more spherical than expected from current
event generators PYTHIA6, PYTHIAS8 and PHOJET, sug-
gesting that single hard-parton collisions may not be the only
contributors to high multiplicity events. The general picture
that emerges from this study is that, from /s = 0.9 to 8 TeV,
multiplicity distributions and charged particle pseudorapid-
ity densities follow a smooth evolution.
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Fig. 20 Centre-of-mass energy dependence of the g-moments (¢ = 2
to 4, left-hand scale, and ¢ = 5, right-hand scale) of the multiplicity
distributions for NSD events in three different pseudorapidity intervals
(In] < 1.5 top, |n| < 1.0 middle and |n| < 0.5 bottom). ALICE data
(black) are compared to UAS [29] (red) for |n| < 0.5 and |n| < 1,
at /s = 0.9 TeV, and with CMS [36] (blue) at /s = 0.9 and 7 TeV
for |n| < 0.5. The error bars represent the combined statistical and
systematic uncertainties. The dataat 0.9 and 7 TeV are slightly displaced
horizontally for visibility

Table 13 Mean charged-particle multiplicity and g-moments of the
multiplicity distributions measured by ALICE at /s = 0.9, 2.76, 7 and
8 TeV, for NSD events in three different pseudorapidity intervals. The
uncertainties are combined statistical and systematic uncertainties

An  Moment /s (TeV)
0.9 2.76 7 8

0.5  (Nen) 38+£0.1 4.6+0.2 57+£0.2 58+0.4
Cy 20£0.1 2.0+£0.1 2.1+£0.1 2.1+0.2
C3 53+£04 58+0.7 6.1 +£0.5 6.4+1.0
Cy 19+2 21 +4 23+3 2445
Cs 78 £ 11 91 +23 102 £17 112 £33

1 (Nch) 78+£03 94+04 11604 11.940.7
Cy 1.8£0.1 1.9+£0.1 1.94+0.1 2.0+0.1
C3 43403 49+0.6 53+04 5.6+£0.8
Cy 13£1 16+3 18+2 20+ 4
Cs 48 £7 62+ 16 73+ 12 81 +24

Table 13 continued

An  Moment /s (TeV)
0.9 2.76 7 8
1.5  (Nch) 11.8+£04 142+07 175406 17.8+1.1
Cy 1.7+0.1 1.84+0.1 1.9+0.1 1.94+0.1
C3 39403 45+0.6 50+04 52+0.8
Cy 11+1 1443 16 +2 18+ 4
Cs 366 51+13 64+ 11 70 + 20

Acknowledgements The ALICE Collaboration would like to thank
all its engineers and technicians for their invaluable contributions to the
construction of the experiment and the CERN accelerator teams for the
outstanding performance of the LHC complex. The ALICE Collabora-
tion gratefully acknowledges the resources and support provided by all
Grid centres and the Worldwide LHC Computing Grid (WLCG) collab-
oration. The ALICE Collaboration acknowledges the following funding
agencies for their support in building and running the ALICE detector:
A. 1. Alikhanyan National Science Laboratory (Yerevan Physics Insti-
tute) Foundation (ANSL), State Committee of Science and World Feder-
ation of Scientists (WFES), Armenia; Austrian Academy of Sciences and
Nationalstiftung fiir Forschung, Technologie und Entwicklung, Aus-
tria; Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq), Universidade Federal do Rio Grande do Sul (UFRGS), Finan-
ciadora de Estudos e Projetos (Finep) and Fundacdo de Amparo a
Pesquisa do Estado de Sdo Paulo (FAPESP), Brazil; Ministry of Science
and Technology of China (MSTC), National Natural Science Founda-
tion of China (NSFC) and Ministry of Education of China (MOEC),
China; Ministry of Science, Education and Sport and Croatian Science
Foundation, Croatia; Ministry of Education, Youth and Sports of the
Czech Republic, Czech Republic; The Danish Council for Indepen-
dent ResearchINatural Sciences, the Carlsberg Foundation and Danish
National Research Foundation (DNRF), Denmark; Helsinki Institute of
Physics (HIP), Finland; Commissariat a I’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des Particules
(IN2P3) and Centre National de la Recherche Scientifique (CNRS),
France; Bundesministerium fiir Bildung, Wissenschaft, Forschung und
Technologie (BMBF) and GSI Helmholtzzentrum fiir Schwerionen-
forschung GmbH, Germany; Ministry of Education, Research and Reli-
gious Affairs, Greece; National Research, Development and Innovation
Office, Hungary; Department of Atomic Energy Government of India
(DAE), India; Indonesian Institute of Science, Indonesia; Centro Fermi-
Museo Storico della Fisica e Centro Studi e Ricerche Enrico Fermi
and Istituto Nazionale di Fisica Nucleare (INFN), Italy; Institute for
Innovative Science and Technology, Nagasaki Institute of Applied Sci-
ence (IIST), Japan Society for the Promotion of Science (JSPS) KAK-
ENHI and Japanese Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan; Consejo Nacional de Ciencia (CONA-
CYT) y Tecnologia, through Fondo de Cooperacién Internacional en
Ciencia y Tecnologia (FONCICYT) and Direccién General de Asuntos
del Personal Academico (DGAPA), Mexico; Nationaal instituut voor
subatomaire fysica (Nikhef), Netherlands; The Research Council of
Norway, Norway; Commission on Science and Technology for Sus-
tainable Development in the South (COMSATYS), Pakistan; Pontificia
Universidad Catdlica del Perd, Peru; Ministry of Science and Higher
Education and National Science Centre, Poland; Korea Institute of Sci-
ence and Technology Information and National Research Foundation
of Korea (NRF), Republic of Korea; Ministry of Education and Sci-
entific Research, Institute of Atomic Physics and Romanian National
Agency for Science, Technology and Innovation, Romania; Joint Insti-
tute for Nuclear Research (JINR), Ministry of Education and Science of
the Russian Federation and National Research Centre Kurchatov Insti-
tute, Russia; Ministry of Education, Science, Research and Sport of

@ Springer



33 Page 32 of 39

Eur. Phys. J. C (2017) 77:33

the Slovak Republic, Slovakia; National Research Foundation of South
Africa, South Africa; Centro de Aplicaciones Tecnoldgicas y Desar-
rollo Nuclear (CEADEN), Cubaenergia, Cuba, Ministerio de Ciencia
e Innovacion and Centro de Investigaciones Energéticas, Medioambi-
entales y Tecnoldgicas (CIEMAT), Spain; Swedish Research Council
(VR) and Knut and Alice Wallenberg Foundation (KAW), Sweden;
European Organization for Nuclear Research, Switzerland; National
Science and Technology Development Agency (NSDTA), Suranaree
University of Technology (SUT) and Office of the Higher Education
Commission under NRU project of Thailand, Thailand; Turkish Atomic
Energy Agency (TAEK), Turkey; National Academy of Sciences of
Ukraine, Ukraine; Science and Technology Facilities Council (STFC),
United Kingdom; National Science Foundation of the United States
of America (NSF) and United States Department of Energy, Office of
Nuclear Physics (DOE NP), United States of America.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. ALICE Collaboration, K. Aamodt et al., First proton—proton col-
lisions at the LHC as observed with the ALICE detector: mea-
surement of the charged particle pseudorapidity density at /s =
900 GeV. Eur. Phys. J. C 65, 111-125 (2010). doi:10.1140/epjc/
$10052-009-1227-4. arXiv:0911.5430 [hep-ex]

2. ALICE Collaboration, K. Aamodt et al., Charged-particle multi-
plicity measurement in proton—proton collisions at /s = 0.9 and
2.36 TeV with ALICE at LHC. Eur. Phys. J. C 68, 89-108 (2010).
doi:10.1140/epjc/s10052-010-1339-x. arXiv:1004.3034 [hep-ex]

3. ALICE Collaboration, K. Aamodt et al., Charged-particle multi-
plicity measurement in proton—proton collisions at /s = 7 TeV
with ALICE at LHC. Eur. Phys. J. C 68, 345-354 (2010). doi:10.
1140/epjc/s10052-010-1350-2. arXiv:1004.3514 [hep-ex]

4. ALICE Collaboration, K. Aamodt et al., Strange particle produc-
tion in proton—proton collisions at /s = 0.9 TeV with ALICE
at the LHC. Eur. Phys. J. C 71, 1594 (2011). doi:10.1140/epjc/
$10052-011-1594-5. arXiv:1012.3257 [hep-ex]

5. ALICE Collaboration, B. Abelev et al., Production of charged
pions, kaons and protons at large transverse momenta in pp and
PbPb collisions at ,/snn = 2.76 TeV. Phys. Lett. B 736, 196-207
(2014). arXiv:1401.1250 [nucl-ex]

6. ALICE Collaboration, B. Abelev et al., Multi-strange baryon pro-
duction in pp collisions at /s = 7 TeV with ALICE. Phys.
Lett. B 712, 309-318 (2012). doi:10.1016/j.physletb.2012.05.011.
arXiv:1204.0282 [nucl-ex]

7. ALICE Collaboration, B. Abelev et al., Production of K *(892)0
and ¢(1020) in pp collisions at /s = 7 TeV. Eur. Phys.
J. C 72, 2183 (2012). doi:10.1140/epjc/s10052-012-2183-y.
arXiv:1208.5717 [hep-ex]

8. ALICE Collaboration, J. Adam et al., Measurement of pion, kaon
and proton production in proton—proton collisions at /s = 7 TeV.
Eur. Phys. J. C 75(5), 226 (2015). arXiv:1504.00024 [nucl-ex]

9. R. Glauber, Cross-sections in deuterium at high-energies. Phys.
Rev. 100, 242-248 (1955)

10. R. Glauber, Lectures in Theoretical Physics, vol. 1 (W.E. Britten
and L.G. Dunham, New York, 1959)

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

R.J. Glauber, Quantum optics and heavy ion physics. Nucl.
Phys. A 774, 3-13 (2006). doi:10.1016/j.nuclphysa.2006.06.009.
arXiv:nucl-th/0604021 [nucl-th]

ALICE Collaboration, B. Abelev et al., Centrality determination
of Pb-Pb collisions at \/syy = 2.76 TeV with ALICE. Phys.
Rev. C 88(4), 044909 (2013). doi:10.1103/PhysRevC.88.044909.
arXiv:1301.4361 [nucl-ex]

ALICE Collaboration, B. Abelev et al., Transverse sphericity of pri-
mary charged particles in minimum bias proton—proton collisions
at /s = 0.9, 2.76 and 7 TeV. Eur. Phys. J. C 72, 2124 (2012).
arXiv:1205.3963 [hep-ex]

P. Collins, An Introduction to Regge Theory and High-Energy
Physics (Cambridge University Press, Cambridge, 1977)

V.N. Gribov, The Theory of Complex Angular Momenta. Gri-
bov Lectures on Theoretical Physics (Cambridge University Press,
Cambridge, 2003)

V. Gribov, Strong Interactions of Hadrons at High Energies. Gri-
bov Lectures on Theoretical Physics, Cambridge Monographs on
Farticle Physics, Nuclear Physics and Cosmology, vol. 27. (Cam-
bridge University Press, Cambridge, 2009)

V. Abramowsky, V. Gribov, O. Kancheli, AGK cutting rules. Sov.
J. Nucl. Phys. 18(308), 21 (1974)

A. Kaidalov, The quark-gluon structure of the Pomeron and the
rise of inclusive spectra at high-energies. Phys. Lett. B 116, 459
(1982). doi:10.1016/0370-2693(82)90168-X

A. Kaidalov, M. Poghosyan, Predictions of quark-gluon string
model for pp at LHC. Eur. Phys. J. C 67, 397-404 (2010). doi:10.
1140/epjc/s10052-010-1301-y. arXiv:0910.2050 [hep-ph]

A. Kaidalov, L. Ponomarev, K. Ter-Martirosian, Total cross-
sections and diffractive scattering in a theory of interacting
Pomerons with c,,(0)>1. Sov. J. Nucl. Phys. 44, 468 (1986)

A. Capella, E. Ferreiro, Charged multiplicities in pp and AA colli-
sions at LHC. Eur. Phys. J. C 72, 1936 (2012). doi:10.1140/epjc/
$10052-012-1936-y. arXiv:1110.6839 [hep-ph]

M. Froissart, Asymptotic behavior and subtractions in the Mandel-
stam representation. Phys. Rev. 123, 1053-1057 (1961). doi:10.
1103/PhysRev.123.1053

A. Polyakov, A similarity hypothesis in the strong interactions. 1.
Multiple hadron production in e* e~ annihilation. Sov. Phys. JETP
32,296 (1971)

Z. Koba, H.B. Nielsen, P. Olesen, Scaling of multiplicity distribu-
tions in high-energy hadron collisions. Nucl. Phys. B 40, 317-334
(1972). doi:10.1016/0550-3213(72)90551-2

V. Abramovskii, O. Kancheli, Regge branching and distribution of
hadron multiplicity at high energies. Pisma Zh. Eksp. Teor. Fiz. 15,
559-563 (1972)

A. Kaidalov, K. Ter-Martirosian, Pomeron as quark-gluon strings
and multiple hadron production at SPS collider energies. Phys. Lett.
B 117, 247-251 (1982). doi:10.1016/0370-2693(82)90556- 1
Ames-Bologna-CERN-Dortmund-Heidelberg-Warsaw Collabora-
tion, A. Breakstone et al., Charged multiplicity distribution in p p
interactions at ISR energies. Phys. Rev. D 30, 528 (1984). doi:10.
1103/PhysRevD.30.528

TASSO Collaboration, M. Althoff et al., Jet production and frag-
mentation in e e~ annihilation at 12-GeV to 43-GeV. Z. Phys. C
22, 307-340 (1984). doi:10.1007/BF01547419

UAS Collaboration, R. Ansorge et al., Charged-particle multiplicity
distributions at 200 GeV and 900 GeV center-of-mass energy. Z.
Phys. C 43, 357 (1989). doi:10.1007/BF01506531

T. Chou, C.N. Yang, Remarks on multiplicity fluctuations and KNO
scaling in pp collider experiments. Phys. Lett. B 116, 301 (1982).
doi:10.1016/0370-2693(82)90348-3

UAS Collaboration, K. Alpgard et al., Charged particle multiplic-
ities at the CERN SPS collider. Phys. Lett. B 107, 315 (1981).
doi:10.1016/0370-2693(81)90838-8



Eur. Phys. J. C (2017) 77:33

Page 33 0f 39 33

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

UAL1 Collaboration, G. Arnison et al., Charged particle multi-
plicity distributions in proton anti-proton collisions at 540 GeV
center-of-mass energy. Phys. Lett. B 123, 108 (1983). doi: 10.1016/
0370-2693(83)90969-3

C. Kam, Y. Lim, K. Phua, On approximate KNO scaling at pp
collider. Z. Phys. C 26, 381-383 (1984). doi:10.1007/BF01452563
CMS Collaboration, R. Rougny, Charged particle multiplicities at
Vs = 0.9 TeV, 2.36 TeV, and 7 TeV with the CMS detector at
LHC. PoS ICHEP2010, 358 (2010)

CMS Collaboration, V. Khachatryan et al., Transverse-momentum
and pseudorapidity distributions of charged hadrons in pp col-
lisions at 4/s = 7 TeV. Phys. Rev. Lett. 105, 022002 (2010).
arXiv:1005.3299 [hep-ex]

CMS Collaboration, V. Khachatryan et al., Charged particle mul-
tiplicities in pp interactions at /s = 0.9, 2.36, and 7 TeV.
JHEP 1101, 079 (2011). doi:10.1140/epjc/s10052-009-1227-4.
arXiv:1011.5531 [hep-ex]

ATLAS Collaboration, G. Aad et al., Charged-particle multiplic-
ities in pp interactions measured with the ATLAS detector at the
LHC. New J. Phys. 13, 053033 (2011). doi:10.1088/1367-2630/
13/5/053033. arXiv:1012.5104 [hep-ex]

LHCb Collaboration, R. Aaij, B. Adeva et al., Measurement of
charged particle multiplicities and densities in pp collisions at
/s = 7 TeV in the forward region. Eur. Phys. J. C 74(5) (2014).
doi:10.1140/epjc/s10052-014-2888-1

ALICE Collaboration, K. Aamodt et al., The ALICE experi-
ment at the CERN LHC. JINST 3, S08002 (2008). doi:10.1088/
1748-0221/3/08/S08002

J. Alme, Y. Andres, H. Appelshauser, S. Bablok, N. Bialas et al.,
The ALICE TPC, a large 3-dimensional tracking device with
fast readout for ultra-high multiplicity events. Nucl. Instrum.
Methods A 622,316-367 (2010). doi: 10.1016/j.nima.2010.04.042.
arXiv:1001.1950 [physics.ins-det]

ALICE Collaboration, E. Abbas et al., Performance of the
ALICE VZERO system. JINST 8, P10016 (2013). doi:10.1088/
1748-0221/8/10/P10016. arXiv:1306.3130 [nucl-ex]

R. Santoro, G. Aglieri Rinella, F. Antinori, A. Badala, F. Blanco
et al.,, The ALICE silicon pixel detector: readiness for the first
proton beam. JINST 4, P03023 (2009)

B. Alessandro, S. Antinori, R. Bala, G. Batigne, S. Beole et al.,
Operation and calibration of the silicon drift detectors of the
ALICE experiment during the 2008 cosmic ray data taking period.
JINST 5, P04004 (2010). doi:10.1088/1748-0221/5/04/P04004.
arXiv:1001.3088 [physics.ins-det]

ALICE Collaboration, G. Nooren, Experience with the silicon strip
detector of ALICE. PoS RD09, 009 (2009)

ALICE Collaboration, A. Rossi, ALICE alignment, tracking and
physics performance results. PoS VERTEX2010, 017 (2010).
arXiv:1101.3491 [physics.ins-det]

M. Krivda, L. Barnby, M. Bombara, D. Evans, P. Jones et al., The
ALICE trigger system performance for p-p and Pb-Pb collisions.
JINST 7, C01057 (2012). doi:10.1088/1748-0221/7/01/C01057
ALICE Collaboration, B. Alessandro et al., ALICE: physics perfor-
mance report, volume II. J. Phys. G 32, 1295-2040 (2006). doi:10.
1088/0954-3899/32/10/001

ALICE Collaboration, B.B. Abelev et al., Performance of the
ALICE experiment at the CERN LHC. Int. J. Mod. Phys.
A 29, 1430044 (2014). doi:10.1088/1748-0221/8/10/P10016.
arXiv:1402.4476 [nucl-ex]

ALICE Collaboration, B. Abelev et al., Measurement of inelastic,
single- and double-diffraction cross sections in proton—proton col-
lisions at the LHC with ALICE. Eur. Phys. J. C 73(6), 2456 (2013).
doi:10.1140/epjc/s10052-013-2456-0. arXiv:1208.4968 [hep-ex]
PZ. Skands, The perugia tunes, in Proceedings, st Interna-
tional Workshop on Multiple Partonic Interactions at the LHC
(MPI08), Perugia, Italy, 27-31 October 2008 (2009), pp. 284-297.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

arXiv:0905.3418 [hep-ph]. http://Iss.fnal.gov/cgi-bin/find_paper.
pl?conf-09-113

T. Sjostrand, High-energy physics event generation with PYTHIA
5.7 and JETSET 7.4. Comput. Phys. Commun. 82, 74-90 (1994).
doi:10.1016/0010-4655(94)90132-5

T. Sjostrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and
manual. JHEP 0605, 026 (2006). doi:10.1088/1126-6708/2006/
05/026. arXiv:hep-ph/0603175 [hep-ph]

R. Engel, J. Ranft, S. Roesler, Hard diffraction in hadron hadron
interactions and in photoproduction. Phys. Rev. D 52, (1995) 1459—
1468. doi:10.1103/PhysRevD.52.1459. arXiv:hep-ph/9502319
[hep-ph]

S. Roesler, R. Engel, J. Ranft, The Monte Carlo event generator
DPMIET-IIL in Advanced Monte Carlo for Radiation Physics, Par-
ticle Transport Simulation and Applications. Proceedings, Confer-
ence, MC2000, Lisbon, Portugal, 23-26 October 2000, pp. 1033—
1038 (2000). arXiv:hep-ph/0012252 [hep-ph]

A.B. Kaidalov, M.G. Poghosyan, Description of soft diffraction in
the framework of reggeon calculus: Predictions for LHC, in Elastic
and Diffractive Scattering. Proceedings, 13th International Con-
ference, Blois Workshop, CERN, Geneva, Switzerland, 29 June-3
July 2009, pp. 91-98 (2009). arXiv:0909.5156 [hep-ph]

ALICE Collaboration, K. Aamodt et al., Charged-particle mul-
tiplicity density at mid-rapidity in central Pb—Pb collisions at
J/SNN = 2.76 TeV. Phys. Rev. Lett. 105, 252301 (2010). doi:10.
1103/PhysRevLett.105.252301. arXiv:1011.3916 [nucl-ex]

J.E. Grosse-Oetringhaus, Measurement of the charged-particle
multiplicity in proton—proton collisions with the ALICE detector.
Ph.D. thesis, Munster U. (2009)

G. Cowan, Statistical Data Analysis (Oxford University Press,
Oxford, 1998)

ALICE Collaboration, B. Abelev et al., Neutral pion and 7 meson
production in proton—proton collisions at /s = 0.9 TeV and /s =
7 TeV. Phys. Lett. B 717, 162—172 (2012). doi:10.1016/j.physletb.
2012.09.015. arXiv:1205.5724 [hep-ex]

ALICE Collaboration, K. Aamodt et al., Transverse momentum
spectra of charged particles in proton—proton collisions at \/s =
900 GeV with ALICE at the LHC. Phys. Lett. B 693, 53—68 (2010).
doi:10.1016/j.physletb.2010.08.026. arXiv:1007.0719 [hep-ex]
ALICE Collaboration, B.B. Abelev et al., Energy dependence of
the transverse momentum distributions of charged particles in pp
collisions measured by ALICE. Eur. Phys. J. C73(12),2662 (2013).
doi:10.1140/epjc/s10052-013-2662-9. arXiv:1307.1093 [nucl-ex]
G. D’Agostini, A multidimensional unfolding method based on
Bayes’ theorem. Nucl. Instrum. Methods A 362, 487498 (1995).
doi:10.1016/0168-9002(95)00274-X

A. Hocker, V. Kartvelishvili, SVD approach to data unfolding.
Nucl. Instrum. Methods A 372, 469-481 (1996). doi:10.1016/
0168-9002(95)01478-0. arXiv:hep-ph/9509307 [hep-ph]

M. Poghosyan, Two remarks about UAS5 published data on
general characteristics of pp collisions at /s = 900 GeV.
arXiv:1005.1806 [hep-ph]

T. Pierog, I. Karpenko, J.M. Katzy, E. Yatsenko, K. Werner, EPOS
LHC: test of collective hadronization with data measured at the
CERN Large Hadron Collider. Phys. Rev. C 92(3), 034906 (2015).
arXiv:1306.0121 [hep-ph]

T. Sjostrand, S. Mrenna, P.Z. Skands, A brief introduction to
PYTHIA 8.1. Comput. Phys. Commun. 178, 852-867 (2008).
doi:10.1016/j.cpc.2008.01.036. arXiv:0710.3820 [hep-ph]

R. Corke, T. Sjostrand, Interleaved parton showers and
tuning prospects. JHEP 1103, 032 (2011). doi:10.1007/
JHEP03(2011)032. arXiv:1011.1759 [hep-ph]

UAS Collaboration, G. Alner et al., Scaling of pseudorapidity dis-
tributions at c.m. energies up to 0.9-TeV. Z. Phys. C 33, 1-6 (1986).
doi:10.1007/BF01410446

@ Springer



33 Page 34 of 39 Eur. Phys. J. C (2017) 77:33

69. CMS Collaboration, V. Khachatryan et al., Pseudorapidity distri- 78. M. Csanad, T. Csorgo, Initial energy density of pp collisions at the

bution of charged hadrons in proton—proton collisions at ﬁ = LHC, in Proc. EDS Blois 2013, Saariselkd, Finnland (2013), p. 53.
13 TeV. Phys. Lett. B 751, 143-163 (2015). arXiv:1507.05915 arXiv:1307.2082 [hep-ph]
[hep-ex] 79. P. Ghosh, Negative binomial multiplicity distribution in proton-
70. UA1 Collaboration, C. Albajar et al., A study of the general char- proton collisions in limited pseudorapidity intervals at LHC up to
acteristics of pp collisions at /s = 0.2 TeV to 0.9 TeV. Nucl. Phys. /s = 7 TeV and the clan model. Phys. Rev. D 85, 054017 (2012).
B 335, 261 (1990). doi:10.1016/0550-3213(90)90493-W doi:10.1103/PhysRevD.85.054017. arXiv:1202.4221 [hep-ph]
71. STAR Collaboration, B. Abelev et al., Systematic measurements of 80. A. Giovannini, L. Van Hove, Negative binomial multiplicity distri-
identified particle spectra in pp, d* Au and Au+Au collisions from butions in high-energy hadron collisions. Z. Phys. C 30,391 (1986).
STAR. Phys. Rev. C 79, 034909 (2009). doi:10.1103/PhysRevC. doi:10.1007/BF01557602
79.034909. arXiv:0808.2041 [nucl-ex] 81. G. Fowler, E. Friedlander, R. Weiner, G. Wilk, Possible manifesta-
72. CDF Collaboration, F. Abe et al., Pseudorapidity distributions of tion of quark-gluon plasma in multiplicity distributions from high-
charged particles produced in pp interactions at /s = 630 GeV and energy reactions. Phys. Rev. Lett. 57, 2119 (1986)
1800 GeV. Phys. Rev. D 41, 2330 (1990). doi:10.1103/PhysRevD. 82. A. Giovannini, R. Ugoccioni, Possible scenarios for soft and
41.2330 semihard components structure in central hadron hadron colli-
73. PHOBOS Collaboration, R. Nouicer et al., Pseudorapidity dis- sions in the TeV region. Phys. Rev. D 59, 094020 (1999). doi:10.
tributions of charged particles in d*Au and pp collisions at 1103/PhysRevD.59.094020, doi:10.1103/PhysRevD.69.059903.
JSNN = 200 GeV. J. Phys. G 30, S1133-S1138 (2004). doi:10. arXiv:hep-ph/9810446 [hep-ph]
1088/0954-3899/30/8/075. arXiv:nucl-ex/0403033 [nucl-ex] 83. T. Alexopoulos, E. Anderson, N. Biswas, A. Bujak, D. Car-
74. Aachen-CERN-Heidelberg-Munich Collaboration, W. Thome mony et al., The role of double parton collisions in soft hadron
et al., Charged-particle multiplicity distributions in pp collisions interactions. Phys. Lett. B 435, 453-457 (1998). doi:10.1016/
at ISR energies. Nucl. Phys. B 129, 365 (1977). doi:10.1016/ S0370-2693(98)00921-6
0550-3213(77)90122-5 84. W.D. Walker, Multiparton interactions and hadron structure. Phys.
75. UAS Collaboration, K. Alpgard et al., Comparison of pp and pp Rev. D 69, 034007 (2004). doi:10.1103/PhysRevD.69.034007
interactions at /s = 53 GeV. Phys. Lett. B 112, 183 (1982). doi:10. 85. J. Bjorken, Highly relativistic nucleus—nucleus collisions: the cen-
1016/0370-2693(82)90325-2 tral rapidity region. Phys. Rev. D 27, 140-151 (1983). doi: 10.1103/
76. M. Ambrosio, G. Anzivino, G. Barbarino, G. Carboni, V. Cavasinni, PhysRevD.27.140
T. Del Prete, P. Grannis, G. Kantardjian, D. L. Owen, M. Morganti 86. L.McLerran, RHIC and high energy density matter. Annales Henri
et al., Total and elastic cross-sections and global event characteris- Poincaré 4, S229-S242 (2003). doi:10.1007/s00023-003-0918-x
tics in pp and pp collisions at /s = 53 GeV, in Proton-Antiproton 87. ALICE Collaboration, B. Abelev et al., Multiplicity dependence of
Collider Physics-1981, vol. 85. (Madison, 1981), pp. 602-625 the average transverse momentum in pp, p—Pb, and Pb—Pb colli-
77. UAS Collaboration, G. Alner et al., UAS: a general study of proton— sions at the LHC. Phys. Lett. B 727, 371-380 (2013). doi:10.1016/
antiproton physics at /s = 546 GeV. Phys. Rep. 154, 247-383 j-physletb.2013.10.054. arXiv:1307.1094 [nucl-ex]

(1987). doi:10.1016/0370-1573(87)90130-X

ALICE Collaboration

J. Adam®, D. Adamovd®?, M. M. Aggarwal®’, G. Aglieri Rinella®®, M. Agnello'!?, N. Agrawal*®, Z. Ahammed'3?,
I. Ahmed!'%,S. U. Ahn®8,S. Aiola'3%, A. Akindinov®,S. N. Alam'3?, D. Aleksandrov®®, B. Alessandro!!?, D. Alexandre!'?!,
R. Alfaro Molina®, A. Alici'>!%4, A. Alkin®, J. R. M. Almaraz'!®, J. Alme®®, T. Alt*3, S. Altinpinar!®, 1. Altsybeev!3!,
C. Alves Garcia Prado'?, C. Andrei’®, A. Andronic®®, V. Anguelov®, J. Anielski**, T. Anti¢i¢®’, F. Antinori'??,
P. AntoniolilO4, L. Aphecetche113 , H. Appelsh'aiuser53, S. Arcellizs, R. Arnaldi“o, 0. W. Arnold®”%2, 1. C. Arsene??,
M. Arslandok®3, B. Audurier!!3, A. Augustinus36, R. Averbeck®®, M. D. Azmi!®, A.Badalal®®, Y. W. Baek*+%7,
S. Bagnasco“o, R. Bailhache®3, R. Bala®®, A. Baldisseri!®, R. C. Baral®!, A. M. Barbano?’, R. Barbera?®, F. Barile?3,
G. G. Barnafoldi'®®, L.S. Barnby!®!, V. Barret’’, P.Bartalini’, K. Barth®®, J. Bartke'!”, E.Bartsch®>, M. Basile®®,
N. Bastid’%, S. Basu'?2, B. Bathen’*, G. Batigne1 13 A. Batista Camejo70, B. Batyunya“, P.C. Batzingzz, I. G. Bearden®?,
H. Beck?, C.Bedda'!, N. K. Behera®, 1. Belikov?, F. Bellini’®, H. Bello Martinez?, R. Bellwied!??, R. Belmont!'3*,
E. Belmont-Moreno®, V. Belyaev75, G. Bencedi'®, S.Beole?’, 1. Berceanu’, A.Bercuci’®, Y. Berdnikov®,
D. Berenyi'®, R. A. Bertens®’, D. Berzano®®, L. Betev®®, A.Bhasin®’, I. R. Bhat®*, A. K. Bhati®’, B. Bhattacharjee®,
J.Bhom'?8, L. Bianchi'??, N. Bianchi’?, C.Bianchin’’-!3*  J. Biel¢ik*®, J. Bieléikova®3, A. Bilandzic®®, R.Biswas*,
S.Biswas’®, S.Bjelogrlic®’, J.T. Blair''®, D.Blau”®, C.Blume’?, F Bock®>7* ~A.Bogdanov’>, H. Bgggild®,
L. Boldizsar!3®>, M. Bombara*!, J. Book®3, H. Borel!®>, A.Borissov?®, M. Borri%%'24, F. Bossi®, E. Botta?’,
S. Béttgersz, C. Bourjaugo, P. Braun-Munzinger%, M. Bregant120, T. Breitner’?, T. A. Broker’3, T. A. Browning94,
M. Broz*?, E. J. Brucken®®, E. Bruna'!°, G. E. Bruno®?, D. Budnikov®¢, H. Buesching53, S. Bufalino?’-3°, P. Buncic?°,
0. Busch?®128 7 Buthelezi®, J.B. Butt!®, J. T. Buxton??, D. Caffarri’®, X.Cai’, H. Caines!3°, L. Calero Diaz’?,
A. Caliva®’, E. Calvo Villar!%2, P. Camerini?®, F. Carena’®, W. Carena3®, F. Carnesecchi®8, J. Castillo Castellanos!,
A.J. Castro!?>, E.A.R.Casula®®, C. Ceballos Sanchez®, J. Cepila40, P. Cerello'!?, J. Cerkala'’®, B. Changm,
S. Chapeland®®, M. Chartier'>*,  J. L. Charvet'®>, S. Chattopadhyay'3?,  S. Chattopadhyay!?®, V. Chelnokov?,

@ Springer



Eur. Phys. J. C (2017) 77:33 Page 350f39 33

M. Cherney®®, C. Cheshkov'??, B. Cheynis'?, V. Chibante Barroso®®, D. D. Chinellato!?!, S.Cho>’, P. Chochula®,
K. Choi”, M. Chojnacki®’, S. Choudhury!3?, P. Christakoglou®!, C.H. Christensen®”, P. Christiansen®*, T. Chujo'?®,
S.U. Chung®, C.Cicalo!®, L. Cifarelli'>?%, F. Cindolo'™, J.Cleymans®, F. Colamaria’®, D. Colella’3-36-?,
A. C011u25’74, M. Colocci28, G. Conesa Balbastre”, Z. Conesa del Valle® 1 M. E. Connorsl36’b, J. G. Contreras40,
T. M. Cormier®*, Y. Corrales Morales!!, I. Cortés Maldonado?, P. Cortese®2, M. R. Cosentino!2?, F. Costa3®, P. Crochet’?,
R. Cruz Albino!!, E. Cuautle®®, L.Cunqueiro®®, T.Dahms*’-?2, A.Dainese'”’, A.Danu®?, D.Das!'®, I. Das!-190,
S. Das*, A.Dash!2l79, S Dash*®, S.De!?9, A. De Caro'?3!, G. de Cataldo'®®, C.de Conti!??, J. de Cuveland®?,
A. De Falco®, D. De Gruttola!?3!, N. De Marco'!?, S. De Pasquale31, A. Deisting%’%, A. Deloff”’, E. Dénes!352
C. Deplanogl, P. Dhankher*®, D.DiBari®3, A.Di Mauro®®, P.DiNezza’?, M. A. Diaz Corchero!?, T. Dietel®,
P. Dillenseger’®, R. Divia®*®, @. Djuvsland!®, A. Dobrin®”-8!, D. Domenicis Gimenez!?°, B. Donigus>>, O. Dordic??,
T. Drozhzhova®?, A. K. Dubey132, A. Dubla®’, L. Ducroux!'3°, P. Dupieux70, R.J. Ehlers!3¢, D. Elial®, H. Engelsz,
E. Epplel36, B. Erazmus“3, 1. Erdemir53, E Erhardtlzg, B. EspagnonSI, M. Estienne“3, S. Esumilzs, J. Eum95,
D. Evans!®', S. Evdokimov!!!, G. Eyyubova40, L. Fabbietti®”2, D. Fabris'%?, J. Faivre’!, A. Fantoni’?, M. Fasel’?,
L. Feldkamp54, A. Feliciello!!?, G. Feofilov!3!, J. Ferencei®, A.Fernindez Téllez2, E. G. Ferreiro!?, A. FerrettiZ’,
A. Festanti®?, V. J. G. Feuillard!>-7°, J. Figiel“7, M. A. S. Figuered0120’124, S. Filchagin98, D. Finogeev56, F. M. Fionda®,
E. M. Fiore33, M. G. Fleck®®, M. Floris°, S. Foertsch®®, P. Foka®®, S. Fokin®®, E. Fragiacomolog, A. Francescon30-3¢,
U. Frankenfeld®®, U. Fuchs>°, C. Furget71, A. Furs®®, M. Fusco Girard!,J. J. Gaardh(bjeso, M. Gagliard127, A. M. Gagoloz,
M. Gallio?’”, D.R. Gangadharan74, P. Ganoti®®®, C.Gao’, C. Garabatos’®, E. Garcia-Solis'?, C. Gargiulo36,
P. Gasik’”%2, E.F. Gauger“g, M. Germain!!3, A. Gheata’®, M. Gheata3®-%2, P. Ghosh!?2, S. K. Ghosh*, P. Gianotti’2,
P. Giubellino®®, P. Giubilato®®, E. Gladysz-Dziadus!'7, P. Glissel”>, D. M. Goméz Coral®*, A. Gomez Ramirez>?,
V. Gonzalezlo, P. Gonzélez-ZamoralO, S. Gorbunov43, L. Gorlich!!7, s, Gotovac“6, V. Grabski64, 0. A. Grachov136,
L. K. Graczykowski133, K. L. Graham!®', A. Grelli®?, A. Grigoras%, C. Grigoras36, V. Grigoriev75, A. Grigoryanl,
S. Grigoryanﬁé, B. Grinyov3 . N.Grion!®, J. M. Gronefeld®®, I.F Grosse-Oetringhaus36, J-Y. Grossiord!3?,
R. Grosso?®, F. Guber’®, R. Guernane’!, B. Guerzoni?®, K. Gulbrandsen3?, T. Gunji127, A. Guptago, R. Guptago,
R. Haake>*, @. Haaland!®, C. HadjidakisSI, M. Haiduc®?, H. Hamagaki127, G. Hamar!3%, J. W. Harris!3®, A. Harton!3,
D. Hatzifotiadou'%, S. Hayashi127, S. T. Heckel®3, M. Heide>*, H. Helstrup38, A. Herghelegiu78, G. Herrera Corral'!,
B. A. Hess®>, K. F. Hetland®®, H. Hillemanns3®, B. Hippolyte55 ,  R.Hosokawa!'?®, P Hristov®®, M. Huangls,
T. J. Humanic®®, N.Hussain®, T.Hussain!®, D. Hutter*}, D.S. Hwang?', R. Ilkaev’®, M. Inaba!?®, M. Ippolitov’>-%°,
M. Irfan'®, M. Ivanov%, V. Ivanov®, V. Izucheev!!!, A. JachotkowskiZ?, P. M. Jacobs’#, M. B. Jadhav*®, S. Jadlovska!l?,
J. Jadlovsky>®-'13, C. Jahnke'??, M. J. Jakubowska'??, H. J. Jang®®, M. A. Janik'33, P. H. S. Y. Jayarathna'??, C. Jena®,
S. Jenal!?2, R. T. Jimenez Bustamante”®, P. G. Jones!?!, H. Jung44, A. Jusko!9!, P. Kalinak>®, A. Kalweit3°, J. Kamin®?,
J. H. Kang137, V. Kaplin75, S. Kar!32, A. Karasu Uysa169, 0. Karavichev®®, T. Karavicheva®®, L. Karayan93 96,
E. Karpechev56, U. Kebschull®?, R. Keidel'*®, D.L.D. Keijdener57, M. Keil’®, M. Mohisin Khan!®, P. Khan!0,
S. A. Khan'??2, A. Khanzadeev®, Y. Kharlov!'!, B. Kileng®®, B. Kim'?*, D. W. Kim*, D. J. Kim'?*, D. Kim'37, H. Kim'?7,
J.S. Kim*, M. Kim*, M. Kim'¥, S. Kim?!, T. Kim'%’, S. Kirsch*?, 1. Kisel*}, S. Kiselev>®, A. Kisiel'*3, G. Kiss!®,
J. L. Klay6, C. Klein3, J. Klein?®93, C. Klein-Bésing54, S. Klewin®3, A. Kluge36, M. L. Knichel®3, A.G. Knospells,
T. Kobayashilzg, C. Kobdaj“4, M. Kofarag036, T. Kollegger43 96 A, Kolojvarim, V. Kondratiev!3!, N. Kondratyeva75,
E. Kondratyuk“l, A. KonevskikhSG, M. Kopcik115 , M. Kour?°, C. Kouzinopoulos36, 0. Kovalenko’?, V. Kovalenko!3!,
M. Kowalski!'”, G. Koyithatta Meethaleveedu®, I. Kralik>®, A. Kravédkova*!, M. Kretz*, M. Krivda>®-19!| F. Krizek®3,
E. Kryshen36, M. Krzewicki®®, A. M. Kubera?®, V. Kucera®?, C.Kuhn®®, P.G. Kuijer81, A. Kumar”, J. Kumar*S,
L. Kumar®’, S. Kumar*®, P. Kurashvili’’, A. Kurepin®®, A.B. Kurepin®®, A. Kuryakin’®, M. J. Kweon®’, Y. Kwon'3’,
S. L. La Pointe!1%, P. La Rocca?®, P. Ladron de Guevara!l, C. Lagana Fernandes!2%, I. Lakomov3°, R. Langoy42, C. Lara®?,
A. Lardeux!d, A. Lattuca?’, E. Laudi®®, R. Lea?®, L. Leardini®?, G. R. Lee!'®!, S. Lee!?’, F. Lehas®!, R. C. Lemmon®?,
V. Lenti'®, E.Leogrande®’, I.Leén Monzén''®, H. Ledn Vargas®, M. Leoncino®’, P.Lévai'®, S.Li’"7%, X.Li'4,
J. Lien*?, R. Lietava!®!, S. Lindal??, V. Lindenstruth®}, C. Lippmann®®, M. A. Lisa?’, H. M. Ljunggren®*, D. F. Lodato’’,
P.I. Loenne'®, V. Loginov”, C.Loizides’™, X.Lopez’®, E.Lé6pez Torres”, A.Lowe!®, P. Luettig>®>, M. Lunardon’,
G. Lupare11026, A. Maevskaya56, M. Mager36, S. Mahajango, S. M. Mahmood??, A. Maire®>, R.D. Majka13°,
M. Malaevgs, 1. Maldonado Cervantes63, L. Malinina“’c, D. Mal’KeVichSS, P Malzacher%, A. Mamonovgg, V. Mankogg,
F. Manso’®, V. Manzari3®:193, M. Marchisone?”:95126 J Mares®, G.V, Margagliottizﬁ, A. MargottilO4, J. Margutti57,
A. Marin®®, C. Markert!18, M. Marquard53 , N. A.Martin®, J. Martin Blanco!!3, P. Martineng036, M. L. Martinez?2,
G. Martinez Garcia!l3, M. Martinez Pedreira®®, A. Mas!?9, S. Masciocchi®®, M. Masera?’, A. Masoni'®®, L. Massacrier!!3,
A. Mastroserio®>, A. Matyja'!7, C. Mayer!!7, J. Mazer'®>, M. A. Mazzoni!?®, D. Mcdonald'??, F. Meddi®*, Y. Melikyan’>,
A. Menchaca-Rocha®, E.Meninno®!, J. Mercado Pérez®3, M. Meres®®, Y. Miake!'?®, M. M. Mieskolainen?°,

@ Springer



33 Page 36 of 39 Eur. Phys. J. C (2017) 77:33

K. MikhaylovSS’“’, L. Milano3®, J. Milosevic??, L. M. Minervini3-193, A. Mischke®’, A. N. Mishra*®, D. Miskowiec?®,
J. Mitral32, C. M. Mitu®?, N.Mohammadi®’, B. Mohanty79’l32, L. Molnar>-!13) L. Montafio Zetina!!, E. Montes!?,
D. A. Moreira De G0d0y54’“3, L.A.P Morenoz, S. Morett030, A. Morreale“3, A. Morsch36, V. Muccifora72,
E. Mudnic!!'®, D. Miihlheim®*, S. Muhuri!32, M. Mukherjeel32, J.D. Mulliganl36, M. G. Munhoz!?°, R. H. Munzer’?%7,
S. Murray65, L. Musa3®, J. Musinskysg, B. Naik*8, R. Nair’’, B. K. Nandi*®, R. Nania!®, E. Nappi103, M. U. Narul®,
H. Natal da Luz!'?°, C. Nattrass'?®, K. Nayak79, T. K. Nayak132, S. Nazarenko®®, A. Nedosekin®®, L. Nellen®,
F.Ng'?2, M. Nicassio?®, M. Niculescu®, J. Niedziela’®, B.S. Nielsen®®, S.Nikolaev?®, S.Nikulin®®, V. Nikulin®,
F. Noferini!%!1%*, P. Nomokonov®®, G. Nooren®’, J. C. C. Noris2, J. Norman'?*, A. Nyanin99, J. Nystrandlg, H. Oeschler®?,
S.Oh!3, S K.Oh®, A.Ohlson®®, A.Okatan®, T.Okubo*’, L.Olah'®, J. Oleniacz'??, A.C. Oliveira Da Silva'??,
M. H. Oliver!3°, J. Onderwaater®®, C. Oppedisano“o, R. Orava®®, A. Ortiz Velasquez“, A. Oskarsson*, J. Otwinowski!!7,
K. Oyama7°’93 , M. Ozdemir?, Y. Pachmayer%, P. Pagan031, G. Pai¢®3, S.K.Pal'32, J Pan!** A.K Pandey48,
P. Papcun“s, V. Papikyanl, G. S. Pappalardol%, P. Pareek49, W.J. Park%, S. Parmar87, A. Passfeld54, V. PaticchiolOS,
R. N. Patra!32, B.Paul!®, T. Peitzmann®’, H. Pereira Da Costa!®, E. Pereira De Oliveira Filho!2°, D. Peresunko’>"?,
C. E. Pérez Lara8!, E. Perez Lezama>3, V. Peskov>?, Y. Pestov®, V. Petracek??, V. Petrov!ll, M. Petrovici’8, C. Petta??,
S. Piano'%?, M. Pikna®®, P. Pillot!!3, O. Pinazza3%:104 1. Pinskylzz, D. B. Piyarathna122, M. Pt oskori’#, M. Planinic!?®,
J. Pluta!33, S. Pochybova135, P. L. M. Podesta-Lerma'!®, M. G. Poghosyan84’86, B. Polichtchouk!!!, N. Poljaklzg,
W. Poonsawat''#, A. Pop’®, S. Porteboeuf-Houssais’?, J. Porter’*, I. Pospisil®3, S.K. Prasad*, R.Preghenella’®!04,
F. Prino!'%, C. A. Pruneau'?*, 1. Pshenichnov>®, M. Puccio?’, G.Puddu®, P.Pujahari'®*, V.Punin®®, J. Putschke'3*,
H. Qvigstad®?, A.Rachevski!?’, S.Raha®, S.Rajput®, J.Rak'??, A.Rakotozafindrabe!®, L.Ramello’?, F. Rami®,
R. Raniwala®', S.Raniwala®!, S.S. Réséinen“, B. T. Rascanu®®, D.Rathee?’, K.F Read®!%5, K. Redlich?’,
R.J.Reed®, A.Rehman'®, P. Reichelt®, F. Reidt®>*®, X.Ren’, R.Renfordt®>, A.R.Reolon’?, A.Reshetin®,
J.-P. Revol!2, K. Reygers%, V. Riabov®, R. A. Ricci’®, T. Richert>*, M. Richter?2, P. Riedler®, W. Riegler36, F. Riggizg,
C. Ristea®®, E.Rocco®’, M. Rodriguez Cahuantzi>!!, A. Rodriguez Mansod!, K. Rged??, E. Rogochaya66, D. Rohr®3,
D. Réhrich!'®, R. Romita'?*, F. Ronchetti’®72, L. Ronflette!'3, P. Rosnet’?, A.Rossi’?%, F. Roukoutakis®®, A.Roy*’,
C.Roy>, P.Roy'® A.J. Rubio Montero'®, R.Rui’®, R.Russo?’, E.Ryabinkin?®, Y.Ryabov®, A.Rybicki'l?,
S. Sadovsky'!!, K. Safaiik’®, B. Sahlmuller’?, P. Sahoo*®, R. Sahoo*’, S. Sahoo®!, P. K. Sahu®!, J. Saini'32, S. Sakai’?,
M. A. Saleh!3*, J. Salzwedel?0, S. Sambyalgo, V. Samsonov®®, L. Sandor®®, A.Sandoval®, M. Sano'?%, D. Sarkar!'32,
E. Scapparonelm, F. Scarlassara®®, C. Schiaua’®, R. Schicker”®, C.Schmidt®®, H.R. Schmidt®>, S. Schuchmann’3,
J. Schukraft36, M. Schulc®, T. Schuster!3°, Y. Schutz36’“3, K. Schwarz?®, K. Schweda%, G. Scioli?®, E. Scomparin“o,
R. Scott!?® , M. éeféfk‘“, J.E. Seger86, Y. Sekiguchil27, D. Sekihata47, 1. Selyuzhenkov%, K. Senosi® , S. Senyuk0V3’36,
E. Serradilla!®®*, A. Sevcenco®, A. Shabanov®®, A. Shabetai!!®, O. Shadura®, R. Shahoyan36, A. Shangaraev“l,
A. Sharma®®, M. Sharma®®, M. Sharma®®, N. Sharma!?®, K. Shigakj47, K. Shtejer9’27, Y. Sibiriak®®, S. Siddhanta!%?,
K. M. Sielewicz®®, T. Siemiarczuk’’, D. Silvermyr3*84, C. Silvestre’!, G. Simatovic'?’, G. Simonetti*®, R. Singaraju'3?,
R. Singh”, S. Singha’®132, V. Singhal'?, B. C. Sinha'3?, T. Sinha!%, B. Sitar®®, M. Sitta’?, T. B. Skaali’?, M. Slupecki'?3,
N. Smirnov!3°, R.J. M. Snelling557, T. W. Snellman!?3, C. S¢gaard34, J. Song95, M. Song137, Z. Song7, F. Soramel3°,
S. Sorensen'?, F. S0zzi”®, M. Spacek*’, E. Spiriti’?, I. Sputowska!!”, M. Spyropoulou-Stassinaki®®, J. Stachel”>, 1. Stan®?,
G. Stefanek’”’, E. Stenlund®*, G. Steyn(’S, J. H. Stiller”®, D. Stocco''3, P. Strmen®, A. A.P. Suaide!?°, T. Sugitate47,
C. Suire’!, M. Suleymanov“’, M. Suljicz6’a, R. Sultanov’8, M. Sumbera®, A. Szabo®, A. Szanto de Toledolzo’i,
1. Szarka39, A. Szczepankiewicz36, M. Szymanski133 , U. Tabassamm, J. Takahashi121, G.J. Tambavels, N. Tanakalzg,
M. A. Tangar033, M. Tarhini®!, M. Tariqlg, M. G. Tarzila’®, A. Tauro°, G. Tejeda Mufioz2, A. Telesca’®, K. Terasaki'?’,
C. Terrevoli®®, B. Teyssier!3?, J. Thider’*, D. Thomas!'®, R. Tieulent'*?, A.R. Timmins'*2, A. Toia>3, S. Trogolo®’,
G. Trombetta®®, V. Trubnikov®, W. H. Trzaska'?3, T. Tsuji'?’, A. Tumkin®®, R. Turrisi!?’, T. S. Tveter??, K. Ullaland'®,
A. Uras'30 G. L. Usai®®, A. Utrobicic!?®, M. Vajzer83, M. Vala®?, L. Valencia Palomo’?, S. Vallero?’, J. Van Der Maarel®”,
J. W. Van Hoorne36, M. van Leeuwen57, T. Vanat33 , P. Vande Vyvre36, D. Vargal35, A. Vargasz, M. Vargyas123, R. Varma48,
M. Vasileiou®8, A. Vasiliev??, A. Vauthier’!, V. Vechernin!3!, A. M. Veen®’, M. Veldhoen’, A. Velure!8, M. Venaruzzo’3,
E. Vercellin?’, S. Vergara Lim6n?, R. Vernet®, M. Verweij134, L. Vickovic!!®,  G. Viesti®®2, J. Viinikainen!23,
Z. Vilakazi'?, 0. Villalobos Baillie'”!, A. Villatoro Tello?, A. Vinogradov®®, L. Vinogradov'3!, Y. Vinogradov®®2,
T. Virgili*!, V. Vislavicius**, Y. P. Viyogi'32, A. Vodopyanov®, M. A. Volkl?3, K. Voloshin®®, S. A. Voloshin'34,
G. Volpel35, B. von Haller?°, 1. Vorobyev37’92, D. Vranic?0:3°, J. Vrlakova*!, B. Vulpescu70, A. Vyushingg, B. Wagnerlg,
J. Wagner%, H. Wang57, M. Wang7’“3, D. Watanabe!?8, Y. Watanabe!?7, M. Weber3®112 S, G. Weber®, D. F. Weiser’?,
1. P. Wessels>*, U. Westerhoff>*, A. M. Whitehead3?, J. Wiechula®®, J. Wikne?2, M. Wilde>*, G. Wilk”’, J. Wilkinson*3,
M. C. S. Williams'%, B. Windelband®?>, M. Winn?3, C. G. Yaldo'?*, H. Yang57, P. Yang7, S. Yano*’, C. Yasar®,
Z.Yin’, H. Yokoyama'?®, I.-K. Yoo?>, J. H. Yoon?, V. Yurchenko?, I. Yushmanov®®, A.Zaborowska!3?, V. Zaccolo®,

@ Springer



Eur. Phys. J. C (2017) 77:33 Page 37 0f 39 33

A. Zaman'®, C.Zampolli'®, H.J. C. Zanoli'?’, S.Zaporozhets®®, N.Zardoshti'?!, A.Zarochentsev'3!, P.Zivada®,
N. Zaviyalov®®, H. Zbroszczyk'33, 1. S. Zgura®?, M. Zhalov®, H. Zhang'®, X. Zhang’*, Y. Zhang’, C. Zhang>’, Z. Zhang’,
C. Zhao??, N. Zhigareva®®, D. Zhou’, Y. Zhou®?, Z. Zhou'®, H. Zhu'®, J. Zhu”-'13, A. Zichichi'?>?8, A. Zimmermann®3,
M. B. Zimmermann36-34, G. Zinovjev?, M. Zyzak*

' AL Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2 Benemérita Universidad Auténoma de Puebla, Puebla, Mexico
3 Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
4 Department of Physics, Centre for Astroparticle Physics and Space Science (CAPSS), Bose Institute, Kolkata, India
5 Budker Institute for Nuclear Physics, Novosibirsk, Russia
6 California Polytechnic State University, San Luis Obispo, CA, USA
7 Central China Normal University, Wuhan, China
8 Centre de Calcul de ’IN2P3, Villeurbanne, France
9 Centro de Aplicaciones Tecnoldgicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
10 Centro de Investigaciones Energéticas Medioambientales y Tecnolégicas (CIEMAT), Madrid, Spain
1 Centro de Investigacion y de Estudios Avanzados (CINVESTAV), Mexico City, 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 4 I'Energie Atomique, IRFU, Saclay, France
16 COMSATS Institute of Information Technology (CIIT), Islamabad, Pakistan
7 Departamento de Fisica de Particulas 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, USA
2l 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’Universita ‘La Sapienza’ and Sezione INFN, Rome, Italy
25 Dipartimento di Fisica dell’Universita and Sezione INFN, Cagliari, Italy
26 Dipartimento di Fisica dell’Universita and Sezione INFN, Trieste, Italy
27 Dipartimento di Fisica dell’Universita and Sezione INFN, Turin, Italy
28 Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Bologna, Italy
29 Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Catania, Italy
30 Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Padua, Italy
31 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Universita and Gruppo Collegato INFN, Salerno, Italy
32 Dipartimento di Scienze e Innovazione Tecnologica dell’ Universita 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 Universitiit Tiibingen, Tiibingen, Germany
36 European Organization for Nuclear Research (CERN), Geneva, Switzerland
37 Excellence Cluster Universe, Technische Universitidt Miinchen, 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. Safarik University, Kosice, Slovakia
42 Faculty of Technology, Buskerud and Vestfold University College, Vestfold, Norway
43 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany
4 Gangneung-Wonju National University, Gangneung, South Korea
45 Department of Physics, Gauhati University, Guwahati, India
46 Helsinki Institute of Physics (HIP), Helsinki, Finland

@ Springer



33 Page 38 of 39 Eur. Phys. J. C (2017) 77:33

47 Hiroshima University, Hiroshima, Japan

48 Indian Institute of Technology Bombay (IIT), Mumbai, India

49 Indian Institute of Technology Indore (IITI), Indore, India

50 Inha University, Incheon, South Korea

51 Institut de Physique Nucléaire d’Orsay (IPNO), Université Paris-Sud, CNRS-IN2P3, Orsay, France

52 Institut fiir Informatik, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany

53 Institut fiir Kernphysik, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany

54 Institut fiir Kernphysik, Westfilische Wilhelms-Universitidt Miinster, Miinster, Germany

53 Institut Pluridisciplinaire Hubert Curien (IPHC), Université de Strasbourg, CNRS-IN2P3, Strasbourg, France

56 Institute for Nuclear Research, Academy of Sciences, Moscow, Russia

37 Institute for Subatomic Physics of Utrecht University, Utrecht, The Netherlands

58 Institute for Theoretical and Experimental Physics, Moscow, Russia

59 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, 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 Auténoma de México, Mexico City, Mexico

4 Instituto de Fisica, Universidad Nacional Auténoma de México, Mexico City, Mexico

65 iThemba LABS, National Research Foundation, Somerset West, South Africa

% 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

9 KTO Karatay University, Konya, Turkey

70 Laboratoire de Physique Corpusculaire (LPC), Clermont Université, Université Blaise Pascal, CNRS-IN2P3,
Clermont-Ferrand, France

1 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, USA

7> 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 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

81 Nikhef, Nationaal instituut voor subatomaire fysica, Amsterdam, The Netherlands

82 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, UK

83 Nuclear Physics Institute, Academy of Sciences of the Czech Republic, ReZ u Prahy, Czech Republic

84 Oak Ridge National Laboratory, Oak Ridge, TN, USA

85 Petersburg Nuclear Physics Institute, Gatchina, Russia

86 Physics Department, Creighton University, Omaha, NE, USA

87 Physics Department, Panjab University, Chandigarh, India

8 Physics Department, University of Athens, Athens, Greece

89 Physics Department, University of Cape Town, Cape Town, South Africa

90 Physics Department, University of Jammu, Jammu, India

1 Physics Department, University of Rajasthan, Jaipur, India

92 Physik Department, Technische Universitit Miinchen, Munich, Germany

93 Physikalisches Institut, Ruprecht-Karls-Universitit Heidelberg, Heidelberg, Germany

94 Purdue University, West Lafayette, IN, USA

95 Pusan National University, Pusan, South Korea

96 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt,
Germany

97 Rudjer Boskovi¢ Institute, Zagreb, Croatia

@ Springer



Eur. Phys. J. C (2017) 77:33 Page 39 of 39 33

98 Russian Federal Nuclear Center (VNIIEF), Sarov, Russia
99 Russian Research Centre Kurchatov Institute, Moscow, Russia
100 Saha Institute of Nuclear Physics, Kolkata, India
101 School of Physics and Astronomy, University of Birmingham, Birmingham, UK
102 Seccién Fisica, Departamento de Ciencias, Pontificia Universidad Catdlica del Perti, Lima, Peru
103 Sezione INFN, Bari, Ttaly
104 Sezione INFN, Bologna, Italy
105 Sezione INFN, Cagliari, Italy
106 Sezione INFN, Catania, Italy
107 Sezione INFN, Padua, Italy
108 Sezione INFN, Rome, Italy
109 Sezione INFN, Trieste, Italy
110 Sezione INFN, Turin, Italy
T §SC IHEP of NRC Kurchatov institute, Protvino, Russia
112 Stefan Meyer Institut fiir Subatomare Physik (SMI), Vienna, Austria
113 SUBATECH, Ecole des Mines de Nantes, Université de Nantes, CNRS-IN2P3, Nantes, France
114 Syranaree University of Technology, Nakhon Ratchasima, Thailand
15 Technical University of Kosice, Kosice, Slovakia
116 Technical University of Split FESB, Split, Croatia
U7 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Krakéw, Poland
118 Physics Department, The University of Texas at Austin, Austin, TX, USA
19 Universidad Auténoma de Sinaloa, Culiacén, Mexico
120 Unjversidade de Sdo Paulo (USP), Sdo Paulo, Brazil
121 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
122 University of Houston, Houston, TX, USA
123 University of Jyviskyli, Jyviskyld, Finland
124 University of Liverpool, Liverpool, UK
125 University of Tennessee, Knoxville, TN, USA
126 University of the Witwatersrand, Johannesburg, South Africa
127 University of Tokyo, Tokyo, Japan
128 University of Tsukuba, Tsukuba, Japan
129 University of Zagreb, Zagreb, Croatia
130 Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, France
131V, Fock Institute for Physics, St. Petersburg State University, St. Petersburg, Russia
132 Variable Energy Cyclotron Centre, Kolkata, India
133 Warsaw University of Technology, Warsaw, Poland
134 Wayne State University, Detroit, MI, USA
135 Wigner Research Centre for Physics, Hungarian Academy of Sciences, Budapest, Hungary
136 yale University, New Haven, CT, USA
137 Yonsei University, Seoul, South Korea
138 Zentrum fiir Technologietransfer und Telekommunikation (ZTT), Fachhochschule Worms, Worms, Germany

4 Deceased
b Also at: Georgia State University, Atlanta, GA, USA
¢ Also at: M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear Physics, Moscow, Russia

@ Springer



