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Abstract This paper presents the primary charged-particle
multiplicity distributions in proton-lead collisions at a
centre-of-mass energy per nucleon—nucleon collision of
JSNN = 5.02 TeV. The distributions are reported for
non-single diffractive collisions in different pseudorapidity
ranges. The measurements are performed using the combined
information from the Silicon Pixel Detector and the Forward
Multiplicity Detector of ALICE. The multiplicity distribu-
tions are parametrised with a double negative binomial dis-
tribution function which provides satisfactory descriptions of
the distributions for all the studied pseudorapidity intervals.
The data are compared to models and analysed quantitatively,
evaluating the first four moments (mean, standard deviation,
skewness, and kurtosis). The shape evolution of the mea-
sured multiplicity distributions is studied in terms of KNO
variables and it is found that none of the considered mod-
els reproduces the measurements. This paper also reports on
the average charged-particle multiplicity, normalised by the
average number of participating nucleon pairs, as a function
of the collision energy. The multiplicity results are then com-
pared to measurements made in proton—proton and nucleus—
nucleus collisions across a wide range of collision energies.

1 Introduction

The multiplicity distribution of primary charged particles,
P(N¢h), is one of the key observables that provides valuable
insights into the particle production mechanisms in high-
energy hadronic and nuclear collisions. The production of
charged particles at current collider energies involves the
interplay of perturbative and non-perturbative quantum chro-
modynamic (QCD) interactions and is sensitive to colliding
particle species, centre-of-mass energy, and collision cen-
trality. ALICE measurements of charged-particle multiplic-
ities across different collision systems over a broad range
of pseudorapidity allow us to perform comprehensive stud-
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ies of particle production at Large Hadron Collider (LHC)
energies [1-8].

Recent experimental findings in proton—lead (p—Pb) colli-
sions have shown characteristics of collectivity and
strangeness enhancement that are typically attributed in
heavy-ion collisions to the creation of a quark—gluon plasma
(QGP) [9-13]. The origin of these phenomena is not yet fully
understood, and it is crucial to investigate and understand
the global properties of the system formed in p—Pb colli-
sions, which makes the measurement of multiplicity distri-
butions important. Moreover, the study of p—Pb collisions
aids in understanding cold nuclear matter effects [14,15] on
the final-state particle production.

Following earlier ALICE results in proton—proton (pp)
collisions [4], this paper presents, for the first time in p—Pb
collisions at \/sxy = 5.02 TeV, a comprehensive set of
measurements of P(Ny,) for the full phase space (—3.4 <
Mab < 5.0) and for a set of symmetric pseudorapidity
ranges: |napl < 2.4, |nanl < 3.0, and |ma| < 3.4. We
also study the charged-particle production on both the p-
fragmentation and the Pb-fragmentation sides in p—Pb colli-
sions, covering pseudorapidity ranges: —3.4 < niap, < —1.0
and 2.0 < na < 5.0, respectively. The results are com-
pared to model calculations from HIJING (v1.36) [16], DPM-
JET (v3.0-5) [17], PYTHIA 8.308/Angantyr [18], and QCD
saturation-based IP-Glasma [19,20]. From the multiplicity
distributions, we calculate the mean ({N¢,)), standard devi-
ation (o), skewness (5), and kurtosis (k) and compare them
to the same moments evaluated from the considered mod-
els. This approach allows for a quantitative comparison of
the performance of these models and provides input for
their improved tuning to accurately simulate the underly-
ing physics processes involved in particle production. This
paper also reports a description of multiplicity distributions
in terms of a double negative binomial distribution (NBD)
function.

This article is organised as follows: Sect. 2 describes the
experimental conditions, data sample considered in the anal-
ysis, the selection of collisions, and the reconstruction of
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charged particles. Section 3 explains the correction proce-
dure applied to the data. The estimates of systematic uncer-
tainties from various sources are discussed in Sect. 4. Sec-
tion 5 presents the results of this analysis, and, finally, the
conclusions are summarised in Sect. 6.

2 Experimental details

The full description of the ALICE detectors and their per-
formance can be found in dedicated publications [13,21,22].
The ALICE reference frame is defined with the z axis directed
along the beam line and the nominal interaction point (IP) at
z = 0. This analysis uses the data collected by ALICE in 2013
during the p—Pb collision run of the LHC. In these collisions,
a proton beam with an energy of 4TeV circulated towards
the negative z direction (nap < 0), while lead ions with an
energy of 1.58TeV per nucleon circulated in the opposite
direction (11ap > 0). This configuration resulted in collisions
at /sn\n = 5.02 TeV in the nucleon—nucleon centre-of-
mass frame which is shifted in rapidity by Ay = 0.465
in the direction of the proton beam. In the following, the
variable 7,1, represents the pseudorapidity in the laboratory
reference frame. The sub-detectors used in this analysis are
briefly described below.

The VO detector [23,24] is made of two arrays of 32 scintil-
lators: VOA, positioned at z = 330 cm and covering the pseu-
dorapidity interval 2.8 < njap < 5.1, and VOC, at z = —90
cm and covering —3.7 < 5y < —1.7. Both the amplitude
and the time of the signals produced by charged particles that
hit each scintillator are recorded. The VO detector is used for
minimum-bias trigger selection and background rejection in
this analysis.

The Silicon Pixel Detector (SPD) consists of the two inner-
most cylindrical layers of the ALICE Inner Tracking System
(ITS) [22,25] surrounding the central beryllium beam pipe.
The SPD covers the pseudorapidity ranges |nap| < 2 and
|mab| < 1.4 with full azimuthal coverage for the inner and
outer layers, respectively. In this analysis, the SPD is used
to determine the position of the interaction vertex and to
estimate the charged-particle multiplicity around midrapid-
ity (In1an| < 2).

The Forward Multiplicity Detector (FMD) [4,6,23] is
a silicon strip detector composed of three sub-detectors
placed at z = 320cm (FMD1), 79cm (FMD2), and —69 cm
(FMD3). The FMD has full azimuthal coverage in the pseu-
dorapidity ranges —3.4 < niap < —1.7 (FMD3) and 1.7 <
Mab < 5.0 (FMD1 and FMD?2), and these extend the charged-
particle detection acceptance beyond the reach of the central
detectors in ALICE.

A sample of non-single diffractive (NSD) collisions is
selected using a minimum-bias (MB) trigger condition,
which requires a coincidence between VOA and VOC time
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signals. The standard ALICE collision selection criteria [26]
is used in this analysis, which includes: rejection of back-
ground collisions such as beam—gas or beam-halo interac-
tions that occur outside the interaction region, exclusion of
pile-up collisions, and selection of the reconstructed primary
vertex position (zyix) along z axis. However, in this anal-
ysis, the position of zyi is further restricted to be within
44 cm from the nominal IP to minimise the acceptance gaps
in the pseudorapidity coverage of the SPD and FMD [4].
After applying all selection criteria, approximately 9 million
p—Pb collisions are considered in this analysis.

The measurements of multiplicity at mid and forward
rapidity are provided by the SPD and FMD, respectively.
This analysis is focused on primary charged-particle mea-
surements. Primary charged particles are defined as charged
particles with a mean proper lifetime t larger than 1cm/c,
which are either a) produced directly in the collision, or b)
from decays of particles with t smaller than 1cm/c, exclud-
ing particles produced in interactions with material [27]. In
the midrapidity region (|n1ap| < 2), charged particles can
deposit energy and produce signals in more than one pixel
of the SPD. The offline reconstruction combines such adja-
cent pixel signals into a single cluster. The clusters from
the two layers of SPD, together with the primary vertex,
are combined to form tracklets. The charged-particle mul-
tiplicity is then determined by counting the number of track-
lets [28]. In the forward regions (—3.4 < npp < —1.7 and
1.7 < niap < 5.0), the FMD records the energy deposited by
charged particles that traverse each silicon strip. The number
of charged particles per strip is then calculated using a sta-
tistical approach as described in Ref. [5]. When there is an
overlap in the acceptance (1.7 < |n1ap| < 2) of the SPD and
FMD, the multiplicity is determined by averaging the two
measurements.

3 Correction procedure

As reported earlier, the main challenge in measuring the
charged-particle multiplicity at forward rapidity is the signif-
icant background of secondary particles produced in interac-
tions with the beam pipe and the material that exists in front
of the FMD [4-6]. There are also other instrumental effects,
such as detector acceptance and collision selection inefficien-
cies. A set of correction techniques is considered to account
for these effects.

The main ingredients necessary to extract the primary
charged-particle multiplicity distributions are the raw, uncor-
rected measured multiplicity distributions and a response
matrix R. The matrix R is constructed via simulations where
the known primary generated charged-particle multiplicity
T is correlated with the simulated detector response M*.
Figure 1 shows a graphical representation of response matri-
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Fig. 1 Graphical representation of the detector response matrices obtained with the HIJING event generator for two pseudorapidity coverages:
[Mab| < 2.4 (left) and —3.4 < njap < 5.0 (right) in p—Pb collisions at \/snny = 5.02 TeV

ces obtained with the HIJING event generator for the two
pseudorapidity coverages: |nn| < 2.4 (left) and —3.4 <
NMab < 5.0 (right). The simulated detector response takes
into account known conditions at the time of the data-taking,
including inefficiencies, acceptance, electronic noise, and
other smearing effects. Thus, one can write M* ~ RT. The
matrix element R,,; represents the conditional probability
that an event with true multiplicity ¢ is measured as an event
with multiplicity m.

Experimentally, one needs to determine 7 for a given mea-
sured charged-particle distribution M. This can be symboli-
cally written as

T =R 'M. (1)
However, the matrix R may be singular and cannot always be
inverted analytically. Furthermore, even if R can be inverted,
the results obtained with Eq. (1) contain oscillations mainly
because of finite statistics in the response matrix. A regu-
larised unfolding method based on Bayes’ theorem [29] using
the RooUnfold software package [30] is used to overcome
this problem.

The Bayesian unfolding technique is an iterative method
in which the number of iterations serves as a regularisation
parameter. Given an initial hypothesis (a prior), Py, with ¢ =
1, ..., n, for the true distributions, Bayes’ theorem provides
an estimation of the inverse matrix elements, ﬁ,m,

Rt Py

Rim = =—2——.
Z/ R, Py

The unfolded distribution, U, , is then obtained from

Uy = Z Rthm-
m

The obtained U; is used as the prior distribution for
the next iteration. After each iteration, the iterative process
makes the unfolded distribution closer to the true one. In order
to optimise the number of iterations, the x2/ndf between
the unfolded and the true distribution is computed and then
studied as a function of the number of iterations using MC
simulations. The number of iterations is then set to the num-
ber for which the x2/ndf becomes minimum. The optimised
number of iterations is found to be from 2 to 3 for the dif-
ferent pseudorapidity ranges. These number of iterations are
used to unfold the experimental data to obtain the corrected
multiplicity distributions.

The unfolded distributions are corrected further for the
collision selection efficiency (€), estimated via simulations
as:

Netected
€ — —mm8M8

Nsimulated '

where Ngetected 1 the number of collisions detected by the
simulated detector using NSD trigger condition with |zyx| <
4 cm and Ngimulated 18 the number of simulated NSD collisions
with |zyix| < 4 cm. There is a dependence in the zy distribu-
tion and selecting zy introduces a bias in the efficiency. The
effect is visible only for narrow vertex selections, and it is not
relevant for |zyx| < 4 cm [4]. The values of € are estimated as
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a function of the primary charged-particle multiplicity (Nch). é ji mg
For the widest pseudorapidity range (—3.4 < njap < 5.0), 2 o
the efficiency, €, is found to vary from 0.2 (Nop, =~ 1) to g s Zﬁ =
. . ~ g S|l R = R
0.9 (Ncp =~ 15) while for |9 < 2.4, € varies from 0.6 L2 Al o s & =«
(Neh =~ 1) t0 0.9 (N =~ 15). For all the studied pseudora- £z /Z%
pidity intervals, € tends to be 1 above N > 20. The unfolded E 3=
results are corrected by dividing the content of each multi- g z v g I S
plicity bin by its € value. ZE |EF|[ec 8 s
g = N <
. - sz |9lf[s2g52s
4 Systematic uncertainties g 0 T
The different sources of systematic uncertainties associated B 3
with the present measurements are summarised in Tables 1 5o Zl g n BB —
and 2. The first four contributions (upstream material, event & n i Te s saw
generator dependence, unfolding parameters, collision selec- g § - g
tion efficiency) are common systematic uncertainties shared ‘é f:« f’vﬁ I L
by both the SPD and the FMD while the last one (charged- o 2 = 2‘3 5o 25,‘3 ;:,‘3 o
particle detection thresholds) is only related to the FMD. gz S
The uncertainties vary with multiplicity; therefore, they are gf g |L o - “
reported for three characteristic multiplicity values: Ncp = 2, g ?E T2l 22s 855
the mean (Ng,), and the value for which P(Ng,) = 1073, B D
i.e. in the low, middle and high range, respectively. The E é "
total systematic uncertainty is calculated as the square root é = 5 o
of the quadratic sum of the individual uncertainties (briefly é g § e YTz
described below). Z = =
The first source of systematic uncertainty arises from the =8 |2
uncertainty in the description of upstream material, between —; £ CQ l < 5
the nominal IP and the SPD and FMD, in the experimen- E o § 2l 38222 &
tal simulations. The material in front of the detectors is a 5 ; v fﬂ'
source of secondary particles which must be corrected for z 2 A w2 <e a2
to obtain the primary particle distributions. The possibility % ;, ' MZ o o o
to form tracklets from the SPD measurements is an effec- 55 =
tive way of disentangling the primary particle signal from g § iy
the background from secondary particles. Therefore, only a 2 E § - S
small residual correction, with associated systematic uncer- £7 Elew S S 8 i
tainty is needed at midrapidity. At forward rapidities, there g ;E) /Z%
is no possibility to form tracklets. This fact coupled with a ég e T
large amount of material in front of the FMD makes it crucial g3 VI 5] o0 o0 = B en o
to accurately simulate the production of secondary particles. 8 ;*f § Zls e B8s3
However, there is considerable uncertainty in the description g = !r ?
of the material in the detector simulations. Therefore, two 8 § "lv Zﬁ = § 7 g 2 é
sets of simulations are performed: one where all material § ;3 2
densities are decreased by 5% and another where these are g3 E
increased by 10%. Along with the nominal simulations, these E 3 o g
two simulations probe the unknown distribution of possible %é E § g f
secondary particle production in the material. We then apply ‘2 = £ 'qé " g '%
a rigorous method [31] (where the asymmetric variations in -% f E = _% g ° 3
material densities are treated as the standard deviations of B e E," 5 5 § '% é;
two halved Gaussian functions and the resulting uncertainty é Il g g g % é) ‘é
is obtained by constructing a distorted Gaussian with the ~123 |3 % gf)n £ 53
corresponding mean, variance, and skewness derived from =< q:g = 28322 53
those two halved Gaussians) to estimate the variance of that E=z2la Sas536R
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Table 2 Contributions to systematic uncertainties (in percent) in the
measurements of multiplicity distributions of primary charged particles
on the p-fragmentation and the Pb-fragmentation sides in p—Pb colli-
sions at \/sNn = 5.02 TeV. Numbers are given at three characteristic

multiplicity values of 2, the mean (N, ), and the value for which P(Nc)
=1073. Where the uncertainty is less than 0.1%, it is specified as ‘negl.’
in the table

Sources —3.4 < npap < —1.0 (p-fragmentation side) 2.0 < niap < 5.0 (Pb-fragmentation side)
New=2  Nen=(Na)  P(Nep)=10" Neh=2  Nen=(No)  P(Nen)=107

Upstream material 1.5 1.1 7.5 34 1.0 9.2

Event generator dependence 4.9 0.4 1.3 4.2 0.4 35
Unfolding parameters 1.7 negl. 0.2 2.7 0.1 0.1

Collision selection efficiency 1.0 negl. negl. 8.9 negl. negl.
Charged-particle detection thresholds 1.7 0.3 1.4 2.2 1.2 3.7

Total 5.7 1.0 7.7 11.0 1.6 10.5

unknown distribution and assign that as a systematic uncer-
tainty due to the imprecise knowledge of the material in front
of the detectors.

To determine the systematic uncertainty due to the event
generator’s dependence on the unfolding procedure, the mea-
sured distributions in data are unfolded using two separate
response matrices built using HIJING and DPMIJET. The
average of these two unfolded distributions is used as our final
measurement. The resulting difference between the average
value and the unfolded distributions obtained using HIJING
and DPMJET is assigned as the systematic uncertainty. As
described in Sect. 3, the unfolding of measured distributions
is sensitive to the choice of the number of iterations in the
Bayesian unfolding procedure. To account for this, unfolded
distributions are obtained by varying the number of itera-
tions by £ 1 around the optimised values. The deviations of
these modified unfolded results from the nominal ones are
considered as the systematic uncertainty.

The systematic uncertainty associated with the correction
for the collision selection efficiency is evaluated by deter-
mining the efficiency values using two different event gen-
erators, HIJING and DPMIJET. This uncertainty is largest
at low multiplicity values and reduces significantly at larger
N.n because contributions from diffractive processes become
smaller when going to higher multiplicity [1,3,4].

Depending on the incident angle, a charged particle may
deposit energy in more than one FMD strip [5]. Signals
shared in the neighbouring strips are then merged based on
specific thresholds: a lower threshold (7joy) for accepting
a signal and an upper threshold (7hign) to consider a signal
as isolated, i.e. all energy is deposited in a single strip. The
lower threshold is defined by the noise level (n) in the detec-
tor as Tiow = xn, where the factor x is typically varied by
one unit to estimate the one sigma variance in N¢y,. The upper
threshold is set such that the probability of energy loss (A)
exceeding Thign for a single minimum ionizing particle (1

MIP) is greater than 99% (P (A > Thigh|IMIP) > 99%).
This threshold is varied so that the probability increases or
decreases by one standard deviation, thus estimating the vari-
ance of Ngp. In order to calculate the number of charged
particles using a Poisson statistical approach, the strips in
the FMD are divided into regions, and the number of empty
strips is compared to the total number of strips in a given
region. Strips with a signal below a given threshold are con-
sidered empty. This threshold is varied within the boundaries
of fits to the energy loss spectra to evaluate the systematic
uncertainty.

5 Results and discussion

The primary charged-particle multiplicity distributions are
measured for NSD p-Pb collisions at ,/syn = 5.02 TeV in
six bins of pseudorapidities: —3.4 < njap < 5.0, |N1ap| < 3.4,
[Mmabl < 3.0, [Mmabl < 2.4, =34 < nap < —1.0, and
2.0 < map < 5.0. The results are presented in Fig. 2. In
the widest pseudorapidity range, the multiplicity distribution
reaches a maximum around Ny & 22, while for |15 | < 2.4,
the maximum occurs around Ng, =~ 12. Beyond the max-
ima, the distributions fall steeply over several orders of mag-
nitude. The coloured bands represent the systematic uncer-
tainties, and the statistical uncertainties are smaller than the
marker size. The multiplicity distributions P(Ny,) are found
to broaden as the njap range increases. These measurements
extend the high-multiplicity reach with respect to the previ-
ous ALICE results of pp collisions both in the central [1-
3] and forward rapidity [4] regions. The distributions for
=34 < nap < 5.0, [Mmap| < 3.0, and 2.0 < np < 5.0
are scaled by a factor of 10 for clarity. The green lines show
fits using a double Negative Binomial Distribution (NBD)
function to the data, as discussed in the next subsection.
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Fig. 2 Charged-particle multiplicity distributions for different pseudorapidity intervals measured in p—Pb collisions at \/sx\y = 5.02 TeV for
NSD collisions. The green lines show fits of a double NBD function to the data. The ratios of the data to the fits are shown in the bottom panels

5.1 Parametrisation of multiplicity distributions with
double NBDs

Experimental measurements in pp (pp) collisions at /s <
2.36 TeV for charged particles at midrapidity (|n| < 1.5) [1,
32,33] have shown that the multiplicity distributions can be
described by a single NBD given by the probability density
function (p.d.f.)

T'(n +k) )/ 6"
T(OT (4 1) (1 + (n)/kym+

/NBD(n; (n), k) =

Here, (n) denotes the mean multiplicity and the parameter
k is related to the standard deviation (o) of the distribution
by o/(n) = /1/{n) + 1/k. However, at higher collision
energies (/s > 2.76 TeV) and wider pseudorapidity intervals
(=3.4 < n < 5.0), such a description is not adequate [2—
4,33]. Instead, those measurements are better captured by a
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double NBD p.d.f. [3,4,33] given by

gn; (n)1, ki, (n)2, ka, &, ) = Alafnpp(n; (n)1, k1)
+(1 — a) fup (75 (n)2, k2)]. ()

In Eq. (2), (n); and (n), are the mean multiplicities of
the first and second components (often interpreted as cor-
responding to soft and semihard processes), respectively,
and the parameter o reflects the fraction of the first com-
ponent [33-35]. The parameters k1 and k> are related to the
standard deviations of the distributions associated with the
first and second components, respectively.

In this work, the double NBD p.d.f. (given by Eq. (2))
is fitted to the measured multiplicity distributions. The first
few bins (N =~ 10 to 30 depending on n window) of the
multiplicity distributions are excluded from the fit and a free
normalisation factor A is introduced to account for this. This
cut-off is chosen, primarily, to avoid the low-multiplicity
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shape that is known to be not compatible with double NBD
p-d.f. [3,4]. Coincidentally, diffractive contribution is only
present at low multiplicities, however, there are no specific
measurements available to estimate the importance of its
effect on the shape of the multiplicity distribution. Never-
theless, it is expected that this contribution is well below
the chosen cut-off as high-mass diffractive events that con-
tribute to central multiplicity are quite rare. The fits are plot-
ted together with the measured distributions in Fig. 2. The
double NBD function reasonably describes the data within
the uncertainties.

The obtained parameters from the fit to the data for dif-
ferent pseudorapidity intervals are shown in Fig. 3. The fit
parameters obtained in p—Pb collisions are compared with
the available pp measurements [3,4]. In p—Pb collisions, val-

ues of (n); and (n), are normalised by the average number
of participating nucleon pairs ({Npart)/2). Both (n)1 and (n)>
increase with the increase in 1y, Itis found that (n), =~ 3(n);
for pp collisions at /s =7 and 8 TeV whereas (n), >~ 2.4(n),
for pp collisions at /s = 0.9 TeV and p-Pb collisions at
J/SNN = 5.02 TeV. This observation suggests a relation-
ship between the two components of the multiplicity distri-
bution, which may reflect the relative contributions from soft
and semihard processes. In the left panels of Fig. 3, one can
notice that for increasing pseudorapidity ranges starting at

|NMab] < 2.4, the normalised (n)lf_Pb e <n>;1>p whereas the

normalised (n)gfpb lies between the values observed at 0.9
and 7, 8 TeV for pp collisions. This suggests that the aver-
age multiplicity of the first (soft) component is nearly iden-
tical for both pp and p—Pb collisions, whereas the second
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(semihard) component follows an energy-dependent trend,
increasing with energy. The parameters «, k1, and k are inde-
pendent of the width of the measured pseudorapidity inter-
val for p—Pb collisions unlike in pp where they are found
to have a mild dependence on the width of n,, range. We
observe clear differences in the NBD parameters of the mul-
tiplicity distributions between the p-fragmentation and the
Pb-fragmentation sides (right panels of Fig. 3) in p—Pb col-
lisions. The Pb-fragmentation side exhibits higher values of
(n)1 and (n)7, likely due to increased particle production rel-
ative to the p-fragmentation side. In addition, both (k); and
(k)2 are found to decrease from the p-fragmentation to the Pb-
fragmentation side, while the parameter « is approximately
similar for both sides.

@ Springer

5.2 Moments of the multiplicity distributions

To study multiplicity distributions and their shape, the first
four moments ({N¢,), o, S, and «) are calculated. The
obtained values of (N¢,), o, S, and « of the measured multi-
plicity distributions at different pseudorapidity intervals are
shown in Fig. 4. The open boxes represent the systematic
uncertainty and the statistical errors are smaller than the sym-
bols. The values of (N.p) and o rise with the increasing width
of the pseudorapidity interval. The expectation values of N¢y,
are also compared to those derived from previous ALICE
dNch/dn measurements [8] (open circles), which differ in
methodology, and, consequently, have different uncertain-
ties, albeit with some overlap. Both measurements are found
to be consistent and have uncertainties of less than 1%, and
overlapping uncertainties contribute no more than half of that
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Fig. 5 KNO-scaled multiplicity distribution versus the KNO variable
Nch/{Nch) in NSD p-Pb collisions at ,/sx\y = 5.02 TeV for various
pseudorapidity intervals. Comparison with predictions from HIJING,

uncertainty. The skewness is positive, showing only a modest
variation of approximately 0.2 across the studied 7y inter-
vals, while the kurtosis exhibits a weakly decreasing trend
with increasing n1yp interval, changing by about 0.5. The dif-
ferent lines in Fig. 4 are predictions from the HIJING, DPM-
JET, and PYTHIA 8/Angantyr (default tune) event genera-
tors. The models follow the general trend of the data points;
however, they show significant deviations from the data. The
moments of the HIJING and DPMJET distributions are sim-
ilar except the S and « on the Pb-fragmentation side. The
(Ncn) of the HIJING and DPMJET distributions are close to
the data, but for the higher moments, they describe the data
poorly, implying that the shape of their distributions is differ-
ent from the data. On the other hand, PYTHIA 8/Angantyr
reproduces the o of the measured distributions but cannot

DPMIET, PYTHIA 8/Angantyr, and the IP-Glasma model are shown.
The ratios between models and data are calculated using a linear inter-
polation between adjacent points

explain the rest of the moments (except the (N¢p,) of the data
on the p-fragmentation side).

5.3 KNO scaling in the multiplicity distributions

Koba, Nielsen and Olesen (KNO) found that for lower energy
collisions, all moments of the multiplicity distribution scale
with the first moment, i.e., { é’h) & (Nch) [36]. Thus, a way
to investigate properties of the multiplicity distributions is to
plot these scaled by the mean multiplicity using the so-called
KNO variable Ncp /(Nch). This also has the added benefit that
models that may differ in the mean of the distribution can still
be compared to the empirical data. Figure 5 presents the data
after scaling the probability density and the charged-particle
multiplicity with the average number of charged particles
(Nch). The distributions for —3.4 < nip < 5.0, [n1a| < 3.0,

@ Springer
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and 2.0 < niap < 5.0 are scaled by a factor of 10 for clarity.
The data are compared with predictions from the HIJING,
DPMIJET, and PYTHIA 8/Angantyr event generators. The
models underestimate the data both at low and high multi-
plicities, indicating that they give narrower distributions than
the data. The HIJING and DPMIJET distributions are close
to one another and compatible with the data (within 10%)
for 0.2 < Nch/(Neh) < 2.5. This indicates that HIJING
and DPMIJET provide similar (N¢,) values relative to data
(also evident in the top panel of Fig. 4). On the other hand,
PYTHIA 8/Angantyr gives the poorest description of the data
in the intermediate multiplicities than the other two MC mod-
els. More specifically, PYTHIA 8/Angantyr is lower than the
data for 0.2 < N¢h/{Ncn) < 0.6 while higher than the data
for 0.6 < N¢h/(Neh) < 1.7.

The measurement in |nyp| < 2.4 is also compared to the
prediction from the IP-Glasma model [37] based on the Color
Glass Condensate (CGC) framework [38]. The IP-Glasma
model incorporates fluctuations in the density of colour
charges. In Fig. 5, the orange and blue distributions are gen-
erated with fluctuations of the colour charge density around
the mean following a Gaussian distribution with width o =
0.09 and 0.11, respectively. The IP-Glasma model, irrespec-
tive of the size of the fluctuations, largely overestimates the
data at very low multiplicities (Nch/(Nch) < 0.1) and under-
estimates the same at high multiplicities (Ncp/{Nch) > 2).

5.4 System-size and energy dependence of (N¢p)

In order to understand and compare the evolution of bulk
particle production with collision energy and system-size,
the mean charged-particle multiplicity is normalised by the
(Npart) pairs and then presented as a function of ,/sNN in
Fig. 6 for different collision systems. The (Nc,) is mea-
sured over a range more than eight units in pseudorapidity
and the (Npat) is estimated using Glauber model calcula-
tions [7,39—-41]. Data from inelastic (INEL) and non-single
diffractive pp (pp) collisions [4,39,42] and central heavy-
ion collisions [5-7] are shown for comparison. A power-
law (o - stN) is fitted to the (Ncp) as a function of centre-
of-mass energy. Best-fit parameter values are § = 0.120 £
0.0001, 0.127 4 0.002, and 0.192 4 0.001 for INEL pp (pp),
NSD pp (pp), and central AA collisions, respectively. The
fit results are presented with their uncertainties shown by
shaded bands. The results clearly show that the normalised
(Nch) increases faster with energy in central AA collisions
than in pp collisions. The value of %Lm) (Ncn) measured in
p-Pb collisions at \/sxy = 5.02 TeV is half the magnitude
of that in Pb—Pb collisions at the same energy, and falls on
the INEL pp curve. A similar observation was also reported
for charged-particle multiplicity measurements at midrapid-
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Fig. 6 Values of (NP%UVCh) for minimum-bias pp [4,39], pp [42],

p—Pb and central AA [5-7] collisions as a function of ,/snN are shown.
The snn-dependencies of INEL pp (pp) and NSD pp (pp) collisions

are proportional to sl%lljzo and sg‘g]” respectively. The results from cen-
0.192

tral AA collisions are proportional to sy -- The bands represent the
uncertainties on the extracted power-law dependencies

ity (Jmab] < 0.5) [26,43,44]. The similarity between the
NSD p-Pb and the INEL pp data is yet to be understood.

6 Summary

The multiplicity distributions of primary charged particles
have been measured in non-single diffractive p—Pb collisions
at \/sn\n = 5.02 TeV using the ALICE detector at the LHC.
The measurements were performed over a wide pseudorapid-
ityrange (—3.4 < map < 5.0), the widest possible among the
four large LHC experiments. The multiplicity distributions
are parametrised with a double Negative Binomial Distribu-
tion function, which describes the data well within the mea-
surement uncertainties. The first four moments (mean, stan-
dard deviation, skewness, and kurtosis) of the multiplicity
distributions are determined and compared with predictions
from the HIJING, DPMJET, and PYTHIA 8/Angantyr MC
event generators. HIJING and DPMIJET describe the mean
of the distribution within ~ 5% but cannot explain the higher
moments of the data. On the other hand, PYTHIA 8/Angantyr
reproduces only the second moment of the measured distri-
butions but cannot describe the rest of the moments.

The multiplicity distributions are also presented as a func-
tion of the KNO variable and compared with predictions
from HIJING, DPMJET, PYTHIA 8/Angantyr, and the CGC-
based IP-Glasma model. None of the models can reproduce
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the data in the reported multiplicity range. HIJING and DPM-
JET explain the data better than PYTHIA 8/Angantyr in
the intermediate multiplicities. However, all MC predictions
largely underestimate the multiplicity distributions at low
and high multiplicities. The CGC-based IP-Glasma model
disagrees with the measurements, irrespective of the level of

colour charge fluctuations introduced into that model.

Finally, the dependence of ﬁ“\’m) on the centre-of-

mass energy is parametrised by a power-law function, which
shows that the multiplicity in p—Pb collisions coincides with
the trend observed in inelastic pp collisions.

The measurements reported in this paper provide valu-
able information for better understanding particle production
mechanisms in p—Pb collisions and offer valuable input for
developing theoretical models and Monte Carlo event gener-
ators.
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