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”Relyativistic Nuclear Physics” :  
         a bit of history 
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A.M. Baldin ,”Heavy Ion Interactions at High 
Energies”, report at AIP Conf. Proc. 26, 621 (1975)  

 
 

1971: the 1st relativistic nuclear 
beams with an energy of 4.2 AGeV 
at the  synchrophasotron  at  the  
LHE, JINR. One of the 1st studies 
 of nuclear effects  in the high 
energy interactions off nuclei 
A.M. Baldin et al. Sov.J. Nucl.Phys.18,41 (1973) 
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A.M. Baldin  
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Today: quark-gluon plasma produced in 
nuclear collisions at LHC and RHIC  
                             

   ”a new form of matter with unique properties” [1]  
  
• It is relativistic, yet strongly coupled; 
• it is a liquid that cools into a gas; 
• it is a nearly “perfect” liquid near the quantum limit of shear 
viscosity; 
• it thermalizes as fast as causality permits; 
• it creates its own new vacuum state to exist… 

[1] B. V. Jacak and B. Mu ̈ller, Science 337, 310 (2012). Berndt Muller 
arxiv:1309.7612v2 12 Oct2013 
[2] A.Sorensen et al.,, Dense nuclear matter equation of state from heavy-ion collisions, 
Progress in Particle and Nuclear Physics, V.134, January 2024, 104080 

Ø New studies of properties of this strongly interacting medium  
                                                               formed in A+A collisions  including: 

1)  Studies of phase diagram and search  for QCD Critical Point CP) 
2)  EOS of baryonic dense nuclear matter 
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P.Sorensen, Elliptic Flow: A Study Of Space-momentum Correlations In Relativistic Nuclear 
Collisions,  arXiv:0905.017 



Some terminology and definitions 
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●  Impact parameter – b   
●  Nucleon-participants (𝑁𝑝𝑎𝑟𝑡) – nucleons collided at least once 
●  Nucleon-spectators (𝑁𝑠𝑝𝑒𝑐 = 2𝐴 − 𝑁𝑝𝑎𝑟𝑡) nucleons which didn’t interact 
●  Number of nucleon-nucleon collisions (𝑁𝑐𝑜𝑙𝑙) 
●  Multiplicity of charged particles (𝑁𝑐h) 
●  Centrality class of events (C) 
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Phase diagram of strongly interacting matter 
                                                                

 Bhalerao, Rajeev S. (2014). "Relativistic heavy-ion collisions". In Mulders, M.; Kawagoe, K. (eds.). 1st Asia-Europe-Pacific School of High-
Energy Physics. CERN Yellow Reports: School Proceedings. Vol. CERN-2014-001, KEK-Proceedings-2013–8. Geneva: CERN. pp. 219–239. 
doi:10.5170/CERN-2014-001. ISBN 9789290833994. OCLC 801745660. S2CID 119256218. 

Ø  At µB ~0 -- smooth cross-over transition 
Ø  The 1st order phase transition is expected at some  large µB (the QCD critical 

point) 
Ø  What is the role of the  initial state of collision of heavy nuclei?  
Ø  Evolution from this pre equilibrium stage? 



Some terminology and definitions 
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Centrality of collision 
➢  Proxies for the impact parameter b: 
•  Multiplicity of charged particles(Nch) 
•  Nucleon-participants (𝑁𝑝𝑎𝑟𝑡)  
•  Transverse energy (ET) 
•  …other? 
 A.Dumitru et al., arXiv: 0804.3858 

The initial state of collision is defined 
 by the collision centrality and dynamics 
➢ Fluctuations and Long-range correlations 

Stages of AA collision  

Freeze out 

Latest correlation 
 
Pre equilibrium 
statge  

Detection 



Assumptions of Standard 
Glauber Model 
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v  The nucleus-nucleus interaction in terms of elementary nucleon-nucleon 

interaction. 
v Model inputs: 

 1) the nuclear charge densities measured in low-energy electron 
scattering experiments 

 2) the inelastic nucleon-nucleon cross section σinel  that is fixed in all 
NN collisions  for the relevant initial √sNN 
v  Independent linear trajectories of nucleons 
v  No energy (or momentum)  losses in NN collisions 
 



We require a hard-sphere exclusion distance of d
min 

= 0.4 fm between the centers of the nucleons, i.e., no pair of nucleons inside 

the nucleus has a distance less than d
min

.10 

Initial state & Centrality of  collision 

Границы интервалов центральности, указанные на графике АЛИСы равны значениям функции G(x) в 
точках, ограничивающих данный интервал. 

 

5) Анализ Pb-Pb столкновений 
Глауберовская модель 

Основываясь на Глауберовской модели, была создана универсальная программа (С++) для 
моделирования столковений ядер. При изменении параметров, данный код может быть применен 
как к расчетам столкновений на встречных пучках, в частности эксперимента ALICE, так и для случая 
рассеяния пучка на фиксированной мишени эксперимента NA49 и NA61/SHINE, в данной работе был 
рассмотрен первый случай.  Положим, что снаряд - ядро А, - сталкивается с мишенью – ядром В (рис. 
33) Методом Монте-Карло мы моделируем процесс столкновения двух ядер свинца (число нуклонов 
в каждом ядре 207). 

 

Рис33. Столкновение двух ядер с прицельным параметром b. Синим показаны нуклоны-участники. 

За основу берется метод Minbias (без учета центральности), таким образом, прицельный 
параметр beta между ядрами может принимать любые значения. Будем рассматривать только не 
пустые столкновения (когда произошло столкновение ядер), для этого положим beta, принимающим 
значения от 0 до 16 fm. Из соображений симметрии следует, что квадрат этого параметра должен 
быть равномерно распределён, поэтому сначала генерируется некая случайная величина 𝜇, 
равномерно распределённая на отрезке от 0 до 1. После этого параметру beta присваивается 
следующее значение: 

𝑏𝑒𝑡𝑎 = 𝑏𝑒𝑡𝑎𝑚𝑎𝑥 ∙ √𝜇                                                           (5) 

где 𝑏𝑒𝑡𝑎𝑚𝑎𝑥 – максимальное значение прицельного параметра, рассматриваемое в программе 
(область изменения прицельного параметра простирается от нуля до бесконечности). При численной 
реализации модели бесконечность заменяется конечным числом 𝑏𝑒𝑡𝑎𝑚𝑎𝑥. В рамках данной работы 
было выбрано значение 𝑏𝑒𝑡𝑎𝑚𝑎𝑥 = 16 fm. Опыт численных расчетов показывает, что при 
𝑏𝑒𝑡𝑎 > 𝑏𝑒𝑡𝑎𝑚𝑎𝑥 значения основных физических величин, получаемые при симуляциях, уже 
практически не отличаются от значений при 𝑏𝑒𝑡𝑎𝑚𝑎𝑥 = 16 fm. 

Для ядерной плотности материи использовалось распределение Вудса-Саксона: 

𝜌(𝑟) = 𝜌0 {1 + exp (𝑟−𝑅𝐴
𝑎

)}
−1

                                                     (6) 
где радиус ядра: 
𝑅𝐴 = 𝑅0 ∙ 𝐴

1
3,   R0 = 1.07 fm, a = 0.545 fm. 

 
Для моделирования распределения координат нуклонов внутри ядра использовался класс 

CNumeric1D представленный Д.Семеновым в работе [45]. В нашем исследовании для нуклонов 
использовалась модель черных дисков. Расстояние между выбранным нуклоном ядра 𝐴 и ядра 
𝐵 вычислялось, исходя из разыгранных значений их координат внутри ядер и прицельного 
параметра. В нашей модели считается, что взаимодействие состоялось, если центр "диска" одного из 
нуклонов попал в область "диска" другого нуклона. На основе этого производится построение 
матрицы столкновений нулями и единицами, где указывается, произошло ли столкновение между 
заданными нуклонами (координата столбца отвечает одному ядру, а координата строки - второму). 
Далее, те столбцы (или строки), в которых есть хотя бы одна единица, соответствуют тому, что данный 
нуклон ранен, то есть претерпел акт взаимодействия. Такая модель, как было описано выше, 
называется Моделью Раненых Нуклонов и относится к классу суперпозиционных моделей. 

 

1. Формулы для расчета: 

 В этом параграфе будут приведены формулы, по которым мы вычисляли те или иные 
величины.  

Дисперсия множественности: 𝐷𝑀 =
∑ (𝑀𝑐)2

𝑖
𝑁𝑠𝑖𝑚
𝑖=1

𝑁𝑠𝑖𝑚
− (

∑ (𝑀𝑐)𝑖
𝑁𝑠𝑖𝑚
𝑖=1

𝑁𝑠𝑖𝑚
)
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Средняя множественность: 〈𝑀〉 =
∑ (𝑀𝑐)𝑖

𝑁𝑠𝑖𝑚
𝑖=1

𝑁𝑠𝑖𝑚
, 

где 𝑁𝑠𝑖𝑚- число симуляций программы 

𝑀𝑐 – множественность частиц, рожденных от одного столкновения, имеет распределение 
Пуассона: 

𝑃(𝑀𝐶) = 𝑒−𝜌 𝜌𝑀𝑐 
𝑀𝑐!

    , 〈𝑀𝑐〉 = 𝜌,      𝜌 = 𝑚𝑓 ∙ 𝑁𝑠𝑡𝑟(𝛽) 

Где 𝑚𝑓 = 𝜔 ∙ 𝑑𝑦 – множественность одной струны в быстротном окне dy, 𝜔 – дополнительный 
параметр. 

𝑅
𝐴 

= 𝑅
0 

· A1/3 
 
R

0 
= 1.07 fm,  

 
a = 0.545 fm 
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The procedure can be simplified by replacing the cross section
with the number of observed events, corrected for the trigger
efficiency. However, at LHC energies, the strong electromag-
netic fields generated by the heavy ions moving at relativistic
velocity lead to large cross sections for QED processes [6– 9].
Although the cross sections for these processes exceed those
for the hadronic cross section by several orders of magnitude,
they only contaminate the hadronic cross section in the most
peripheral collisions. For this reason one may choose to
restrict the centrality determination to the region where such
contamination is negligible. The fraction of hadronic events
excluded by such cut as well as the trigger efficiency can be
estimated using a model of the nuclear collision and the related
particle production.

In this paper, we report on the centrality determination
used in the analyses of the Pb-Pb collision data from the
2010 and 2011 run recorded with the ALICE detector [10].
Specifically, the analysis presented here is done with a subset
of the 2010 data, but the methods and results are valid for
2011 as well. In Sec. II, we describe the implementation
of the Glauber model used by ALICE. We extract mean
numbers of the relevant geometrical quantities for typical
centrality classes defined by classifying the events according to
their impact parameter. Section III describes the experimental
conditions and the event selection with particular emphasis
on the rejection of QED and machine-induced backgrounds.
Section IV presents the methods employed by ALICE for
the determination of the hadronic cross section, needed
for the absolute determination of the centrality. The main
method uses the VZERO amplitude distribution fitted with
the Glauber model. The systematic uncertainty is obtained by
comparing the fit to an unbiased VZERO distribution obtained
by correcting the measured one by the efficiency of the event
selection and the purity of the event sample. Section V presents
the determination of the centrality classes using either the
multiplicity at midrapidity or the energy deposited in the ZDC.
We discuss the relation between the measured multiplicity
and geometrical quantities connected to centrality, established
by the Glauber model. These are nearly identical to those
obtained in Sec. II, classifying the events according to their
impact parameter, which are therefore used as reference in
all ALICE analyses. Section VI presents the precision of the
centrality determination in ALICE. Section VII summarizes
and concludes the paper.

II. THE GLAUBER MODEL

The Glauber model is widely used to describe the de-
pendence of Npart and Ncoll on b in p-A, d-A, and A-A
collisions [2– 5]. The purpose of Monte Carlo implementations
of the Glauber model [19,20] is to compose two nuclei from
nucleons and simulate their collision process event by event.
Geometrical quantities are calculated by simulating many
nucleus-nucleus collisions. Mean values of these quantities
are calculated for centrality classes defined by classifying the
events according to their impact parameter b.

Following Ref. [21], the first step in the Glauber Monte
Carlo is to prepare a model of the two nuclei by defining

stochastically the position of the nucleons in each nucleus.
The nucleon position in the 208Pb nucleus is determined by
the nuclear density function, modeled by the functional form
(modified Woods-Saxon or two-parameter Fermi distribution),

ρ(r) = ρ0
1 + w(r/R)2

1 + exp
(

r−R
a

) . (3)

The parameters are based on data from low-energy electron-
nucleus scattering experiments [22]. Protons and neutrons are
assumed to have the same nuclear profile. The parameter ρ0 is
the nucleon density, which provides the overall normalization,
not relevant for the Monte Carlo simulation; R = (6.62 ±
0.06) fm is the radius parameter of the 208Pb nucleus; and
a = (0.546 ± 0.010) fm is the skin thickness of the nucleus,
which indicates how quickly the nuclear density falls off
near the edge of the nucleus. The additional parameter w
is needed to describe nuclei whose maximum density is
reached at radii r > 0 (w = 0 for Pb). In the Monte Carlo
procedure the radial coordinate of a nucleon is randomly drawn
from the distribution 4πr2ρ(r) and ρ0 is determined by the
overall normalization condition

∫
ρ(r)d3r = A. We require

a hard-sphere exclusion distance of dmin = 0.4 fm between
the centers of the nucleons, i.e., no pair of nucleons inside
the nucleus has a distance less than dmin. The hard-sphere
exclusion distance, characteristic of the length of the repulsive
nucleon-nucleon force, is not known experimentally and thus
is varied by 100% [dmin = (0.4 ± 0.4) fm].

The second step is to simulate a nuclear collision. The
impact parameter b is randomly selected from the geometrical
distribution dP/db ∼ b up to a maximum bmax ≃ 20 fm >
2RPb. The maximum value of the impact parameter bmax is
chosen large enough to simulate collisions until the interaction
probability becomes zero. This is particularly important for
the calculation of the total Pb-Pb cross section. The nucleus-
nucleus collision is treated as a sequence of independent
binary nucleon-nucleon collisions, where the nucleons travel
on straight-line trajectories and the inelastic nucleon-nucleon
cross section is assumed to be independent of the number of
collisions a nucleon underwent previously, i.e., the same cross
section is used for all successive collisions. Two nucleons
from different nuclei are assumed to collide if the relative
transverse distance between centers is less than the distance
corresponding to the inelastic nucleon-nucleon cross section
d <

√
σ inel

NN/π . A Gaussian overlap function can be used as an
alternative to the black-disk nucleon-nucleon overlap function
[23]. It makes no significant difference within systematic
uncertainty in the global event properties.

The number of collisions Ncoll and the number of par-
ticipants Npart are determined by counting, respectively, the
binary nucleon collisions and the nucleons that experience at
least one collision. Following the notation in Ref. [2], the
geometric nuclear overlap function TAA is then calculated
as TAA = Ncoll/σ

inel
NN and represents the effective nucleon

luminosity in the collision process.
For nuclear collisions at

√
sNN = 2.76 TeV, we use σ inel

NN =
(64 ± 5) mb, estimated by interpolation [11] of pp data at
different center-of-mass energies and from cosmic rays [12,14]
and subtracting the elastic-scattering cross section from the
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Nucleons –  
participants and spectators 
 
N

spec 
= 2A − N

part
,  

 
 
Binary collisions – N coll 

or 

The parameters are based on data from low-energy electron- 
nucleus scattering experiments [22].  

[22] H. De Vries, C. W. De Jager, and C. 
De Vries, At. Data Nucl. Data Tables 36, 
495 (1987).  
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peripheral collisions. For this reason one may choose to
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contamination is negligible. The fraction of hadronic events
excluded by such cut as well as the trigger efficiency can be
estimated using a model of the nuclear collision and the related
particle production.

In this paper, we report on the centrality determination
used in the analyses of the Pb-Pb collision data from the
2010 and 2011 run recorded with the ALICE detector [10].
Specifically, the analysis presented here is done with a subset
of the 2010 data, but the methods and results are valid for
2011 as well. In Sec. II, we describe the implementation
of the Glauber model used by ALICE. We extract mean
numbers of the relevant geometrical quantities for typical
centrality classes defined by classifying the events according to
their impact parameter. Section III describes the experimental
conditions and the event selection with particular emphasis
on the rejection of QED and machine-induced backgrounds.
Section IV presents the methods employed by ALICE for
the determination of the hadronic cross section, needed
for the absolute determination of the centrality. The main
method uses the VZERO amplitude distribution fitted with
the Glauber model. The systematic uncertainty is obtained by
comparing the fit to an unbiased VZERO distribution obtained
by correcting the measured one by the efficiency of the event
selection and the purity of the event sample. Section V presents
the determination of the centrality classes using either the
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obtained in Sec. II, classifying the events according to their
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all ALICE analyses. Section VI presents the precision of the
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pendence of Npart and Ncoll on b in p-A, d-A, and A-A
collisions [2– 5]. The purpose of Monte Carlo implementations
of the Glauber model [19,20] is to compose two nuclei from
nucleons and simulate their collision process event by event.
Geometrical quantities are calculated by simulating many
nucleus-nucleus collisions. Mean values of these quantities
are calculated for centrality classes defined by classifying the
events according to their impact parameter b.

Following Ref. [21], the first step in the Glauber Monte
Carlo is to prepare a model of the two nuclei by defining

stochastically the position of the nucleons in each nucleus.
The nucleon position in the 208Pb nucleus is determined by
the nuclear density function, modeled by the functional form
(modified Woods-Saxon or two-parameter Fermi distribution),

ρ(r) = ρ0
1 + w(r/R)2

1 + exp
(

r−R
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) . (3)

The parameters are based on data from low-energy electron-
nucleus scattering experiments [22]. Protons and neutrons are
assumed to have the same nuclear profile. The parameter ρ0 is
the nucleon density, which provides the overall normalization,
not relevant for the Monte Carlo simulation; R = (6.62 ±
0.06) fm is the radius parameter of the 208Pb nucleus; and
a = (0.546 ± 0.010) fm is the skin thickness of the nucleus,
which indicates how quickly the nuclear density falls off
near the edge of the nucleus. The additional parameter w
is needed to describe nuclei whose maximum density is
reached at radii r > 0 (w = 0 for Pb). In the Monte Carlo
procedure the radial coordinate of a nucleon is randomly drawn
from the distribution 4πr2ρ(r) and ρ0 is determined by the
overall normalization condition

∫
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a hard-sphere exclusion distance of dmin = 0.4 fm between
the centers of the nucleons, i.e., no pair of nucleons inside
the nucleus has a distance less than dmin. The hard-sphere
exclusion distance, characteristic of the length of the repulsive
nucleon-nucleon force, is not known experimentally and thus
is varied by 100% [dmin = (0.4 ± 0.4) fm].

The second step is to simulate a nuclear collision. The
impact parameter b is randomly selected from the geometrical
distribution dP/db ∼ b up to a maximum bmax ≃ 20 fm >
2RPb. The maximum value of the impact parameter bmax is
chosen large enough to simulate collisions until the interaction
probability becomes zero. This is particularly important for
the calculation of the total Pb-Pb cross section. The nucleus-
nucleus collision is treated as a sequence of independent
binary nucleon-nucleon collisions, where the nucleons travel
on straight-line trajectories and the inelastic nucleon-nucleon
cross section is assumed to be independent of the number of
collisions a nucleon underwent previously, i.e., the same cross
section is used for all successive collisions. Two nucleons
from different nuclei are assumed to collide if the relative
transverse distance between centers is less than the distance
corresponding to the inelastic nucleon-nucleon cross section
d <

√
σ inel

NN/π . A Gaussian overlap function can be used as an
alternative to the black-disk nucleon-nucleon overlap function
[23]. It makes no significant difference within systematic
uncertainty in the global event properties.

The number of collisions Ncoll and the number of par-
ticipants Npart are determined by counting, respectively, the
binary nucleon collisions and the nucleons that experience at
least one collision. Following the notation in Ref. [2], the
geometric nuclear overlap function TAA is then calculated
as TAA = Ncoll/σ

inel
NN and represents the effective nucleon

luminosity in the collision process.
For nuclear collisions at

√
sNN = 2.76 TeV, we use σ inel

NN =
(64 ± 5) mb, estimated by interpolation [11] of pp data at
different center-of-mass energies and from cosmic rays [12,14]
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an impact parameter b   
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√
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This publication describes the methods used to measure the centrality of inelastic Pb-Pb collisions at a
center-of-mass energy of 2.76 TeV per colliding nucleon pair with ALICE. The centrality is a key parameter in
the study of the properties of QCD matter at extreme temperature and energy density, because it is directly related
to the initial overlap region of the colliding nuclei. Geometrical properties of the collision, such as the number of
participating nucleons and the number of binary nucleon-nucleon collisions, are deduced from a Glauber model
with a sharp impact parameter selection and shown to be consistent with those extracted from the data. The
centrality determination provides a tool to compare ALICE measurements with those of other experiments and
with theoretical calculations.

DOI: 10.1103/PhysRevC.88.044909 PACS number(s): 25.75.−q, 07.05.Fb, 07.05.Kf, 24.10.Jv

I. INTRODUCTION

Ultrarelativistic heavy-ion collisions at the Large Hadron
Collider (LHC) produce strongly interacting matter under
extreme conditions of temperature and energy density, similar
to those prevailing in the first few microseconds after the Big
Bang [1].

Since nuclei are extended objects, the volume of the
interacting region depends on the impact parameter (b) of
the collision, defined as the distance between the centers of
the two colliding nuclei in a plane transverse to the beam axis.
It is customary in the field of heavy-ion physics to introduce
the concept of the centrality of the collision, which is directly
related to the impact parameter and inferred by comparison of
data with simulations of the collisions.

The purely geometrical Glauber model [2], which typ-
ically is used in this context, has its origins in the
quantum mechanical model for p-A and A-A scattering
described in Refs. [3– 5]. The model treats a nuclear collision
as a superposition of binary nucleon-nucleon interactions.
The volume of the initial overlap region is expressed via
the number of participant nucleons. A participant nucleon of
one nucleus is defined as a nucleon that undergoes one or
more binary collisions with nucleons of the other nucleus. The
number of participants and spectators is defined as Npart and
Nspec = 2A − Npart, where A is the total number of nucleons
in the nucleus (mass number), and the number of binary
collisions Ncoll are calculated for a given value of the impact
parameter and for a realistic initial distribution of nucleons
inside the nucleus and assuming that nucleons follow straight
trajectories. This approach provides a consistent description
of p-A, d-A, and A-A collisions and is especially useful when

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.

comparing data from different experiments or from different
collision systems and to theoretical calculations.

Neither the impact parameter nor geometrical quantities,
such as Npart, Nspec, or Ncoll, are directly measurable. Two
experimental observables related to the collision geometry are
the average charged-particle multiplicity Nch and the energy
carried by particles close to the beam direction and deposited in
zero-degree calorimeters (ZDC), called the zero-degree energy
EZDC. The average charged-particle multiplicity is assumed
to decrease monotonically with increasing impact parameter.
The energy deposited in the zero-degree calorimeters, EZDC,
is directly related to the number of spectator nucleons Nspec,
which constitute the part of the nuclear volume not involved
in the interaction. However, unlike Nch, EZDC does not depend
monotonically on the impact parameter b because nucleons
bound in nuclear fragments with similar magnetic rigidity as
the beam nuclei remain inside the beam pipe and therefore are
not detected in the ZDC. Since fragment formation is more
important in peripheral collisions, the monotonic relationship
between EZDC and b is valid only for relatively central
events (small b). For this reason, the zero-degree energy
measurement needs to be combined with another observable
that is monotonically correlated with b.

The centrality is usually expressed as a percentage of the
total nuclear interaction cross section σ [2]. The centrality
percentile c of an A-A collision with an impact parameter
b is defined by integrating the impact parameter distribution
dσ/db
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as

c =
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This publication describes the methods used to measure the centrality of inelastic Pb-Pb collisions at a
center-of-mass energy of 2.76 TeV per colliding nucleon pair with ALICE. The centrality is a key parameter in
the study of the properties of QCD matter at extreme temperature and energy density, because it is directly related
to the initial overlap region of the colliding nuclei. Geometrical properties of the collision, such as the number of
participating nucleons and the number of binary nucleon-nucleon collisions, are deduced from a Glauber model
with a sharp impact parameter selection and shown to be consistent with those extracted from the data. The
centrality determination provides a tool to compare ALICE measurements with those of other experiments and
with theoretical calculations.
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I. INTRODUCTION

Ultrarelativistic heavy-ion collisions at the Large Hadron
Collider (LHC) produce strongly interacting matter under
extreme conditions of temperature and energy density, similar
to those prevailing in the first few microseconds after the Big
Bang [1].

Since nuclei are extended objects, the volume of the
interacting region depends on the impact parameter (b) of
the collision, defined as the distance between the centers of
the two colliding nuclei in a plane transverse to the beam axis.
It is customary in the field of heavy-ion physics to introduce
the concept of the centrality of the collision, which is directly
related to the impact parameter and inferred by comparison of
data with simulations of the collisions.

The purely geometrical Glauber model [2], which typ-
ically is used in this context, has its origins in the
quantum mechanical model for p-A and A-A scattering
described in Refs. [3– 5]. The model treats a nuclear collision
as a superposition of binary nucleon-nucleon interactions.
The volume of the initial overlap region is expressed via
the number of participant nucleons. A participant nucleon of
one nucleus is defined as a nucleon that undergoes one or
more binary collisions with nucleons of the other nucleus. The
number of participants and spectators is defined as Npart and
Nspec = 2A − Npart, where A is the total number of nucleons
in the nucleus (mass number), and the number of binary
collisions Ncoll are calculated for a given value of the impact
parameter and for a realistic initial distribution of nucleons
inside the nucleus and assuming that nucleons follow straight
trajectories. This approach provides a consistent description
of p-A, d-A, and A-A collisions and is especially useful when
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comparing data from different experiments or from different
collision systems and to theoretical calculations.

Neither the impact parameter nor geometrical quantities,
such as Npart, Nspec, or Ncoll, are directly measurable. Two
experimental observables related to the collision geometry are
the average charged-particle multiplicity Nch and the energy
carried by particles close to the beam direction and deposited in
zero-degree calorimeters (ZDC), called the zero-degree energy
EZDC. The average charged-particle multiplicity is assumed
to decrease monotonically with increasing impact parameter.
The energy deposited in the zero-degree calorimeters, EZDC,
is directly related to the number of spectator nucleons Nspec,
which constitute the part of the nuclear volume not involved
in the interaction. However, unlike Nch, EZDC does not depend
monotonically on the impact parameter b because nucleons
bound in nuclear fragments with similar magnetic rigidity as
the beam nuclei remain inside the beam pipe and therefore are
not detected in the ZDC. Since fragment formation is more
important in peripheral collisions, the monotonic relationship
between EZDC and b is valid only for relatively central
events (small b). For this reason, the zero-degree energy
measurement needs to be combined with another observable
that is monotonically correlated with b.

The centrality is usually expressed as a percentage of the
total nuclear interaction cross section σ [2]. The centrality
percentile c of an A-A collision with an impact parameter
b is defined by integrating the impact parameter distribution
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In theory:  

In experiment:  



Global observables:  
         selection of collision centrality classes 
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Two major type of centrality estimators 
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Proxies for the impact parameter b: 
    Multiplicity of charged particles(Nch) 
 



14 Ø  That is how the values of 𝑁𝑝𝑎𝑟𝑡  and 𝑁𝑐𝑜𝑙𝑙  are usually obtained!    



Centrality in ALICE: Zero Degree Calorimeters 
and VZERO multiplicty detectors 
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Hodoscopes  
of scintillator cells 

ZDC 

ZDC 

VZEROA 

VZEROC 

quartz-fiber  
spaghetti calorimeters 
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Границы интервалов центральности, указанные на графике АЛИСы равны значениям функции G(x) в 
точках, ограничивающих данный интервал. 

 

5) Анализ Pb-Pb столкновений 
Глауберовская модель 

Основываясь на Глауберовской модели, была создана универсальная программа (С++) для 
моделирования столковений ядер. При изменении параметров, данный код может быть применен 
как к расчетам столкновений на встречных пучках, в частности эксперимента ALICE, так и для случая 
рассеяния пучка на фиксированной мишени эксперимента NA49 и NA61/SHINE, в данной работе был 
рассмотрен первый случай.  Положим, что снаряд - ядро А, - сталкивается с мишенью – ядром В (рис. 
33) Методом Монте-Карло мы моделируем процесс столкновения двух ядер свинца (число нуклонов 
в каждом ядре 207). 

 

Рис33. Столкновение двух ядер с прицельным параметром b. Синим показаны нуклоны-участники. 

За основу берется метод Minbias (без учета центральности), таким образом, прицельный 
параметр beta между ядрами может принимать любые значения. Будем рассматривать только не 
пустые столкновения (когда произошло столкновение ядер), для этого положим beta, принимающим 
значения от 0 до 16 fm. Из соображений симметрии следует, что квадрат этого параметра должен 
быть равномерно распределён, поэтому сначала генерируется некая случайная величина 𝜇, 
равномерно распределённая на отрезке от 0 до 1. После этого параметру beta присваивается 
следующее значение: 

Centrality of  relativistic heavy ion collisions 
In various experiments: ALICE as an example 
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FIG. 2. Geometric properties of Pb-Pb collisions at
√

sNN = 2.76 TeV obtained from a Glauber Monte Carlo calculation: impact parameter
distribution (left), sliced for percentiles of the hadronic cross section, and distributions of the number of participants (right) for the corresponding
centrality classes.

deviation to determine uncertainties related to the nuclear
density profile. The minimum distance of 0.4 fm between two
nucleons of the same nucleus was varied by 100%, from 0
to 0.8 fm, to evaluate the effects of a nucleon hard core (as
mentioned above). Figure 3 shows the resulting variations for
Pb-Pb collisions at

√
sNN = 2.76 TeV. The total systematic

uncertainty reported in Table I was obtained by adding in
quadrature the deviations from the default result for each of
the variations listed above. The uncertainty of Npart ranges
from about 3–4% in peripheral collisions to <1% in central
collisions, the uncertainty of Ncoll ranges from about 7% in
peripheral collisions to about 11% in central collisions, and
the uncertainty of TAA ranges from about 6% in peripheral
collisions to about 3% in central collisions. The nuclear
overlap function TAA is often used to compare observables
related to hard processes in A-A and pp collisions. Since
TAA = Ncoll/σ

inel
NN , it has the same systematic uncertainties as

Ncoll except that the uncertainty on σ inel
NN cancels out.

Finally, it is worth noting that more sophisticated imple-
mentations of the Glauber model [23–25] suggest that effects
not included in our Glauber model, such as the changes of
the excluded volume on the nuclear density and two-body
correlations, can be approximated by slightly adjusting the
Woods-Saxon parameters. The modified parameters, however,

are well covered by the systematic uncertainty quoted above
for the parameters that we use.

III. EXPERIMENTAL CONDITIONS

A. The ALICE detector

ALICE is an experiment dedicated to the study of heavy-ion
collisions at the LHC. A detailed description of the apparatus
is given in Ref. [10]. Here we briefly describe the detector
components used in this analysis.

The Silicon Pixel Detector (SPD) is the innermost part of
the Inner Tracking System (ITS). It consists of two cylindrical
layers of hybrid silicon pixel assemblies positioned at average
radial distances of 3.9 and 7.6 cm from the beam line, with
a total of 9.8 × 106 pixels of size 50 × 425 µm2, read out
by 1200 electronic chips. The SPD coverage for particles
originating from the center of the detector is |η| < 2.0 and
|η| < 1.4 for the inner and outer layers, respectively. Each
chip provides a fast signal if at least one of its pixels is hit. The
signals from the 1200 chips are combined in a programmable
logic unit which supplies a trigger signal. The fraction of SPD
channels active during 2010 data taking was 70% for the inner
and 78% for the outer layers.

FIG. 3. Sensitivity of Npart (left) and Ncoll (right) to variations of parameters in the Glauber Monte Carlo model of Pb-Pb collisions at√
sNN = 2.76 TeV. The gray band represents the rms of Npart and Ncoll, respectively. It is scaled by a factor 0.1 for visibility.
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FIG. 10. (Color online) Distribution of the sum of amplitudes in 
the VZERO scintillators. The distribution is fitted with the NBD- 
Glauber fit (explained in the text), shown as a line. The centrality 
classes used in the analysis are indicated in the figure. The inset 
shows a zoom of the most peripheral region. 
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Example: Centrality determination 
with multicity in TPC at MPD/NICA. 

Report by Alexander Ivashkin, Petr Parfenov, 
Classes of centrality for the 1st MPD data 
analysis, PWG1 meeting,  16.01.2020 



Example: Centrality determination 
with multicity in TPC at MPD/NICA. 

Report by Alexander Ivashkin, Petr Parfenov, 
Classes of centrality for the 1st MPD data 
analysis, PWG1 meeting,  16.01.2020 

Ø  However, the applicability of Standard Glauber model at NICA energies  
in the region of √sNN = 2,5-11 GeV- is under the question due to:  

 --low multiplicity 
 --possible autocorrelations 

-  --stopping of nucleons  (see further below) 
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ALICE  
(energy of spectators in the ZDC):  



Centrality estimators in ALICE: ZDC and  
multiplicity signal - (anti)correlation plot 
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arXiv:1011.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301  

 

K. Aamodt et al. (ALICE), JINST, 3 , S08002 (2008) 

 VZERO 

ZDC 



Global observables:  
Spectators in FHCal for centrality class selection 
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Ø  Possibility to mismatch centrality classes from very 
central with very peripheral events 

Ø  Broad distribution in any  impact parameter class  
selected via FHCal energy 

Ø  Combination of several  observables/proxies of 
centrality – work is in progress by the MPD 



23 

Proxies for the impact parameter b  
using the Hadron Calorimeter  
 

[1] Idrisov, D., Segal, I., Golosov, O. et al. Centrality Determination Method in 
Nuclear Collisions by Using Hadron Calorimeter. Phys. Part. Nuclei Lett. 21, 
627–630 (2024). https://doi.org/10.1134/S1547477124700845 
 
[2] Ilya Segal Centrality Determination in Heavy-Ion Collisions Based on 
Monte-Carlo Sampling of Spectator Fragments 
Particles 2023, 6(2), 568-579;https://doi.org/10.3390/particles6020032 
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[1] Idrisov, D., Segal, I., Golosov, O. et al. Centrality Determination Method 
in Nuclear Collisions by Using Hadron Calorimeter. Phys. Part. Nuclei 
Lett. 21, 627–630 (2024). https://doi.org/10.1134/S1547477124700845 

New approach…Using Hadron Calorimeter to measure the 
energy of spectator fragments [1]  
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[1] Idrisov, D., Segal, I., Golosov, O. et al. Centrality Determination Method 
in Nuclear Collisions by Using Hadron Calorimeter. Phys. Part. Nuclei 
Lett. 21, 627–630 (2024). https://doi.org/10.1134/S1547477124700845 

New approach…Using Hadron Calorimeter to measure the 
energy of spectator fragments [1]  
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Impact parameter  (b)  
                              and centrality of collision   

Ø  Why the geometrical term “centrality” is so important?  

--- We need the accurate  knowledge of the energy density   
in the interaction region  
in the events selected in a given class of centrality of A+A collisions 



Transverse	energy of	charged	particles		
and	Bjorken	energy	density		 
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Ø  Transverse	overlap	area	ST	of	the	colliding	nuclei			
	 	 	 	requires					an		accurate	estimate	of	b 
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Centrality and widths of centrality classes 
in relativistic heavy ion collisions 



Percentile 

Npart distribution in the different 
centrality classes 

Some impact parameter centrality 
classes 

MC Glauber, PbPb 2.76TeV 

b 
b 

b 

T. A. Drozhzhova,V. N. Kovalenko,A. Yu. Seryakov,G. A. Feofilov, Physics of Atomic Nuclei, 
September 2016, Volume 79, Issue 5, pp 737–748 



30 T. A. Drozhzhova,V. N. Kovalenko,A. Yu. Seryakov,G. A. Feofilov, Physics of Atomic Nuclei, 
September 2016, Volume 79, Issue 5, pp 737–748 



MC Glauber, PbPb 2.76TeV 

T. A. Drozhzhova,V. N. Kovalenko,A. Yu. Seryakov,G. A. Feofilov, 
Physics of Atomic Nuclei, September 2016, Volume 79, Issue 5, pp 737–748 

Width of multiplicity classes of centrality  
and <Npart> 



MC Glauber, PbPb 2.76TeV RMS of Npart  

T. A. Drozhzhova,V. N. Kovalenko,A. Yu. Seryakov,G. A. Feofilov, 
Physics of Atomic Nuclei, September 2016, Volume 79, Issue 5, pp 737–748 



Npart for p-Pb collisions  centrality 
classes from Multiplicity selection 



Conclusions from MC Glauber  
calculations: 

•  Results indicate that  selection of a narrow centrality class in 
multiplicity does not assume real selection of very central events in 
terms of the impact parameter  

•  At the same time RMS of distributions in Npart could be very large 
unless the narrow centrality class in multiplicity is selected - this is 
important for any study of fluctuations 

•  In case of p-Pb collisions  centrality classes from Multiplicity 
selection should not be used  - the results could be ambiguous   

34 



Centrality classes in p-A collisions?  
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nucleus 

proton 

PRL 110,032301 



Modified Glauber Model[1] 
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•  Each nucleon in collisions loses in the inelastic collision 
the fixed portion (1-k) of momentum in the center of mass system [1]. 
§  The next inelastic collision will occur at lower collision energy and  
    with different value of  σinel 
•  This loss of momentum(energy) goes to the production of charged and 

neutral particles  
•  One can define parameter k by fitting the available experimental data on 

charged-particle multiplicity yields in AA collisions  

[1] G.Feofilov, A.Seryakov, A new look on signals of collective effects in AA and pA at LHC based on Modified Glauber Model, AIP, 2015.  
[2] PHOBOS Collaboration, arXiv:nucl-ex/0301017. 	
[3]	ALICE	Collaboration,	Centrality	dependence	of	the	pseudorapidity	density	distribution	for	charged	particles	in	Pb–Pb	collisions	at	√S	=	2.76	
TeV,	arXiv:1304.0347v2	[nucl-ex]	,	2013.	 

√sNN  



Momenta of nucleons in MGM 

. 
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MGM 

39 



MGM 
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Number of <Ncoll>  
                in SGM and MGM 
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Number of <Ncoll>  
    in SGM and partonic Glauber  
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Stopping of nucleons in AA and pA 
interactions at the LHC energies 

Conclusions  

The XXI International Workshop High Energy Physics and Quantum Field Theory 
June 23 – June 30,  2013 Saint Petersburg Area, Russia 

• MGM, non-Glauber, HIJING and AMPT – all these models gives 
smaller values of <Npart> compared to Glauber 

• This indicates considerable stopping of nucleons in AA and pA 
interactions at the LHC energies.  

 

MinBias 
<Npart> at 5.02 

TeV 
ALICE p-Pb  

Glauber 
7.87 (A.Ser) 

7.9±0.6 (ALICE) 

MGM 4.3±0.3 

Non-Glauber 6.2±0.6 

HIJING 6.5 
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Results for p-Pb 
Corrections 

The XXI International Workshop High Energy Physics and Quantum Field Theory 
June 23 – June 30,  2013 Saint Petersburg Area, Russia 

MinBias 
<Npart> at 5.02 TeV 

ALICE p-Pb  

Glauber 
7.87 (A.Ser) 

7.9±0.6 (ALICE) 

MGM 4.3±0.3 

Non-
Glauber 6.2±0.6 

HIJING 6.5 

Charged-particle pseudorapidity density at midrapidity normalized to Npart 

44 

Data from:  PRL 110,032301 
•  T. Drozhzhova, G. Feofilov, V. Kovalenko, A. Seryakov, Geometric properties and charged particles yields behind Glauber model in high energy 

pA and AA collisions. Proceedings of the "The XXI International Workshop High Energy Physics and Quantum Field Theory” in St.Petesburg 
Area, in June 23–30 2013. 



Summary and outlook 

45	

•  The initial conditions of nucleus-nucleus and proton-nucleus collisions at high 
energies are important for any analysis and haracterization of the expected 
quark-gluon plasma formation 

•  The impact parameter b, and its relevant values Npart and so-called binary 
collisions Ncoll, are widely used to normalize the measured fractional cross 
sections both of soft and hard processes of particle production in collisions of 
heavy ions 

 
•  We compare methods of centrallity determination based on the Glauber model 

and multiplicity estimators to  the modified Glauber, HIJING  MC event generators 
to non-Glauber approach calculations. We show that the correct inclusion of energy-
momentum  consevation in multiprticle production process  decreases  considerably values 
of Ncoll,  the result is especially striking for p-Pb collisions 

•  Binary collisions Ncoll should be treated differently for soft and hard 
processes in order to exclude in the analysis any possible biases to initial 
conditions 
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Compare to the dimension of Pb 
nucleus filled with nucleons 

The diameter of a proton is around 1.7fm 
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Centrality and widths of centrality class 
in relativistic heavy ion collisions 
Investigation of Hot QCD Matter: Theoretical Aspects 6

Reaction 


      plane


x


z


y


Figure 3. Geometry of a non-central heavy ion collision (left panel). Density
fluctuations in the transverse plane in a sample collision event (right panel).

overlap region is elongated in the direction perpendicular to the reaction plane, as
shown in Fig. 3. Hydrodynamics converts the anisotropy of the pressure gradient into
a flow anisotropy, which sensitively depends on the value of ⌘/s [19]. The average
geometric shape of the overlap region in symmetric nuclear collisions is dominated by
the elliptic eccentricity, resulting in an elliptic flow anisotropy characterized by the
second Fourier coe�cient v2. Event-by-event fluctuations of the density distribution
within the overlap region generate higher Fourier coe�cients for the initial geometry
and final flow, encoded in higher Fourier coe�cients v3, v4, etc. Their measurement is
analogous to the mapping of the amplitudes of multipoles in the thermal fluctuations
of the cosmic background radiation.

The precise results of such an analysis of event-by-event fluctuations of the
flow distribution depends somewhat on the structure of the initial-state density
fluctuations, especially their radial profile and spatial scale. The most complete study
of this kind to date [20, 21], starts from the fluctuations of the gluon distribution
in the colliding nuclei, evolves them for a brief period using classical Yang-Mills
equations, and then inserts the fluctuating energy density distribution into vicious
hydrodynamics. The study concluded that the average value of ⌘/s (averaged over
the thermal history of the expansion) in Au+Au collisions at the top RHIC energy
is 0.12; whereas the value for Pb+Pb collisions at LHC is 0.20 (see Fig. 4). While
each of these values has systematic uncertainties of at least 50%, the ratio of these
two values is probably rather stable against changes in the assumptions for the initial
state.

This analysis suggests that the average value of ⌘/s at the higher LHC energy
is approximately 60% higher than at RHIC [22], indicating a strong temperature
dependence of this quantity (see [20]). It also indicates that the quark-gluon plasma at
the lower temperature reached at RHIC is more strongly coupled and a more “perfect”
liquid, making this energy domain especially interesting. Obviously, it would be of
interest to make measurements of the flow fluctuations at energies between the top
RHIC energy (

p
sNN = 0.2 TeV) and the present LHC energy (

p
sNN = 2.76 TeV).

Future challenges include: Can we use p+A or d+A collisions to reduce the uncertainty
of the initial state fluctuations in A+A collisions? Is the value for ⌘/s independent
of the collision system (Cu+Cu, Cu+Au, U+U)? Do coherent color fields a↵ect the
early generation of flow, e.g. in the form of an anomalous viscosity?

Geometry of a non-central heavy ion collision (left panel). Density fluctuations in the transverse plane in a 
sample collision event (right panel). 

Tannebaum, 2006 
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Ø  Narrow distribution in Nch  DOES NOT mean  
narrow distribution in Npart! 

Ø  So, in case of any fluctuation studies,  
centrality determination and selection of wide classes  should 
be taken with definite concern! 



Global observables  
in high-sensitivity studies with MPD at high µB 

 
Ø  Strong competition with RHIC and SPS experiments! 
Ø  A couple of  hot topics : 
--- Search for QCD critical point and  non-monotonic 
energy dependence of net-proton  kσ2 =C4/C2  for 5% most 
central events recently observed  by STAR; 
--- Chiral magnetic effect search  in isobar collisions: 
charge separation due to anomaly induced chiral 
imbalance and large (1015 T) magnetic field. The Chiral 
Magnetic Effect can only operate in the deconfined, 
chirally symmetric phase. See  search for CME in  
arxiv.2109.00131: 
 
  

Φ*= Φ-ΨRP, with   Φ and ΦRP being the azimuthal angle 
of a particle and of the  Reaction Plane (RP). 
The “γ correlator: γαβ = 〈cos(φα + φβ − 2ΨRP)〉. Here φα and φβ 
are the azimuthal angles of particles of interest (POIs). 
 
Ø  Both items require precise event centrality and 

reaction plane (RP) definition  
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 PRL )2021) 092301; PRL 128 (2022)202303 

D.Kharzeev, arXiv:1312.3348  



Non-Glauber MC model (V. Kovalenko)  
 

V. Kovalenko, Phys. Atom Nucl 76 (accepted), arXiv:1211.6209 [hep-ph]; 
V. Kovalenko, V. Vechernin. PoS (Baldin ISHEPP XXI) 077, 2012, arXiv:1212.2590 [nucl-th]  

 

•  Partonic picture of nucleons interaction.  
•  Every parton can interact with other one only once  
(contrary to Glauber supposition of constant nucleon cross section)  
•  Nucleon is participating in the collision if at least one of it's partons 

collides with parton from another nucleus.  
•  Parameters of the model are constrained from the p-p  
data on total inelastic cross section and multiplicity  
•  Additional requirement is consistent description of the multiplicity in 

min. bias p-Pb collisions  
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Systematic uncertainties of the model 

The XXI International Workshop High Energy Physics and Quantum Field Theory 
June 23 – June 30,  2013 Saint Petersburg Area, Russia 

No fusion 

 with fusion 
rstr=0.2-0.3fm 
 

Non-Glauber MC model (V. Kovalenko)  
 

 

V. Kovalenko, Phys. Atom. Nucl. 76, 1189–1195 (2013). 



HIJING 
HIJING 

The XXI International Workshop High Energy Physics and Quantum Field Theory 
June 23 – June 30,  2013 Saint Petersburg Area, Russia 

• HIJING is the MC event generator for hadron 
production in high energy pp, pA, AA collisions. 

• Gives reasonable description of multiplicity yields.  

HIJING, R. Xu, W.-T. Deng, and X.-N. Wang, arXiv:1204.1998 
Wei-tian Deng, Xin-Nian Wang, Rong Xu Phys.Lett.B701:133-136,2011 
B. Abelev et al. (ALICE Collaboration) Phys. Rev. Lett. 110, 032301 (2013) 
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• HIJING is the MC event generator for hadron production in high energy 
pp, pA, AA collisions. 
• Gives reasonable description of multiplicity yields. 


