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Abstract—A critical analysis of methods for selecting central events in high-energy proton—nucleus
(pA) and nucleus—nucleus (AA) collisions is presented. A sample of event classes in which background
fluctuations associated with the dispersion of the impact parameter of each event or the number of
participant nucleons are minimal is examined. At the SPS and LHC energies, the numbers of nucleon—
nucleon collisions are estimated with the aid of the Monte Carlo event generators HIJING and AMPT,
which take into account energy—momentum conservation, and on the basis of a non-Glauber model
involving string fusion and a modified Glauber model. The results obtained in this way demonstrate the
need for revising the extensively used application of the Glauber model in normalizing multiplicity yields in
experimental data on pA and AA collisions in the soft region of the spectrum.
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1. INTRODUCTION

Hot and dense strongly interacting matter un-
der extreme pressure and temperature conditions is
produced in ultrarelativistic nucleus—nucleus colli-
sions in the form of a quark—gluon plasma (QGP)
and is characterized within thermodynamic models by
quantities like the baryochemical potential, tempera-
ture, specific heat, and compressibility parameter [1—
3]. The fundamental properties of this matter are re-
flected in its global observables, including the multi-
plicity of product particles, their content, the average
transverse momentum, and the residual electrical and
baryon charges. Knowledge of initial conditions in
high-energy nucleus—nucleus and proton—nucleus
collisions is of importance for analyzing processes
leading to the formation of quark—gluon plasma and
its subsequent hadronization. A survey of theoreti-
cal approaches used to study and characterize initial
states in ultrarelativistic nucleus—nucleus collisions
can be found, for example, in [4, 5].

The need for quantitative estimations at early
stages of hadron collisions became obvious upon an
analysis of experimental data on multiparticle pro-
duction processes in collisions of ultrarelativistic lead
nuclei at the Large Hadron Collider (LHC at CERN).
[t turned out that, without respective estimates, it was
impossible to study the properties of product quark—
gluon plasma, such as viscosity and the entropy
density. The role of initial conditions manifested itself
most acutely even in the first results on pPb collisions
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at the LHC, where, in high-multiplicity events, the
behavior of many observables proved to be close to
the picture observed in PbPb collisions [6—13].

The conclusion that multiparticle production pro-
cesses in nucleus—nucleus collisions differ substan-
tially from what one expects in the case of a simple
superposition of independent nucleon—nucleon colli-
sions with a mean multiplicity of Ny dN/dn, where
Neon is the number of binary collisions and dN/dn
is the multiplicity in proton—proton (pp) collisions at
the same energy in the center-of-mass (c.m.) frame,
was one of the important observations in experimental
data on AuAu and PbPb collisions at the Relativis-
tic Heavy-Ion Collider (RHIC) and at the LHC. In
nucleus—nucleus (AA) collisions, the experimentally
measured mean multiplicity (V) of charged parti-
cles is substantially smaller than N, dN/dn. This
fact may suggest either the presence of strong coher-
ence effects or a manifestation of additional degrees of
freedom at the subnucleon level [4]. In view of this,
investigations into proton—nucleus (pPb) collisions
is an important part of the research program for the
LHC, since they will provide additional physics infor-
mation for interpreting data on nucleus—nucleus col-
lisions. It is reasonable to assume that measurements
for pPb and pp collisions at the LHC and a compar-
ative analysis of their results will make it possible to
separate phenomena associated with QGP formation
from effects of ordinary nuclear matter.

A comparison of transverse-momentum spectra
measured in PbPb and pPb collisions with respective
reference spectra in pp collisions is one of the methods
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for such an analysis. This makes it possible to obtain
extensively used values of the nuclear-modification
factors. In the case of pPb collisions, these factors
are denoted by R,py, and are defined as [12—14]
d*NE Jdprdn
Tppv)d?aty, /dprdn
_ dQthpb/dedU
 (Neon)d®N§ /dprdn’

Rppy(pr) = ( (1)

In (1), fob is the mean charged-particle-multi-
plicity yield in some class of centrality of pPb colli-
sions, (Noy) is the mean number of nucleon—nucleon
collisions, (Tppp) = (Neon)/ohr, is the mean nuclear-
overlap function for the same centrality class, and o7”
is the cross section for inelastic nucleon—nucleon
interaction.

One assumes that the nuclear-modification factor
should be equal to unity for rare processes of hard
parton collisions, and this may correspond to the case
of an incoherent superposition of nucleon—nucleon
collisions. In this approach, the deviation of R,py,
from unity may suggest either a manifestation of
final-state effects associated with the parton energy
loss via interaction with dense matter or a manifesta-
tion of initial-state effects {for example, an in-medium
modification of parton distributions (nPDF) [15] and
shadowing [16], the Cronin effect [17], and gluon-
density saturation [5] (for an overview of theoretical
predictions for the LHC, see [18])}.

Knowledge of centrality of nucleus—nucleus and
proton—nucleus collisions (and respective values of
(Npart), fob, (Neon), and (T,py)) is of importance
first of all in exploring and analyzing mean values of
global observables that determine the properties of
QCD matter and which are sensitive to temperature
and density values.

In addition, it is worth noting that multiparticle-
production processes in hadron collisions have a sta-
tistical character, and this entails the presence of fluc-
tuations in observables determined from event-by-
event measurements. These fluctuations may sub-
stantially complicate selection of event classes and
lead to biased numerical estimates for the mean val-
ues of global variables. The accuracy in measure-
ments of observables and the choice of centrality-
class width are of crucial importance for correlation
experiments aimed at searches for physics effects
whose manifestations may be associated with various
fluctuations.

Part of fluctuations of observables may be back-
ground fluctuations (that is, trivial ones associated
with class-selection methods used). Some other ones
are so-called volume fluctuations that are present
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even at fixed impact parameters of collisions because
of fluctuations of the initial configurations of nucleons
in nuclei and fluctuations of the interaction cross sec-
tions. Finally, of greatest interest are dynamical and
quantum fluctuations and correlations, which may be
of a physical origin—for example, serve as an impor-
tant signal of QGP formation in scanning the energy
region of the possible phase transition. For example,
it is natural to expect that, at the critical point of
strongly interacting matter on the phase diagram,
fluctuations of the multiplicity and mean transverse
momentum and their event-by-event correlations are
large [19—22].

The first searches for the critical point of strongly
interacting matter were performed in the NA49 and
NA61/SHINE experiments at CERN [23, 24]. These
investigations have been continued to date by vary-
ing both the energy and the masses of colliding nu-
clei [25]. In particular, the Beam Energy Scan (BES)
program was launched for the RHIC nuclear beam in
Berkeley [26, 27]. A more detailed analysis of special
features of the phase diagram of strongly interacting
matter and properties of QCD in the region of a
significant baryon excess will become possible after
the accumulation of high-statistics data in the future
experiments CBM at the FAIR collider (Germany),
which is under construction, and MPD at the NICA
collider of the Joint Institute of Nuclear Research
(JINR, Dubna)[28, 29].

Searches for critical fluctuations of observables
involve difficulties stemming from the intricacy of
evolution of nucleus—nucleus collisions and from
substantial uncertainties in its theoretical descrip-
tion [30]. In particular, perturbative QCD cannot be
applied directly in this region.

[t is obvious that, in order to interpret correctly
experimental data on nucleus—nucleus and proton—
nucleus collisions, the event-selection procedure
used should be constructed in such a way as to
minimize fluctuations that appear to be a background
to the sought signal and which stem from the scatter
of events in the impact parameter and/or in the
number of participant nucleons. A detailed analysis
of problems encountered in determining centrality
classes for pPb collisions at the c.m. energy of
VsnN = 5.02 TeV can be found in [10]. In order
to understand and analyze the initial-state effect
in studying fluctuations and correlations in hadron
collisions via experiments conducted at CERN, it is
important to solve the problem of this minimization.

The ensuing exposition is organized as follows.

In Section 2, we introduce necessary definitions
used in this article below and, within a Monte Carlo
simulation, describe thereupon a method for numeri-
cally estimating centrality of collisions. This method
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makes it possible to choose centrality classes in such
a way that background (volume) fluctuations associ-
ated with the dispersion of the impact parameter or
the number of participant nucleons (Np,) are min-
imized. In this section, we address the problem of
obtaining the highest resolution in fixing centrality
of nucleus—nucleus and proton—nucleus collisions in
terms of Nyt

In Section 3, we describe some special features of
event generators used in the present study to perform
numerical estimations. The results of a simulation
and of an optimization of centrality-class selection,
along with the widths of these classes, are presented
for nucleus—nucleus and proton—nucleus collisions
at the LHC energies of 2.76 and 5.02 TeV, respec-
tively, as well as for collisions of light nuclei ("Be—
9Be) at the SPS energies.

In Section 4, we analyze problems encountered in
estimating centrality in proton—nucleus collisions at
the LHC energies. The effect of gluon shadowing
on multiparticle-production processes and on the de-
scription of the rapidity distribution is studied with the
aid of the HIJING 1.38 Monte Carlo event generator.
Specifically, we analyze the distribution of events with
respect to the number of participant nucleons. This
approach is tested on the basis of the non-Glauber
Monte Carlo model involving string fusion [31, 32]
and on the basis of the modified Glauber model pro-
posed in [33, 34]. The results are compared with
available experimental data.

In the last section, we draw conclusions on the
applicability of Glauber scaling in the regions of soft
and hard processes and on the observed distinctions.

2. CLASSES OF CENTRALITY
OF NUCLEUS—NUCLEUS COLLISIONS
AND VOLUME FLUCTUATIONS

2.1. Centrality

As a purely geometric notion, a collision central-
ity implies a specific value of the impact parame-
ter b for each event and the respective value of the
nuclear-thickness function. As a spectacular inter-
pretation of the centrality concept, we will consider
proton—nucleus collisions. In that case, integration
of the nuclear-overlap function T,py, (b) over the whole
region of values of the impact parameter b yields
the total (geometric) interaction cross section in the
form [35]

Tpph = /d bol® T,pp (D), (2)

where o3, is the cross section for inelastic pp in-

teractlon For some chosen collision-centrality class
specified by preset upper and lower boundaries of

PP
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impact-parameter values, by and by, the cross section
assumes the form

zgl? - /d bamelTPPb(b) (3)

by

For a specific collision-centrality class, one can
determine the fraction of the total geometric cross
section (2) as

f d2bo ™ Ty (b)

inel
b1

fd ba1nel (b) ‘

The quantity C*:*2 is frequently used as an event-
centrality measure. Values of the function C?1:%2 lie
in the following range: C%?2 € [0,1]. Values close

to zero, C%%2 ~ 0, correspond to the most central
collisions (for which b; = 0 and by ~ 0). For the case
of minimum-bias collisions (b; = 0 and by = 00), we
have CP1b2 ~ 1.

However, only indirect estimations of b and (N,qy)
are possible in experiments; on the basis of the re-
sulting estimates, one usually selects events and then
associates them with one centrality class or another.
In a data analysis, event classes chosen on the ba-
sis of distributions of some observable are therefore
employed instead of values of expression (4). For
example, use is extensively made of the distribution
of events with respect to the multiplicity of charged
particles, F'(N¢). An event class is specified in terms
of respective fractlons in just the same way as in
expression (4). For some threshold multiplicity value
N1, it is possible to obtain the respective fraction
where N, < Nj in percentiles; that is,

Cb17b2 _

(4)

Ny
[ dzF(z)
ONi _ O
For Ny, we accordingly have
No
[ dzF(z)
O = iar(s) (6)

For some multiplicity-class sample (N1 < N¢ <
Ns), the fraction of events can be obtained in the form

No
[ dzF(z)
Ni,Na _ ™M1
Cexp JdzF(z) (7

The value of C§¥§’N2 € [0,1] is usually expressed
in percent. It corresponds numerically to the width
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of the chosen multiplicity class. The values of

C’gﬂ,’m ~ 0 at large N7 correspond to the most cen-

tral collisions.

2.2 Fluctuations and Correlations

All quantities in expressions (1) and (2) (thpb,
Npart, Neoti, and Tppp)—we denote them by z—
fluctuate from one event to another. The relative fluc-

tuations of any of these quantities can be estimated
as

Wy = 0z2/(x>, (8)

where 0,2 is the variance of an observable and (z)
is the mean value.

Dynamical fluctuations of the number of multi-
particle-production sources may lead to the appear-
ance of so-called long-range correlations [36, 37],
which stem from the appearance of sources of a new
type because of collective effects [38]. The coefficient
beorr characterizing long-range multiplicity correla-
tions, which is measured on the basis of the number of
events in separated rapidity intervals usually referred
to as the forward (F') and backward ( B) rapidity inter-
vals, is one such characteristic. The coefficient beor
can be defined as [39]

(npnp) — (nr)(np)
bCOIT (TLF2> _ (TLF>2 bl (9)
where (ng) and (np) are the mean (in some event
class) charged-particle multiplicities measured in the
F and B intervals.

From Eq. (9), one can see that the quantities on
which the correlation coefficient b.qr depends include
the value chosen for the width of the centrality class
over which averaging occurs. The disregard of this
factor may lead to biased physical results [40—45].
Obviously, it is therefore necessary to minimize the
role of volume fluctuations and to assess their contri-
bution to measured quantities.

2.3. Glauber Model and Two-Component Model
in Estimations of Collision Centrality

The nuclear-collision centrality (which is charac-
terized by the impact-parameter value) and the re-
spective number of nucleon—nucleon collisions, Ny,
cannot be measured directly in experiments in each
individual event. Therefore, these quantities and their
average values are strongly model-dependent. At the
same time, one can in principle determine the number
Npart of participant nucleons by detecting, in a given
event, the number Ngp. of spectator nucleons—that
is, those that did not suffer any inelastic collision.
Nevertheless, the Glauber model [46] is widely used
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to estimate the mean values for both quantities (for
an example of implementation, the interested reader
is referred to [47, 48]), including (Ney). In this
approach, the respective mean values are determined
for a chosen class of nucleus—nucleus collisions on
the basis of a fit to multiplicity distributions.

[t should be noted that the concept of participant
nucleons was introduced in [49], where the mean
values and variances of multiplicity distributions in
nucleus—nucleus collisions were calculated under the
assumption that an inelastic collision of two nuclei is
a superposition of incoherent collisions of individual
nucleons. It was also assumed in [49] that the mean
multiplicity is proportional to the number of so-called
wounded nucleons—that is, nucleons that suffered at
least one inelastic collision. Later on, it became com-
mon practice to refer to such nucleons as participant
nucleons.

The standard Glauber model [46] for nucleus—
nucleus collisions is based on the concept of in-
dependent nucleon—nucleon interactions treated in
the eikonal approximation and under the assumption
of constant pp- and pp-interaction cross sections,
which are taken from experimental data.

In order to describe the distribution of nucleons
within a nucleus, one usually employs the well-
known nuclear-matter density distribution for heavy
nuclei in the Woods—Saxon form

p@)=p0{1+em>(“;EA)}

The radius of the nucleus R4 and the parameter a are
determined below from experimental data [50]:

-1

(10)

Ra= Ry As, po=1.071m,
a = 0.545 fm.

(11)

In the case of light nuclei, the nuclear-matter den-
sity is represented in a form that is similar to that for
a harmonic oscillator; that is,

p(r) = 3

2
1+A_4<T> (12)
7T2T03 6 0

X e - "
Xp re? )
Here, the quantity rq is related to the charge radius

((r%,)a) of the nucleus with mass number A and the
proton charge radius ({r% ),) by the equation

w=(3-4) (o). 09
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The mean number Ny, (n) of participant nucleons
in a nucleus—nucleus collision with a multiplicity n
can be determined as [51]

<Npart(n)>
[ d?bP(n;b)(1 = Py(b)) Nyart (b)
— [dP(n;b)(1 - Po(b))

where n(b) is the mean multiplicity of charged par-
ticles produced in collision of nuclei at a given value
of the impact parameter b according to an estimation
similar to that based on expression (16); (Npart(n))
is the mean value of participant nucleons within the
Glauber approach; P(n;b) is the correlation function
for n(b) (for more details, see [51]); and Py(b) is
the probability for the absence of interaction between
nuclei at a given value of the impact parameter b,

2

Py(b) = (1 — o™ Taa(®))”

inel

(14)

(15)

Here, T'44(b) is the nuclear-overlap function for two
nuclei of mass number A.

An expression for the number of nucleon—nucleon
collisions, Neq(n), can be obtained [51] by a method
similar to that used to derive Eq. (4).

The Glauber model is usually applied together
with the so-called two-component model [51], which
is based on the assumption that the multiplicities in
hard and soft processes are proportional in the case
of nuclear collisions both to the number of nucleon—
nucleon collisions (N, ) and to the number of partic-
ipant nucleons (Npart). As a result, we arrive at

dN/dy = fnpprart + (1 - f)npcholla (16)

where n,, is the mean multiplicity of charged par-
ticles per pseudorapidity unit (pseudorapidity den-
sity) according to measurements in proton—proton
and proton—antiproton collisions at a given value of
the energy /s. The adjustable parameter f is de-
termined in constructing a fit to multiplicity distri-
butions for the case of minimum-bias events. The
parameter f may be different for different colliding
systems and different energies. Thus, one assumes
that the fitting procedure in question, which employs
expression (16), makes it possible to obtain numerical
values of N, that correspond to a specific collision-
centrality class.

For the case of non-single diffractive (NSD) pp
and pp interactions, use is usually made of the follow-
ing parametrization of the quantity n,, as a function

of /s [52]:

npp(s) = 2.5 —0.251n(s) +0.023In%(s).  (17)

As an interpretation of the two-component model,
it is assumed in [38] that the number of charged
particles produced in each event of collisions of two
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particles at an impact parameter b depends exclu-
sively on the number of product single-type sources
(quark—gluon strings)—Ng,—and is proportional to
the source intensity—that is, to the mean number of
charged particles per rapidity unit, m,, = 1.1, that
are produced by the source. Here, one employs the
Poisson distribution for the multiplicity of particles
from one string, and this makes it possible to simulate
the ultimate fluctuations of observables.

In the general case of nucleus—nucleus collisions,
the impact-parameter (b) dependence of the number
of quark—gluon strings produced in an event, Ny,
has the form

Nyie(b) = FNEN Neon(b) + (1 = £) Nyart(b),  (18)

where Ngo(b) is the total number of nucleon—
nucleon collisions, Ny.(b) is the total number of
participant nucleons, and f € [0, 1] is an adjustable
parameter that depends on the interaction energy.

The dependence of the parameter f on the c.m.
nucleon—nucleon collision energy /syn was ob-
tained earlier [38] in the form

f=0.1731In (y/syn) — 0.4839, (19)

where NIV is the number of strings in a nucleon—

nucleon collision [38]:
NN =256 — 0.4781n (v/snn)
+0.084 (In(y/snn))? -

In order to study the role of volume fluctuations in
an analysis of centrality classes, our group developed
a Monte Carlo event generator [53] based on the as-
sumptions outlined above. The results obtained with
the aid of this generator agree well with the results of
theoretical calculations from [35] and were published
earlier in [54].

(20)

24. Event-Selection Method Intended
for Minimizing Background Fluctuations

Calculations based on the Monte Carlo generator
developed in [53] were performed in order to analyze
the effect of fluctuations in processes of charged-
particle production on the mean number of participant
nucleons, (Npar), and on its variance, which depend
not only on the mean value that specifies a centrality
class but also on its width.

It is obvious that, as the width of any chosen
centrality class becomes smaller, the variance of
(Npart) due to trivial background fluctuations should
decrease in general.  Concurrently, one expects
motion toward a plateau of volume fluctuations asso-
ciated with fluctuations of cross sections for inelastic
nucleon—nucleon interaction. We have already indi-
cated that, even in an ideal case of collisions between
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nuclei at a fixed impact parameter, such fluctuations
will inevitably be present in going over from one event
to another.

In order to choose an optimum value for the
centrality-class width in the minimum-bias distribu-
tions of events, simulated distributions with respect to
the impact parameter b and with respect to some other
observable (multiplicity or number of participant
nucleons) were used in the present study.

The results of the Monte Carlo simulation for the
minimum-bias PbPb collisions at \/syn = 2.76 TeV
are given in Fig. 1. In Fig. la, the vertical lines
indicate examples of centrality classes chosen in mul-
tiplicity. The distributions with respect to the number
of participant nucleons, Ny, for these multiplic-
ity classes are presented in Fig. 15. The respec-
tive calculations were performed for various centrality
and class-width values. The resulting mean values
(Npart) and their variances are shown in Figs. lc
and 1d.

One can readily notice that, in choosing event
classes in the multiplicity (V) of charged particles,
the initial distributions with respect to the number
of participant nucleons, (Np,), proves to be rather
broad even in the case of choosing a multiplicity class
of width as small as 1% (see Fig. 1b). Fluctuations of
multiparticle-production processes play a significant
role. From Fig. lc, it follows that, as the width of
the centrality class grows, the mean value (Npu¢)
undergoes a systematic bias, which may reach 10%
in the case of the most central collisions.

The calculated values of the variance o(Nyar) in
Fig. 1d may serve as a basis for an optimum choice of
multiplicity-class width. From the calculated results
shown in this figure, one can clearly see that, for cen-
tral and semiperipheral collisions, trivial fluctuations
decrease substantially as the width of the multiplicity
class becomes smaller. At the same time, the choice
of narrow intervals for multiplicity classes becomes
meaningless for peripheral collisions, since, in this
case, the contribution of volume fluctuations remains
relatively large.

Thus, a minimization of volume fluctuations is
possible for central collisions via the reduction of the
centrality-class width. The level of volume fluctu-
ations in the region where a plateau is presumably
reached and the optimum width of the centrality class
may be discussed and used in the physics analysis.

2.5. Collisions of Light Nuclei: "Be—Be, 16.8 GeV

An analogous analysis on the basis of the Glauber
model with the Monte Carlo event generator from [53]
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was also performed for collisions of “Be—?Be light nu-
clei at the c.m. energy of \/syn = 16.8 GeV. Quali-
tatively, the results of this analysis are similar to those
that were presented above. For illustrative purposes,
they are presented in Fig. 2. Irrespective of the choice
of multiplicity intervals (their boundaries and width),
the variance o (N,) is so large that it is impossible
to use effectively the concept of a multiplicity class as
a criterion for the choice of centrality in the case of
collisions of light nuclei (see Fig. 2b). It is obvious
that, both for peripheral and for central collisions,
an event selection in multiplicity would lead in this
case to the mixing of events featuring a high level of
fluctuations of Npay.

3. FLUCTUATIONS AND THE NUMBER
OF PARTICIPANT NUCLEONS IN pPb
COLLISIONS

Similar calculations were also performed for the
case of pPb collisions at \/syy = 5.02 TeV. From
the results of the calculations performed on the basis
of the Glauber model with the Monte Carlo event
generator from [53], it follows that, in the case of pPb
collisions, a decrease in the number of participant
nucleons is accompanied by a substantial growth of
fluctuations of multiparticle production. Those cal-
culations also show that it becomes impossible to es-
tablish a clear-cut correspondence between centrality
and events in which the number N, of participant
nucleons have a preset fixed value.

The effect of initial conditions on the mean values
of observables and on the magnitude of their fluc-
tuations is also confirmed by the results of a nu-
merical simulation performed for minimum-bias pPb
collisions at the c.m. energy of \/syy = 5.02 TeV
with the aid of the HIJING 1.38 event generator [55,
56] (there is a free access to the last version of this
generator).

3.1. Fluctuations and Number of Participant
Nucleons in the HIJING 1.38 Event Generator

In contrast to the Glauber model, the HIJING
1.38 event generator involves collective internal ef-
fects of the interaction of nuclei—for example, it takes
into account an in-medium modification of the par-
ton distribution. The experiments reported in [57—
59] revealed a difference between the parton distri-
butions in nuclei and in the proton, and this leads
to a decrease in the cross section at small . In the
calculations, this can be controlled by varying the
gluon-shadowing parameter s,4, which takes values
in the range of s, € [0.0;1.0]. It is determined from
a fit to experimental rapidity distributions. At the
value of s, = 0, all nucleon—nucleon interactions are
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Fig. 1. Distribution of the number of events (V) for PbPb collisions at the ¢.m. energy of /s = 2.76 TeV (calculation on the
basis of the Glauber model with the Monte Carlo event generator from [53]) with respect to the (a) multiplicity N, and (b)
number Ny, of participant nucleons for the following chosen classes of multiplicity and centrality C: (/) 5—6%, (2) 5—10%, (3)
30-31%, (4) 30—35%, (5) 70—71%, and (6) 70—75%; analogous distributions of (¢) the mean number of participant nucleons
(Npart) and (d) o(Npar) for various classes of Ne, versus their widths We. The points stand for the lower boundaries of the
centrality classes C: C = (closed circles) 0%, (open boxes) 5%, (closed triangles) 10%, (open circles) 20%, (inverted closed
triangles) 40%, and (stars) 60%. In just the same way as in Fig. 4, the curves are drawn to guide the eye.

event

100

Fig. 2. Asin Figs. la and 15, but for “Be—°Be collisions at the energy of \/s = 16.8 GeV; in Fig. 2b, the approximating curves
has a Gaussian form.
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Fig. 3. Results for pPb collisions at the energy of /sy~ = 5.02 TeV according to calculations performed with the aid of the
HIJING 1.38 event generator: (a) rapidity (n) distributions of charged particles (the displayed points stand for experimental
data from [9]) and (b) distributions of N with respect to the number N, of participant nucleons for various values of the
gluon-shadowing parameter s4 (histograms): (/) 0.0, (2) 0.1, (3) 0.2, and (4) 0.28.

assumed to be independent (in just the same way as
in the Glauber model).

We have analyzed the influence of the collective
gluon-shadowing effect on the mean value and vari-
ance of N, for pPb collisions. The results of var-
ious versions of HIJING 1.38 calculations for pPb
collisions at 5.02 TeV are given in Fig. 3 for several
values of the parameter s,. Figure 3a shows that the
rapidity distribution of the charged-particle multiplic-
ity depends greatly on s,. The calculations leading
to the results presented in this figure along with ex-
perimental data reported in [9] and obtained by the
ALICE Collaboration in the pseudorapidity range of
{—2,2} (points in Fig. 3a) make it possible to choose
the parameter value of s, = 0.1 for the HIJING 1.38
version.

Figure 36 shows that the distribution of the num-
ber of events with respect to the number N, of par-
ticipant nucleons changes strongly with the gluon-
shadowing parameter s,,.

Both the mean values (Np,q) for minimum-bias
events and the variance o(INp,t) change substan-
tially.

A decrease in the mean value (N,) for pPb col-
lisions at the energy of 5.02 TeV upon the inclusion
of the gluon-shadowing effect is an important conse-
quence of our present calculations.

3.2. Non-Glauber Model of Nucleus—Nucleus
Collisions

In the present study, we also use a non-Glauber
Monte Carlo model that takes into account collective

initial-state effects in the form of the fusion of quark—
gluon stings and which relies on the parton picture
of nucleon—nucleon interaction [31, 32, 60]. The
conceptual framework of the model also includes the
following assumptions:

(i) Each parton can undergo only one interaction
with another parton (in contrast to Glauber’s as-
sumption of sequential nucleon—nucleon collisions in
which the cross sections for inelastic nucleon inter-
action is constant).

(ii) A nucleon from one nucleus takes part in a
collision if at least one of its partons collides with a
nucleon from the collision partner of this nucleus.

(iii) Data on the multiplicity and on the total in-
elastic cross section for proton—proton interaction
determine (constrain) model parameters.

(iv) A consistent description of multiplicities in the
minimum-bias rapidity distributions in pPb collisions
is yet an additional requirement.

For PbPb collisions at the c.m. energy of \/snyn =
2.76 TeV, Fig. 4 demonstrates the role of fluctua-
tions of the initial distributions of parton configura-
tions in nuclei and the role of the production, fu-
sion, and hadronization of quark—gluon strings as
independent sources of the multiparticle production
of charged particles in the soft and semihard regions
of the transverse-momentum spectrum. This figure
shows how the coefficient beo characterizing long-
range multiplicity correlations changes for various
values of the collision centrality versus the width
of the centrality class. These results demonstrate
that beorr decreases substantially upon the shrinkage
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Fig. 4. Multiplicity-correlation coefficient beorr calculated
within the non-Glauber approach for PbPb collisions at
the c.m. energy of /s = 2.76 TeV for various multiplicity
classes N, versus their widths Wa. The notation for the
centrality (C) lines is identical to that in Figs. ¢ and 1d.
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Fig. 5. Nuclear-modification factor Rppy, as a function of
the transverse momentum pr. The curve represents the
results of the calculations based on the non-Glauber ap-
proach [31]. The displayed points stand for experimental
data from [6].

of the centrality class and reaches a constant value
(plateau), the growth of b.qr in broader classes upon
a transition from peripheral to central collisions dis-
appearing.

The transverse-momentum (pr) dependence of
the nuclear-modification factor R,py calculated on
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the basis of the non-Glauber model with allowance
for collective initial-state effects in the form of in-
teracting (merging together) quark—gluon strings for
the case of pPb collisions is shown in Fig. 5 along
with experimental data from [6]. From this figure,
one can see that the model proposed in [31, 32,
60], which describes correctly the multiplicity in the
minimum-bias rapidity distributions in pPb collisions
and which determines correctly the initial conditions
for nucleus—nucleus collisions, provides an accurate
qualitative description of the behavior of the nuclear-
modification factor as a function of py both in the soft
and in the hard region of the transverse-momentum
spectrum. The fact that the value of R,py, in the soft
region is substantially smaller than unity is due to
energy conservation in elementary nucleon—nucleon
collisions [61, 62].

3.3. Modified Glauber Model and Number
of Nucleon—Nucleon Collisions

[t has been shown above that, if the multiplic-
ity is used as a criterion in choosing classes of
event centrality, biased estimates can be caused
by fluctuations of the multiparticle production of
charged particles. Moreover, initial-state effects,
such as shadowing (within the HIJING scheme)
and the fusion of quark—gluon strings, where the
law of energy—momentum conservation holds, lead
to substantially smaller mean values of the number
of nucleon—nucleon collisions than those that arise
in the standard Glauber model. This is because
expression (14) was obtained under the assumption
that all consecutive nucleon—nucleon collisions oc-
cur independently at the same energy /sy and have
the same cross section ony. However, it can be
stated that these assumptions are oversimplified. The
point is that both the energy of successive elementary
inelastic nucleon collisions and the respective value
of the cross section o may change. In particular,
multiparticle production processes and the energy
loss in the dominant region of soft processes should
lead to a momentum loss and to a change in the
value of oypn for subsequent collisions and may
accordingly change the values of Ny, and Neg.
Thus, expression (14) becomes incorrect, and it is
natural to assume that, within any approach that
disregards the energy loss by particle production, the
values of N o will prove to be exaggerated.

Earlier, momentum-conservation effects were
taken into account on the basis of the modified
Glauber model (MGM) proposed in [33]. Later on,
yet another MGM modification that is harnessed
in the present study and in which the effects of a
repulsive core and secondary nucleon rescattering
are taken additionally into account was developed
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Mean number of participant nucleons, Ny, in minimum-
bias events of pPb collisions at the energy of 5.02 TeV
within various models

Model (Npart) References
1 Glauber 7.94+0.6 [9]
2 MGM 43+0.3 [61]
3 Non-Glauber 6.2+0.6 [62]
4 HIJING 6.5 (53]
5  AMPT 6.4 (18]
in [34, 61]. This model is similar to the Glauber

model but is employed to describe the dependence of
the total multiplicity of charged particles in nucleus—
nucleus collisions on /syny with one adjustable
parameter, k = 0.35, which determines the nucleon-
transverse-momentum fraction that remains after
each inelastic nucleon—nucleon collision and the
respective momentum and cross section for the next
collision. The MGM approach provides a correct
description of the total-multiplicity yield per number
of participant nucleons, Ny, in the energy range
between 17 GeV and 2.76 TeV [61]. At the same time,
the model involving the parameter set to & = 0.35
predicts substantial proton stopping in lead nuclei:
the mean value (N.oy) for the minimum-bias pPb
collisions at the c.m. collision energy of \/syn =
5.02 TeV proves to be substantially smaller than that
in the standard Glauber model.

In the first results [9] of the ALICE collaboration,
a value of 16.81 + 0.71 was obtained for the number
of charged particles per pseudorapidity unit in the
case of NSD events in pPb collisions at the energy of
5.02 TeV. After a normalization to the mean number
of participant nucleons ((Npa)), this value became
2.14£0.17, which is smaller than the respective value
for pp collisions, the latter assuming the value of 2.6
after the interpolation of CMS data from [11] to the
energy of 5.02 TeV.

The results obtained by calculating (Npar) with-
in various models that take into account conser-
vation laws and some collective initial-state effects
and which describe correctly rapidity distributions of
charged-particle multiplicities in pPb collisions are
given in the table. Within all of these models, the
mean number of participant nucleons in pPb colli-
sions is smaller than that within the Glauber model.
These results are indicative of the need for revising the
application of the standard Glauber model in the soft
part of the transverse-momentum spectrum. This is
a point of paramount importance since the region of
soft transverse momenta makes an overwhelmingly
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dominant contribution to the total yield of charged-
particle multiplicities.

4. CONCLUSIONS

We have developed methods for determining col-
lision centralities on the basis of multiplicity dis-
tributions of events. In our specific calculations,
we relied on the Glauber approximation, a two-
component model that employs numerical estima-
tions of fluctuations within the developed Monte
Carlo approaches with allowance for the energy-
momentum conservation law in nucleon—nucleon
collisions, the HIJING and AMPT event generators,
and a non-Glauber model that takes into account
collective initial-state effects in the form of the fusion
of quark-gluon strings. The following conclusions
can be drawn from the resulting estimates of Ny,
and Neoi:

(i) In choosing collision-centrality classes on the
basis of multiplicity distributions of events, it is possi-
ble to optimize the event-selection procedure in such
a way as to reduce the effect of trivial initial-state
fluctuations, especially in the case of central nucleus—
nucleus collisions. Nevertheless, a contribution of
trivial fluctuations always remains present, and one
should take this into account in analyzing dynamical
fluctuations and correlations, since the event class
selected in this way is a mixture of collisions char-
acterized by different values of the number N of
participant nucleons. The estimations performed in
the present study lead to the following result: for 1%
in the width of the particle-multiplicity class in PbPb
collisions at the c.m. collision energy of \/syn =
2.76 TeV, the root-mean-square deviation o(Npart)
may be about 5 to 10% for central collisions.

(ii) The inclusion of conservation laws, which
is performed in all of the approaches other than
that which is based on the standard Glauber model,
reduces substantially, in relation to this model, the
mean number of nucleon collisions, (N¢oy), which is
used both to normalize the measured yields of charged
particles in nucleus—nucleus and proton—nucleus
collisions and to determine the nuclear-modification
factor.

(iii) Collective initial-state effects within the non-
Glauber model that takes into account the fusion of
quark—gluon strings, confirm that there are substan-
tial changes in (N¢oy) in relation to what we have
within the Glauber approach; moreover, the inclusion
of these effects enabled us to describe correctly the
behavior of the nuclear-modification factor p in pPb
collisions at the LHC energy.

By and large, our results demonstrate that it
is necessary to revise the Glauber model, which
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is widely used in normalizing multiplicity yields in
experimental data on proton—nucleus and nucleus—
nucleus collisions in the soft region of the transverse-
momentum spectrum of charged particles.
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