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ü Introduction 
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”	Relativistic	nuclear	physics”	:		
	 	 	 	 	 	 	 	 	a bit of History	

5	

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) 

BEVALAC(1972),  SPS(1976),  RHIC(2000),   LHC(2009)   

A.M. Baldin  
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...a bit of History...  
 
 •  Cosmic rays data In 1980: “…we found that  

the decay temperature 
 of a fire-ball is of the order of  
a pion rest-energy, mpc2,  
much smaller than the participating  
energies in the collision…” 
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Ø  QGP: lots of interesting questions to  be answered ! 

 
 

... a bit of History:  QGP 

Phys. Lett. B78 (1978) 150 

Early expectations: QGP  like  
an ideal gas of quarks and gluons  

…J. C, Collins and M. J. Perry -1975, …E.Shuryak 1978…:  
Шуряк Э В "Кварк-глюонная плазма" УФН 138 327–328 (1982) 
 



8 

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. 
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Slide by Marek Gazdzicki(Goethe University Frankfurt), NA61/SHINE Collaboration,  
See also report by Marjan Ćirković (Faculty of Physics, University of Belgrade),  
“News from the NA61/SHINE” , 6 Oct,2023, 13:30 - 14:00 CET 
https://indico.jinr.ru/event/3746/timetable/#20231004 
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Phases of nuclear collisions 
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● Before collision 
 
 
 
 
  
● Thermalization: (t < 1 fm/c) 
   equilibrium is established 
 
● Expansion and cooling  
   (t < 10-15 fm/c) 
 
● Chemical freeze-out:  
   inelastic collisions cease  
   (number of particles frozen) 
 
● Kinetic freeze-out:  
   elastic collisions cease 
   (momentum spectra frozen) 
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Slide by Elena Bratkovskaya, “Kruger2014: The International Workshop on Discovery 
Physics at the LHC”, Protea Hotel Kruger Gate, South Africa, 1-5 December 2014 
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Fig. 2. (a) String picture: primary interactions lead to color flux tubes (strings) which break by qq 
production.  

(b) Parton approach: multiple scatterings accompanied by emission and absorption of quarks and 
gluons are described as intermetted parton cascades. 

 
 

[1] K. GEIGER, SPACE-TIME DESCRIPTION OF ULTRA-RELATIVISTIC NUCLEAR СOLLISIONS IN 
THE QCD PARTON PICTURE 
 CERN, TH-Division, CH-121 I Geneva 23, Switzerland, ELSEVIER Physics Reports 258 (1995) 237-376 

Nuclear-nuclear collisions:  
                       two theoretical approaches [1] 

Ø  Experimental data can provide strong constrains on the models 
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Nuclear-nuclear collisions: 
                                               what are we colliding? 



 Микромир 

Атом кислорода – 10-8см 



“Zoo”	of	particles:	

15 

Important	Notes:	

1.  In	the	detector	we	see	only	particles	
with	a	sufficiently	long	lifetime	that	

allows	them	to	be	registered:																								

γ,	e,	μ,	π,	K,	p,	n	

2.	To	be	registered,	a	particle	must	
experience	some	interaction	with	the	

detector																																																									
How	to	detect	particles?	.		



Footprints	in	the	snow	



Footprints	in	the	snow	

Ø  And what are the footprints of different particles? 
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18	K. Aamodt et al. (ALICE), JINST, 3 , S08002 (2008) 
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Nuclear-nuclear collisions: 
                       What do we usually measure? 
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Particles tracking and identification 
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Ø  Number of particle tracks, primary and secondary vertices 
Ø  Total event charge particle multiplicity (Nch) 
Ø  Rapidity distribution of charged particles 
Ø  Event plane  
Ø   Azimuthal flows 
Ø  Types of particles and particle ratios (Particle Identification – PID) 
Ø  Total event transverse energy(ET) 
 
It is important to select the classes of  events with  similar properties 
related to the initial conditions  
 
à Centrality determination and different estimators 
               — multiplicity classes 
                — spectator nucleons (Nspect) and number of nucleon-
participants (Npart) 

Observables 
(measured event by event) 



ü Multiplicity	of	charged	particles	in hadronic 
collisions 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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Charged-particle multiplicity density at mid-rapidity 

in central Pb-Pb collisions at sqrt(sNN)= 2.76 TeV:			

23	
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                             Nucleus-collisions:  
                                       what are we observing? 
 

Distribution of particles by rapidity: 

For each particle, you can introduce a rapidity variable: 

Pseudo-rapidity: 



RAPIDITY AND PSEUDORAPIDITY 

25 
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Nucleus-nucleus collisions:  
                             what are we observing?  

Pseudorapidity distribution of particle yields in experiments at RHIC:  
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Multiplicity distributions in pp collisions 

Model: see E.O.Bodnya∗, V.N.Kovalenko†, A.M.Puchkov† and G.A.Feofilov†, “Correlation between mean transverse  
momentum and multiplicity of charged particles in pp and pp collisions: from ISR to LHC”, PoS, 2013 
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Charged-particle multiplicity density at mid-rapidity 

in central Pb-Pb collisions at √sNN = 2.76 TeV: :			

28	

Ø  is essential to estimate  
the initial energy density 
and it is the  1st important 
constraint for the 
models!  
 

arXiv:1011.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301  

Comparison of ALICE  measurement 
 with model predictions. 
 

Ø  Bjorken energy density:   2.8 x RHIC for 5% of most central 
collisions 
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Multiplicity: 
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Charged-particle multiplicity density at mid-rapidity 

in central Pb-Pb collisions at √sNN = 2.76 TeV: :		

29	arXiv:1011.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301  

ALICE  measurement and  model predictions 
 

Empirical extrapolation 

pQCD-inspired MC 

Initial-state gluon density 
saturation models  

Some other approaches 

]  
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Charged particle pseudo-rapidity density per participant  
pair for central nucleus-nucleus and non-single diffractive pp (pp) 
collisions , as a function of √sNN  

30	

 

Ø  an increase of about  
a factor ~1.9 relative to pp 
collisions at similar collision 
energies, 
Ø   an increase of  about  
a factor ~ 2.2 to central Au-Au 
collisions at √sNN = 0. 2 TeV ! 
 
 

arXiv:1011.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301  

Ø  Faster growth with √sNN in AA than in pp! 
Ø  Logarythmic  extrapolation is rulled out 
Ø  Important constraint for the models! 	 

 Basu, Sumit et al - arXiv:2008.07802 



ü Measurement	of	pT	of	charged	particle 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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Particles tracking and identification 

32 

For a particle with charge q, 
moving with speed V in a magnetic field 
with intensity B, the Lorentz force acts:

  

m- particle mass 
R – radius of the circle 

Having measured R, we will 
find the  transverse momentum 

pT=mV 

http://www.popmech.ru/science/8036-fotografiya-na-pamyat-puzyrkovaya-
kamera/ 
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                              Nucleus-nucleus collisions: what are 

we observing? Particle distribution by transverse 
momentum: 

•  Low-pT  < 2 GeV/c : dynamics of bulk matter described by Relativistic 
Hydrodynamic  Models  (RHD) 

•  High-pT  > 8 GeV/c : spectra reflect  interaction of partons from hard scatterings 
with the medium  

•  Intermediate pT  2 < pT < 8 GeV/c : interplay of soft and hard processes 

Identified-particle pT spectra up to 20 GeV/c  

95 % of all particles below 1.5 GeV/c : particle production non-perturbative process 

33 



ü Transverse	energy in	the	event 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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Transverse	energy of	charged	particles		
and	Bjorken	energy	density		 
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ü Reaction	and	Event	planes	in	AA	collisions 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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Эллиптический	поток	в	Pb-Pb	столкновениях		при	
энергии	√sNN	=2.76	TeV:				

37	arXiv:1011.3914v1 [nucl-ex] 17 Nov 2010; Phys. Rev. Lett. 105 (2010) 252302   

Tannebaum’ 06 

2- and 4-particle cumulant methods:   v 2{2} and v 2{4} 

Excintricity:  



				Reaction	Plane	(RP)	and		
																															Event	plane	(EP)	[1] 
•   Reaction	plane	(RP)	–the	plane	formed	

by	the	impact	parameter	b	and	the		
beam	line		

RP	cannot	be	measured	in	the	experiment	
since	we	cannot	measure	b	
•  Event	plane	(EP)	is	the	observable	

estimation	of	the	reaction	plane 

38 

[1] Jean-Yves Ollitrault, Reconstructing azimuthal distributions in 
nucleus–nucleus collisions, arXiv:nucl-ex/9711003v2 



Reaction	Plane	(RP)	and		
																													Event	plane	(EP)	[1] 

. 

39 

The following relation between measured 
and true Fourier coefficients[1]: 

, the vector obtained by summing all the transverse 
momenta of the particles produced in the projectile 
(target) rapidity region is parallel (antiparallel) to the 
impact parameter.  One constructs a vector Q: 
 
 
 
where the sum runs over all the detector particles in the 
event, ωk – weght, uk – is a unit vecror parallel to 
transverse momentum of the particle 
Q- lies in the true reaction plane and azimutal distributions can be measured from Q 

[1] Jean-Yves Ollitrault, Reconstructing azimuthal distributions in 
nucleus–nucleus collisions, arXiv:nucl-ex/9711003v2 



ü Selection of central events in AA collisions 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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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

.41 

Centrality of  collisions 

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
)

2

 

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 

B. ABELEV et al. PHYSICAL REVIEW C 88, 044909 (2013)

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

044909-2

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).  

B. ABELEV et al. PHYSICAL REVIEW C 88, 044909 (2013)

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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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.
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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
dσ/db

′
as

c =
∫ b

0 dσ/db′ db′
∫ ∞

0 dσ/db′ db′ = 1
σAA

∫ b

0

dσ

db′ db′. (1)

In ALICE, the centrality is defined as the percentile of the
hadronic cross section corresponding to a particle multiplicity
above a given threshold (NTHR

ch ) or an energy deposited in
the ZDC below a given value (ETHR

ZDC) in the ZDC energy
distribution dσ/dE′

ZDC,

c ≈ 1
σAA

∫ ∞

NTHR
ch

dσ

dN ′
ch

dN ′
ch ≈ 1

σAA

∫ ETHR
ZDC

0

dσ

dE′
ZDC

dE′
ZDC.

(2)
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I. INTRODUCTION
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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
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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
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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
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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
dσ/db

′
as

c =
∫ b

0 dσ/db′ db′
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0 dσ/db′ db′ = 1
σAA

∫ b
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dσ

db′ db′. (1)

In ALICE, the centrality is defined as the percentile of the
hadronic cross section corresponding to a particle multiplicity
above a given threshold (NTHR

ch ) or an energy deposited in
the ZDC below a given value (ETHR

ZDC) in the ZDC energy
distribution dσ/dE′
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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. 



Example: Centrality determination 
with multicity in TPC. 

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



Two main approaches to centrality classes 
selection at MPD: 
  
1) Charged particle Multiplicity classes by the TPC (or…) 
 and  
 

45 2) Spectator energy classes by FHCal  



Centrality estimations 

Alexey Aparin, XI MPD 
collaboration meeting 
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Centrality from TPC multiplicity: usual procedure 

Alexey Aparin, XI MPD 
collaboration meeting 
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Glauber model assumptions:  

. 
48 

Ø  NB! These assumptions can produce a noticable bias in Ncoll  and in RAA (!) 
see [1] G.Feofilov et al, PEPAN,  52, № 4 ,2021,  584-590,  
https://link.springer.com/article/10.1134/S1063779621040043 



FHCal for centrality 

Due to the central hole in FHCal for the 
beam pipe some spectators can escape 
detection which will lead to the horn 
shape in the total deposited energy 
distribution 

Alexey Aparin, XI MPD 
collaboration meeting 
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FHCal for centrality 

The main smearing factor in the spectator 
energy deposit estimator for the centrality 
would be the spectators which escaped 
detection. 
This leads to the possibility of mismatching 
centrality classes from very central with very 
peripheral events 

Alexey Aparin, XI MPD 
collaboration meeting 
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Centrality estimations vs. impact parameter 

Centrality estimators based on charged track multiplicity in TPC and 
spectator energy deposit in FHCal both give only a rather wide estimation 
of actual impact parameter of the collision  
 
It can be worth it to have a method of combined estimation of the centrality 
to reduce these fluctuations of the centrality vs. impact parameter 

Alexey Aparin, XI MPD 
collaboration meeting 
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Problems: 
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?

Berndt Mu ̈ller, Arxiv 1309.7612v2 12 Oct2013 
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). 

Ø  Density fluctuations in any single event and trivial volume fluctuations 
could be   mixed in case of the wide width of centrality class 



Centrality class width 

Ø  we need more precise selection of centrality 
classes 

Ø  we need events with well defined initial 
conditions and optimized class width 

Ø  we need combination of several observables 
– proxies of centrality, capable to minimize  
trivial volume fluctuations  

Alexey Aparin, XI MPD 
collaboration meeting 
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Selection of central events Selection of central events 



ü A short addition: one important 
application in medicine 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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In addition: ionization losses and 
applications in hadron therapy of 
oncololgy desease 

Ø  How does the 1/β2 factor for charged particles work in this formula? 

Bethe-Bloch formula: 
Energy loss dE for ionization 
of atoms after passing through 
a layer of thickness dx by the 
particle with charge Zeff flying 
with speed β in a medium with 
electron density ne and 
average ionization energy I. 

 
https://upload.wikimedia.org/wikipedia/commons/thumb/2/25/ALICE_TPC_1.jpg/800px-ALICE_TPC_1.jpg 



"Bragg Peak":  
       Irradiate only the tumor! 

Manjit Dosanjh, CERN, “Hadron Therapy and European funded projects” 
“LHC and beyond” Workshop, St Petersburg, 11 June 2010 
http://indico.cern.ch/conferenceDisplay.py?confId=89411 



Comparison of DNA damage for gamma rays 
and charged particles 

 with Bragg peak 
 

Ø При адронной  терапии  практически не облучаются здоровые ткани !  



Why is hadron therapy needed? 

Ø During hadron therapy, healthy tissue is practically not irradiated! 
Ø Critical organ could be sparred 
Ø See ENLIGHT, https://enlight.web.cern.ch 



ü Conclusions 

Baldin Conf -2023, G.Feofilov (for 
ALICE Collaboration) 
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Conclusions 
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Ø  Clobal observables in high energy nuclear collisions are defining 
 the base-line platform for interesting physics of HI collisions (including the search  
for the critical  phenomena and study of the nature of quark confinement)  
 
 
Ø  Instrumentation in fundamental academic studies is bringing always  
the various spin-offs of very high importance for human society ! 
(See also the report on Tuesday  at 16:00  
by Oleg Belov “Applied research with heavy-ion beams”) 
 



Thank you for your 
attention! 
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