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ABSTRACT 

 

Study of some properties of central carbon-carbon collisions at 

4.2 A GeV/c 

 

Central carbon-carbon collisions at 4.2 A GeV/c using: the experimental data 

coming from 2m propane bubble chamber; Dubna Cascade Model and Ultra relativistic 

Quantum Molecular Dynamics Monte Carlo codes have been studied in this thesis. The 

data has been analyzed with a new statistical method which is not sensitive to the 

background and doesn’t require any prior information on the dynamics of the 

interaction. The obtained results show that the behavior of the nearest neighbor spacing 

momentum distributions of particles produced from 
12

CC collisions at 4.2 A GeV/c 

changes with multiplicity critically. A comparison of the experimental results with ones 

coming from the models gives a possibility/indication that the critical values can be 

connected with central collisions. Hence the critical values of multiplicity have been 

used to fix the centrality. The results obtained are independent of the prevalent models 

for such analysis. 
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1.1  Introduction 

Heavy ion physics at relativistic and ultra relativistic energies deals with the 

properties of strongly interacting matter comprising of hadrons and their constituents, 

quarks which interact via gluons. In heavy ion collisions, the nucleons could breakup at 

such high energies and lose their individual identity due to high density and 

temperature of strongly interacting matter. During such interactions a local region of 

free quarks and gluons is expected to be produced for a very short time ~10
-23

 sec 

creating Quark-Gluon Plasma (QGP). Due to cooling and expanding of the QGP, the 

hadron phase could appear. Hadrons either combine in a doublet state of quark-

antiquark pairs  𝑞𝑞−

 
called mesons or in quark triplet state 𝑞𝑞𝑞, termed as baryons. 

Fig.1.1 is an art picture of phase diagram which shows different possible phases of 

strongly interacting matter in terms of temperature T and baryon density nB .This 

diagram demonstrates that how much colliding energies are required to occupy the 

specified phase. Relativistic and ultra relativistic heavy-ion collisions have been used to 

search for a signal of QGP formation predicted qualitatively by Quantum 

Chromodynamics (QCD). In paper [1] the effects of nuclear transparency and the light 

nuclei production to identify the QCD critical point in central collisions have been 

discussed. In paper [2], it has been argued that the high density nuclear matter might be 

the source of high energy cosmic rays. It has been supposed that due to collective 

phenomenon, one or few partons could get the energy of the system of partons. This 

effect could explain how the high energy cosmic rays were produced by the Universe. 

In paper [3] it has been given that the light nuclei produced due to the nuclear 

coalescence effect in freeze out state could be a signal on final state of QGP formation.   

In papers [4-6] some experimental results have been reviewed in connection with 

the centrality of the colliding nuclei. These results could give a possibility to fix a 

signal of phase transition by indicating the regime changes and saturation at some 

values of the centrality. 

The signal on new phases of strongly interacting matter has important contribution 

to the creation of the Universe. It has been believed that the matter in the Universe was 

created almost fifteen billion years ago after a huge bang, called Big Bang. A fireball 

was shaped in that Big Bang. Now challenge is that how the fireball changed to the 

Universe in which we live today. 
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Fig. 1.1: Art phase diagram of strongly interacting matter. Here RHIC&LHC line for 

RHIC and LHC colliders, GSI SIS one for the new GSI SIS accelerator.   

 

As understanding of physics is improving day by day, we are able to look 

further back in time, and acquire knowledge about the evolution of the Universe.  It has 

been believed that matter and anti matter created in the Big-Bang were in equal 

amounts and also it is supposed that most of the anti matter has been annihilated on 

matter during the formation of the Universe. This anti matter annihilation started when 

almost all the matter, which we see in the Universe today, was already in the form of 

hadrons made of quarks. But before this hadronized Universe, it had been passed 

through a phase of quarks and gluons in free states. Physics of QGP is the field in 

which physicists are trying to reproduce this phase, and to study it in the laboratory [7]. 

 

1.2. Centrality and Central experiments 

The QGP could be achieved at temperature around ~150-170 MeV and / or 

density ~7-10 times greater than the normal nuclear one. There are two sources to reach 

at the QGP: cosmic objects (for example neutron stars or supernova ones); central ultra 
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relativistic heavy ion collisions. Only the last ones could give the possibility to get and 

to study the QGP in laboratory conditions. Due to maximum number of participants in 

central collisions, the energy loss and dissipations have been also maximum in these 

collisions. It could lead to formation of the high temperature and/or high density states 

of matter. That is why all the experiments designed to detect a signal of the QGP has a 

possibility to separate the central collisions.  

To fix the baryon density of nuclear matter, the centrality experiments are 

usually employed. It has been considered as a best way to reach the Quark Gluon Phase 

(QGP) [8] of nuclear matter under extreme conditions. The purpose of defining the 

centrality in central experiments [9] in JINR (Dubna), CERN (Geneva), BNL (New-

York), and SIS (Darmstadt) to get new information about the properties of strongly 

interacting matter. On the other hand, the centrality of collisions cannot be defined 

directly in the experiment. In different experiments the values of the centrality are 

defined [10-12] variously: as a number of identified protons, projectiles' and targets’ 

fragments, slow particles, all particles, as the energy flow of the particles with emission 

angles θ =0
o
 or with θ =90

o
. Fig 1.2 shows geometrically that the numbers of colliding 

particles are maximum and the numbers of spectators are minimum in central 

experiments. While in peripheral collisions the numbers of spectators are maximal and 

that of participants are minimal. 

  Therefore in central collisions the baryon density becomes maximal due to the 

maximal number of participants. But all these methods used in different experiments 

are qualitative ones; and any quantitative, model independent criteria to select/fix the 

central events are absent, to the best of our knowledge. This necessitates and motivates 

of my present investigation. 

When the number of identified protons will be maximum, then centrality will be 

maximum and impact parameter b being minimum. When the number of multi-charge 

target and projectile fragments will be maximum, then the collision will be considered 

to be peripheral with the high value of impact parameter b. If the total energy of the 

secondary charged particles with emission angles around θ =0
o
 will be maximum, then 

centrality will be minimum, and if this energy will be maximum for particles with 

emission angles around θ =90
o
, the centrality will be maximum.  
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Fig.1.2: Graphical representation of central and peripheral collisions 

 

Apparently, it is not simple to compare quantitatively the results on centrality-

dependences obtained in literature, while, on the other hand centrality has a significant 

influence on the final outcome. May be this is a reason why still it is difficult to get a 

clear signal on new phases of strongly interacting matter, though a lot of interesting 

information has been extracted from those experiments. During last several years some 

results of the central experiments have been investigated which demonstrate the point 

of regime change and saturation on the behavior of some characteristics of the events as 

a function of centrality [13]. It is expected that these phenomena could define some 

basic characteristic of matter and phase transition.  As already mentioned, the study of 

central hadron-nucleus, light and heavy nuclei collisions at relativistic energies 

depending and by increasing baryon density used to get the information about the phase 

transition of strongly interacting nuclear matter.   

Impact parameter is one of the geometrical parameter to define different 

properties of nuclei interactions at relativistic and ultra relativistic energies. If 

𝑅1  and 𝑅2  represent the    radius of projectile and target nucleus respectively then 
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peripheral collision will occur   when R1+R2 = b, and of central collisions when 

0≤b≤│R1+R2│.  

L. Van Hove was the first to apply centrality criteria to obtain the information 

on the new phases of matter [14] using the data coming from the ISR CERN 

experiments on pp-interactions.  Van Hove tried to explain the observed phenomena at 

central collisions as a signal on deconfinement in hot medium and formation of the 

QGP. But later it had been understood that it was very difficult to reach the necessary 

conditions for QGP formation in pp collisions.                                 

                                  

 
 

Fig.1.3: The values of the pt   as a function of the rapidity density dn/dy [14] 

 

Figure.1.3 illustrates a relation between  < pt > 𝑎𝑛𝑑 dn/dy  in hadron-hadron 

collisions .These two quantities could be used to show the possibility of hadronic phase 

transition. The solid line explains the real case where volume V changes collision to 

collision. The dashed line shows mean value of the volume V .The Fig.1.3 shows that 

the decrease of slopes as dn/dy increases is a sign of such transition. pt vs. dn/dy 

correlation could give a deconfinement transition signal of the hadronic matter. In the 

central region of rapidity, the pt spectrum becomes flatter as n increases. The main 

interesting point in pt vs. dn/dy correlation found at proton-antiproton collisions is that a 
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higher n value indicates hotness of hadronic matter in the central region. The figure 

shows the qualitatively affect of correlation on phase transition of hadronic state to 

plasma state. The change in < pt > 𝑤𝑖𝑡h dn/dy is one of the possible indicators to 

search for transition experimentally compared to the signals usually proposed from 

theoretical considerations of quark gluon plasma formation. Let us consider some of the 

experiments. 

 

1.2.1. Central hadron-nucleus collisions 

In experiment [15] as shown in Fig.1.4, the number of identified protons had 

been used to fix the centrality .From fig.1.4, one could see regime change at the value 

of Np = 4  and this value was used to select the central collisions. 

In paper [16] the centrality had been defined by the number of «grey» tracks  

Ngrey  and ѵ .Fig.1.5 shows the average multiplicity for negative pions as a function 

of  Ngrey  and ѵ . It has been observed that pions multiplicity  increases linearly at small 

values of    Ngrey  and ѵ  for three targets and goes into saturation region with higher 

values of   Ngrey  and ѵ . 

 

 

Fig.1.4:  A number of 
-12

C-interactions (at P-=40 GeV/c) as a function of the 

number of identified protons [15]. 

 

In paper [17] collision centrality had been also defined by the variable ν as 

shown in Fig.1.6.A regime change comes at ν = 3 and then saturates. 
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Fig.1.5: The average multiplicity of the 
-
 -mesons produced in Proton-Be, Cu, 

and Au collisions as a function of centrality at a beam momentum of 18 GeV/c. 

Solid line demonstrates the results coming from the WN-model [16].  

 

 

 

Fig.1.6: The  yield   as a function of the ν. [17] 

 

 1.2.2. Central light-nuclei collisions 

Central light nuclei collisions at relativistic energies have been studied deeply 

from last few years. In these collisions strongly interacting matter under extreme 

conditions of temperature and baryon densities have been studied to get the signal of 

creation of QGP [18-19].  Study of deconfined matter [20] and fluctuations properties 

event by event [21] may provide some useful signals of QGP formation. Fig 1.7 
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presents (taken from paper [22]) the average values of multiplicity <ns > for s - particles 

produced in Kr + Em reactions at 0.95 GeV/nucleon as a function of centrality. One 

could see that there are two regions exist for <ns>   as a function of Ng (Here Ng defines 

grey particles) for the Kr+Em reaction. In the region of: Ng < 40 the values of <ns> 

increase linearly with Ng, here the cascade evaporation model (CEM) [23] also gives 

the linear dependence but with the slope less than the experimental one; Ng > 40 the 

CEM gives the values for average ns greater than the experimentally observed ones, the 

last saturates in this region, the effect could not be described by the CEM. It has been 

earlier observed in emulsion experiments [24].  

 

 
 

 

Fig.1.7: The average values of multiplicity <ns > for s -particles produced in Kr + 

Em reactions at 0.95 GeV/nucl as a function of centrality [22]. 

 

In Fig.1.8 taken from paper [12] events number as a function of centrality is 

shown. A number of identified protons had been used to fix the centrality.  There would 

be regime changes at some values of Q (centrality).Central collision could be identified 

by these points of regime change. 
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1.2.3. Central heavy-nuclei collisions 

The central heavy-nuclei collisions at relativistic and ultra relativistic energies 

also confirmed the regime change too. The heavy flavor particles are most responsive 

to phase transition and to creation of QGP. In Fig.1.9 [25-28] Et has been used to 

defined centrality. The regime change has been observed at the Et values from 40 −

50 GeV and after that saturated for heavy ion collisions. If the regime change observed 

in this experiment takes place unambiguously twice, this would be the most direct 

experimental evidence of phase transition from hadronic matter to QGP. However, the 

second point of regime change has not been observed obviously. 

In paper [29] as shown in Fig.1.10, the number of participants Npart  was used to 

fix the centrality. 

 

 

Fig.1.8: The number of  dC, HeC and CC- collision events as a function of centrality at 

4.2 A GeV/c [12] 
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Fig.1.9: The ratio of the J/ to the Drell-Yan cross-sections divided by the 

exponentially decreasing function accounting for normal nuclear absorption. 

 

So it has been  stated that at various values of centrality the regime change and 

saturation appear as a critical phenomena for hadron-nucleus, nucleus-nucleus, and 

heavy ion collisions at relativistic and ultra relativistic energies for all particles (from 

mesons, baryons, strange particles up to charmonium). The simple models (such as WN 

and CEM) which had been frequently used for relativistic energies could not explain 

the existence of the point of regime change, and saturation. The results explain that the 

dynamics of the phenomena should be the same for hadron-nucleus, nucleus-nucleus, 

and heavy ion collisions but don’t depend upon the energy and mass of colliding one. It 

is supposed that observation of the effects related to the percolation clusters in heavy 

ion collisions at higher energies and the study of correlations between these effects and 

charmonium suppression could serve as a confirmation of deconfinement of strongly 

interacting matter in clusters. 
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Fig.1.10: The values RAA as a function of Npart for heavy flavor coming from 

RHIC [29]. 

                       

1.3 Motivation and Main goal of present work 

During first 10
-23

 sec after high energy heavy nuclei colliding, the matter could 

transform to the strongly interacting one, consisting of the particles which are able to 

interact strongly only.  It is expected that new states of the strongly interacting matter 

as well as Quark Gluon Plasma could appear at some critical values of temperature 

(~150-170 MeV) and density (~ 7-10 ρ0). One of the possibilities to reach these states is 

by increasing the baryon density of nuclear matter in unit volume. To do this in 

nucleus-nucleus collisions one has to increase the number of nucleons participating in 

each individual collision. Only central collisions of nuclei can be used to increase the 

baryon density, because the numbers of participant nucleons become maximal in these 

events. Therefore centrality is considered as a best tool to get a signal of new phases of 

nuclear matter.  

In various central experiments, different parameters are used to fix the centrality. 

That is why it is not simple to compare quantitatively the results on centrality-

dependences obtained in literature, since the definition/fixing of centrality could 

significantly influence the final results.  This may well be a reason why in these works 
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one could not get a clear indication on new phases of strongly interacting matter. So the 

main goals of the thesis are: 

 Study of the central 
12

CC  collisions at 4.2 A GeV/c  ;  

 To get some quantative, model independent criteria to separate /fix the central 

events. 

To reach these goals, we have used a method, which has been used 

extensively in understanding the statistical fluctuations of neutron resonances in compo

und nuclei [30] and is free from the background information, as we will see later in 

detail. We have used the experimental data coming from the 2m propane bubble 

chamber of the JINR (Dubna Russia) as well as the simulation data coming from the 

Dubna Cascade Model and from the UrQMD Model has been analyzed with this 

method. The obtained results are published in papers (list is attached with thesis). 

 

1.4 Layout of the Dissertation 

The first chapter has been specified for objectives of study by introducing 

different types of collisions at relativistic and ultra relativistic energies. Then the 

concept of centrality has been characterized and how the centrality can influence on the 

final results. To the best of our knowledge, the model independent criteria to fix the 

centrality is still absent. We then introduce new model independent criteria to fix the 

centrality. That is the main motivation and goal of my thesis. The second chapter is 

about particle generators, where detail information has been given for Dubna Cascade 

Model (DCM) and Ultra relativistic Quantum Molecular Dynamics Model (UrQMD). 

Using codes based on these models, 200 000 events of 
12

CC collisions at 4.2 A GeV/c 

has been simulated. In the third chapter concise introduction has been given about the 

methods used to analyze the experimental and simulation data. The fourth chapter is 

about the experiment and in this chapter the experimental results have been discussed. 

The fifth chapter is about the model results. In this chapter the results from Dubna 

Cascade Model has been discussed, and in the sixth chapter the results from UrQMD 

model has been explained. 

The summary and conclusions have been given in the seventh chapter. In this 

chapter the project has been summarized with all the aspects of the experimental and 

model results reaching the final conclusion, which is the main goal of this dissertation.  
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As mentioned   in chapter 1 the main goal of the dissertation is: To get some 

quantative, model independent criteria to separate /fix the central nucleus-nucleus 

collisions. 

To reach this goal, the simulation data on 
12

CC at 4.2 A GeV/c coming from   

the Dubna Cascade Model (DCM) and the Ultra relativistic Quantum Molecular 

Dynamic Model (UrQMD) codes has been used. In this chapter a brief introduction and 

particle production mechanism of these models has been discussed. 

 

2.1 The Dubna Cascade Model 

Dubna cascade model (DCM) [31] is used for light and heavy nucleus collisions 

up to 20 A GeV/c. This model is based on Monte-Carlo techniques [32] and has 

important role when multiple scattering is needed. Monte Carlo technique is the most 

convenient one for the calculations allowing one to take into account practically all 

details of the experiments.  Using this approach [33– 37], it has been considered that 

only nucleon- nucleon interaction take place. A nucleon from projectile interacts with 

one of the target nucleons and new particles are produced. The participating target 

nucleon accepts momentum from the projectile nucleons and starts its movement in the 

nuclei. Interaction between moving particles produce new particles. Therefore, 

production of cascade particles is due to the interaction of these moving particles with 

each other. The process will be stopped when all the colliding particles either go away 

or absorbed by the nucleus.  

The DCM [38-42] is a microscopic model, which follows the concept of the 

intra nuclear cascade because in these models only the nucleon-nucleon collisions are 

described. The mean-field is taken to be a constant in Dubna Cascade Model. That’s 

why; the particles propagate along straight trajectories until they collide with each other 

or with the potential wall. Dubna Cascade Model  calculations are more reliable at 

energies of E > 1 GeV/u than at lower energies because at the higher energies the 

collision terms are dominant and the nuclear potentials less important but at lower 

energies reactions the applicability of this kind of calculation is questionable.  

 

2.1.1 Mathematical Description  

In the case of nuclei collisions [43], only the interactions of cascade particles 

with projectile and target nucleons have been considered. The colliding nucleons in 
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elementary interactions of A and B  nuclei have been given by the coordinates 

(𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 , 1 ≤ 𝑖 ≤ 𝐴) and (xj
′yj

′ , zj
′ ≤ j ≤ B) in the initial stage. Due to the projectile 

contraction in the lab system, the coordinates have been changed as zi →
zi

γ
−

RA

γ
− RB              

where γ is Lorentz constant and RA (RB) shows radii of the colliding nuclei. The 

interactions between two nucleons are possible only if the colliding nuclei satisfy the 

condition given in equation 2.1.  

(bx+xi − xj
′)2 + by+yi − yj

′)2 ≤ Rint + λD)2               (2.1) 

In equation 2.1, Rint represent interacting radius which is equal to 1.3, λD means 

de Broglie wavelength of the incident nucleon and (bx, by) are longitudinal and 

transverse parts of the impact parameter. The probabilities of elastic or inelastic 

interactions by these participant nucleons have been given by; 

Wtot = (π ∗ (Rint + λD )2 − σtot )/(π ∗ (Rint + λD )2) 

Wel = ςel /(π ∗ (Rint + λD )2)                                         (2.2) 

Win = ςin /(π ∗ (Rint + λD )2) 

Where σtot , ςel  and ςin  shows total, elastic and inelastic cross sections 

respectively. 

All the participating nucleons in the interaction posses Fermi motion therefore 

projectile nucleon transferred its momentum to rest target nucleus. It is supposed that in 

these interactions, the Fermi momentum distribution has the form  

W p dp = p2dp, 0 ≤ p ≤ PF(r)                             (2.3) 

Where PF(r) is dependent on the nucleus local density which is given by 𝜌(𝑟), 

PF = ℏ(3π2ρ(r))
1

3            (2.4) 

In this model oscillator densities have been used for nuclei with masses less 

than 10.if the two colliding nucleons of projectile or target nucleus has lower energy 

than the Fermi energy of PF
2/2m  then elastic and inelastic collisions will be finished. 

In paper [33] two types of interactions i) the nucleon-nucleon interaction ii) the meson-

nucleon interactions are discussed. Each participating nucleon collides with other 

nucleons with radius Rint + λD  along its moving direction. Due to this process, local 

density of the nucleus becomes small than the threshed value. All model parameters 

had been taken from experiments of hadron nucleus collisions [33]. Dubna version [31] 

of this model has been used for simulation of 200000 events from 
12

C-C interaction at 

4.2 A GeV/c  in lab system for this work.  



17 

 

2.1.2. Physical Description 

Dubna Cascade Model is simple model because nuclear mean field is taken 

constant in this model. In this model many important effects have not been 

considered.e.g 

 

 Average nuclear mean field remains constant and don’t change in the collisions. 

 Both meson and baryon resonances are not considered in this model. 

 Limited time of particle production. 

 Coalescence of nucleons during the collisions is not considered. 

 Multi fragmentation of nuclei. 

 

These effects have significant influence at relativistic and ultra relativistic energies. 

Change in average mean nuclear field has effect only at low and intermediate energies 

[44] but at higher energies, the effect of average field becomes weak due to strong 

breakup of nuclei.  

Dubna Cascade Model mainly takes into account analyzing procedure of not only 

―fast‖ produced particles [45-48] but could also characterized the slow particles. This 

model also considered slow and fast particles correlations. Due to these key points, it 

has been considered a good approach/model for particle production .Dubna Cascade 

Model [49] is one of the realized model in physics for intermediate energies [50].  

   

2.2 Ultra relativistic Quantum Molecular Dynamic Model 

Ultra relativistic Quantum Molecular Dynamics (UrQMD) Model [51] is a 

Monte Carlo simulation code which is used for hadron-hadron, hadron-nuclear and 

nuclear-nuclear collisions. This code is applicable up to 1000 A GeV in lab and centre 

of mass frames. This model has large number of applications in nuclear and particle 

physics, detector and medical physics. Many important phenomena such as multiple 

interactions between colliding particles, fragmentation and the resonances production 

have been taken in this model. UrQMD is suitable for dynamical understanding of 

heavy ion collisions at relativistic energies. This model take into account many 

important theories related to heavy ion collisions for creation of hot and dense hadronic 

matter. UrQMD [52] describes hadronic interactions only for energies  
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 s < 5 𝐺𝑒𝑉( but at energies ( s > 5 𝐺𝑒𝑉  quark gluon interactions has been also taken 

into account.  

 

2.2.1 Mathematical Description 

In UrQMD model, like other Quantum Molecular Dynamics (QMD) models 

[53-56], the nucleons of the colliding nuclei have been randomly distributed within a 

sphere with radius R A ,   

R A = r0(
1

2
[A +  A

1

3 − 1)3 )
1

3               r0 = (
3

4πρ0
)

1

3                  (2.12) 

Where ρ0   is the normal density of nuclear matter. 

If the density is too high, then the nucleon takes its location randomly. The 

nucleons take their initial momentum randomly between 0 and Thomas Fermi 

momentum.  

pF
max = ℏc(3π2ρ)

1

3       (2.13 

Where 𝜌  is the proton or neutron local density.   

Impact parameter of a collision in UrQMD has been calculated according to the 

quadratic measure (dW~bdb). In UrQMD projectile and target nuclei at given impact 

parameter have been placed along the collision axis at 3 fm distance. In UrQMD the 

interaction between two hadrons is possible if b < 𝑠𝑞𝑟𝑡(
ςtot

π
)  

Here b and ςtot denotes impact parameter and total cross section respectively. 

In UrQMD interaction cross sections have been taken from PYTHIA [57] which 

is a computer simulation program for particle collisions at very high energies. The 

parameters which have been used in UrQMD are listed in [52].The UrQMD model 

contains 55 different types of baryons and 32 types of mesons species.  

 

2.2.2. Physical Description 

The UrQMD model is used to simulate events from coulomb potential to LHC 

energies for different colliding nuclei. In UrQMD model the following phenomenon 

occur:  

o Creation of dense hadronic matter at high temperatures.  

o Properties of nuclear matter, Delta & Resonance matter.  

o Creation of mesonic matter and of anti-matter.  

o Creation and transport of rare particles in hadronic matter.  
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o Creation, modification and destruction of strangeness in matter.  

o Emission of electromagnetic probes. 

 

UrQMD gives detail information about multi fragmentation in heavy ion 

collisions. UrQMD 1.3 code has been used to simulate 200000 events of 
12

CC 

interactions at 4.2 A GeV/c in lab frame. 

 

2.3 Summary 

DCM takes in account multiple scattering of the colliding nuclei. In this 

approach only nucleon-nucleon collision has been assumed but UrQMD is that model 

which is applicable for hadronic interactions as well as quarks gluon interactions. 
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RESEARCH METHODOLOGY 
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3.1 Introduction 

  This chapter is about introduction of a novel method [58-59] which has been 

used for analysis of experimental and simulated data of 
12

CC interactions at 4.2 A 

GeV/c to reach the main goal of this dissertation.  

In different experiments different methods has been used for analyzing data 

produced in relativistic and ultra relativistic heavy ion collisions but some well known 

methods are; i) the correlation method [60], ii) method of missing masses [61],iii) 

method of effective mass[62], iv) method of identical particles[63]. The results 

obtained from these approaches [60-63] take into account background information of 

measurements and mechanisms involved in the collision processes. It has been proved 

that if the excitation energy is large, then large number of mechanisms of particle 

productions will be involved. In comparison of these approaches, one has used new 

method which is free from background contributions and a criterion to get the 

meaningful signals in heavy ion collision physics.  

This method [58-59] based on the random matrix theory (RMT) [64], which has 

been used extensively in understanding the statistical fluctuations of neutron resonances 

in compound nuclear reactions and other quantum systems [65-66].  

 

3.2  Mathematical Description 

In this section, some mathematical description of the method has been given which 

is used for data analysis in the thesis.  

 

3.2.1. Unfolding procedure 

Let us consider a sequence of energies {E1, E2, …… . . , En} which form the spectral 

function, 

S E =  δ(E − En)N
n=1       (3.1) 

By unfolding this spectrum from the data, one could see statistical fluctuation. 

The cumulative spectral function has been defined as 

η E =  S(E′)dE′E

−∞
=  θ(E − En

N
n=1 )   (3.2) 

The cumulative spectrum function also called the staircase function. This 

function calculates those levels which have energy ≤ E .It is divided into two parts; i) 

smooth one ξ E  and ii) fluctuating one ηfl(E)             
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Fig. 3.1: Example of an experimentally obtained staircase function (Taken from 

reference [67]) 

 

The left part of figure 3.1[67] describes the cumulative spectral function η(E) of 

a quartz block in the frequency limit between 600 − 900 kHz. Here E has been used 

for frequency. The inside picture shows a part of cumulative spectral function for 

frequency range 820 − 825 kHz. The cumulative spectrum function gives smooth line 

due to maximum number of levels. In right part of figure 3.1[67] cumulative function 

of only 25 levels in the frequencies range 699-705 kHz has been shown. One could see 

that  ξ E  is obtained by polynomial fitting [68].  

η E =  ξ E + ηfl(E)     (3.3) 

The smooth part of cumulative spectral function could be written in terms of the 

cumulative mean level density,  

ξ E =  R1
E

−∞
 E′  dE′                                          (3.4) 

By using unfolding procedure, the energy levels {E1, E2, …… . . , En}  is mapped 

onto the numbers {ξ1, ξ2, ξ3 , …… . . , ξN }  with 

ξn = ξ En , n = 1, …… , N   3.5) 

Cumulative spectral function in terms of new variables has been given as 

η  ξ = ξ + η fl(ξ)     (3.6) 
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3.2.2 𝐓𝐡𝐞 𝐧𝐞𝐚𝐫𝐞𝐬𝐭 𝐧𝐞𝐢𝐠𝐡𝐛𝐨𝐫 𝐬𝐩𝐚𝐜𝐢𝐧𝐠 𝐝𝐢𝐬𝐭𝐫𝐢𝐛𝐮𝐭𝐢𝐨𝐧  

To study the short range fluctuations in the given data 

the nearest neighbor spacing distribution function P(S) has been mostly applied. 

Here P(S) function and its first order has been given as, 

 p s ds = 1 and  sp s ds = 1
∞

0

∞

0
       (3.7) 

Here P(S) =exp (-S) shows Poisson or absence of correlation behavior of the 

distribution. The Wigner function is given as 

pβ s = aβsβexp(−bβs2)                      (3.8)  where  

aβ = 2
Γβ+1(

β+2

2
)

Γβ+2(
β+1

2
)

 and aβ = 2
Γ2(

β+2

2
)

Γ2(
β+1

2
)
       (3.9) 

are clearly given by 𝑎1 =
𝜋

2
, 𝑏1 =

𝜋

4
  (GOE),   𝑎2 =

32

𝜋2 , 𝑏2 =
4

𝜋
 (GUE), and  𝑎4 =

262144

729𝜋3 , 𝑏4 =
64

9𝜋
 (GSE), respectively. 

In paper [69] Wigner described a formula P S = μ S exp(− μ(S′s

0
)dS′)  for 

spacing distribution. Here μ(S) denotes the repulsion function which shows presence or 

absence of correlation. If μ(S) = πS/2, one could get Wigner type distribution due to 

linear repulsion but Poisson type distribution for μ(S) = 1 due to absence of repulsion.  

As it have been discussed in this chapter that, a Poisson type distribution for the 

spacing’s is obtained when quantum numbers of levels are in order and no disturbance 

is produced. But when quantum numbers of levels are disturbed due to either internal or 

external perturbations, one should expect a Wigner type distribution. One of the sources 

of these types of disturbance is uncertainty in the momentum measurement of the 

produced particles in the experiment. One can make an assumption that this new 

method which uses the Random Matrix Theory (RMT) technique gives similar results 

to the momentum distribution. The energy and momentum have no difference for pions 

and one can consider that correlation function has not been significantly affected with 

the proton mass also. Therefore, one can simply replace in Eqs. 3.1 − 3.5 , only the 

energy value E with the momentum value P and build the nearest neighbor spacing 

momentum distributionP(S).  

 

3.3  Working Principle of the method  

This method [58-59] has been used to select/fix the central events .This method was 

already used in paper [64-65] to study the spectrum of the neutron resonance emitted 
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from the compound nuclei and does not depend on the background information. In this 

method the momentum of secondary particles same as the energies of the neutron 

resonances has been considered (see Fig.3.2). 

 

 

 

Fig. 3.2: Example of projectile-target interactions and emission of secondary particles 

momentum 

   

The momentum of secondary particles has been arranged in ascending order in 

each event and then has been approximated with Fifth Order Polynomial.  

𝑁 𝑝𝑖 = a0 + a1pi + a2pi
2 + a3pi

3 + a4pi
4 + a5pi

5 

 

Where i=1….n momentum of the secondary particles.  

a0, a1, a2, a3, a4, a5 

are the parameters which have been calculated from minimizing program MINUIT.   

Then the nearest neighbor momentum spacing’s in each event is given by 

S1 = N p2 − N p1   

S2 = N p3 − N p2  

S3 = N p4 − N p3  

…………………… 

…………………… 

…………………….. 

Sn−1 = N pn − N pn−1  
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Then we prepare a histogram of the P(S) function for secondary particles and 

the results have been compared with two mathematical functions Poisson and Wigner 

as shown in Fig 3.3. 

 

 

 

Fig. 3.3: The nearest neighbor spacing momentum P(S) distribution (histogram)[69] 

 

Then the behavior of the P(S) functions with respect to multiplicity has been 

studied using this method. 

   

3.4  Summary 

In this chapter a new method has been summarized which is used to analyze the 

data obtained from 
12CC interactions at 4.2 A GeV/c  in experiment and simulation 

codes. This method relies on the general symmetry of the system and background 

measurements and mechanisms are not essential.    
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CHAPTER 4 

 

THE EXPERIMENTAL RESULTS AND DISCUSSION 
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As it has been mentioned in Introduction (see Chapter 1), the main goal of the 

dissertation is: 

 

 Study of the central carbon-carbon collisions at 4.2 A GeV/c ;  

 To get some quantative, model independent criteria to separate /fix the central 

nucleus-nucleus collisions. 

 

To reach this goal we use: 

 

 The simulation data on 
12CC at 4.2 A GeV/c obtain from Dubna Cascade Model 

and UrQMD Model (see Chapter 2) 

  The New Method which have been applied  to study the spectrum of the neutral 

resonances emitted from the compound nuclei (see Chapter 3) 

 The experimental data on 
12

CC at 4.2 A GeV/c (see Chapter 4)  

 

In this chapter some detail about the experimental setup has been given.  

 

4.1 Experiment 

We have used the experimental data of 
12

CC at 4.2 A GeV/c  which were 

obtained from the 2m propane bubble chamber [70-72] JINR, Dubna (Russia). This 

chamber detects only charged particles. Beam of carbon at Dubna Synchrophasotron 

had been used to expose this chamber. The chamber has 4π geometry and placed in a 

magnetic field of 1.5 T . All negative particles without recognized electrons were 

counted as negative pions. The contamination of unidentified particles don’t exceed 

from 1% to 5%. The particles with  p ≥ 70 MeV/c were considered as pions. All 

positive particles with  p > 500 𝑀𝑒𝑉/𝑐  were considered protons using a statistical 

approach. The maximum numbers of particles were produced in the momentum region 

 p ~ 0.5 − 0.7 GeV/c.A statistical method was applied for calculation of particles 

momentum taken in account the particle tracks in a magnetic field. Other effects such 

as ionization, radiation losses were also considered at the time of momentum 

measurement. The average error in the momentum and the angle calculation has been 

given as:<
∆𝑝

𝑝
>=  11.5 ± 0.3 %, < ∆𝜃 > ~0. 80%.In this experiment, the total 

37792 events of carbon-carbon interactions at 4.2 A GeV/c  [71-73] has been obtained. 
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Special soft packets have been used to separate data. A new method has been used for 

analysis of the data (see chapter 3). Histograms for the behavior of P(S) functions have 

been created for charged particles.  

 

4.2 Experimental data 

Experimental data consist of 37792 events of carbon-carbon interactions with 

2m propane bubble chamber at 4.2 A GeV/c  [71-73].In this experiment7740  events 

have more than ten tracks. Only charged particles are measured because bubble 

chamber doesn’t sensitive for neutral particles.  

 

4.3. Method 

As mentioned in chapter 3 that to reach the goal of thesis, a new method has 

been applied which based on Random Matrix Theory. 

In a preliminary report [58-59] it has been suggested that tools from Random Matrix 

Theory (RMT) technique [64] might be useful in illuminating the occurrence of the 

correlations inP(S)  distributions.  

The table 4.1 shows number of events with respect to the charged particles. Let 

us remind that the 
12CC interactions at 4.2 A GeV/c  in Lab system have been used. 

Using the experimental data which were characterized by above Table 4.1, the 

histograms on behavior of the P(S) functions have been created. The results have been 

demonstrated in next figures.                          

 

Table 4.1 The number of events as a function of the Charged particles from 

experiment. 

No of charged particles No of events No of charged particles No of events 

 10 1160 18 360 

11 1069 19 276 

12 1019 20 190 

13 880 21 116 

14 804 22 76 

15 750 10-14 4932 (sum) 

16 574 15-19 2413(sum) 

17 453 20-22 473(sum) 
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4.4 The experimental distributions of the P(S) function 

 

4.4.1 For the charged particles  𝐩, 𝛑+, 𝛑−  

The Fig. 4.1 shows the distributions of the P(S) for the all charged particles 

produced in 
12

CC collisions at 4.2 A GeV/c in lab system (see papers [74-75]). Similar 

to the paper [59], three different regions for the measured momenta has been used for 

the charged particles: 0.1 <  p < 1.14 GeV/c; 1.14 <  p < 4.0 GeV/c;  4 <  p <

7.5 GeV/c .These momentum regions boundaries have been chosen in such a way that 

that the behavior of  P(S) don’t change in these limits. 

 

 

 

 FIG.4.1: The distributions of the P(S) functions for different regions of measured 

momentum: the first column corresponds to 0.1< |p| < 1.14 GeV/c; the second column 

corresponds to 1.14 < |p| < 4.0 GeV/c; and the third column corresponds to 4.0 < |p| < 7.5 

GeV/c. The Poisson and the Wigner surmise distributions are connected by dashed and 

solid lines, respectively. 

 

The behavior of P(S) in first region [74], one could see Poisson type 

distribution, in the second region, one could observe some deviation from Poisson 

behavior and in the third region the behavior looked like Wigner function [75].  

The next Figures (Fig. 4.2-4.3) show the behavior of the nearest neighbor spacing  

momentum distribution P(S) function for the charged particles produced in 
12

CC 

interactions at 4.2 A GeV/c with the number of secondary charged particles Nch 

 p, π+, π− = 10-14 (from the top line  to bottom one). The data has been presented for 
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different regions of measured momentum: 0.1 <  p < 1.14 GeV/c; 1.14 <  p <

4.0 GeV/c;  4 <  p < 7.5 GeV/c  (from left column to right one). It has been seen that 

for the events with Nch  p, π+, π− = 10-14 the behavior of the P(S) like as shown in 

Fig. 4.1. 

 

 

Fig.4.2: Same to the Fig.4.1 but for the events with Nch  p, π+, π− =10, 11, 12 (top to 

bottom). 

 

The Figures(4.4-4.5) show the behavior of the P(S) function for the charged 

particles produced in 
12

CC-interactions at 4.2 A GeV/c with the number of secondary 

charged particles Nch  p, π+, π− = 15-19 (from the top line  to bottom one). The data 

has been presented for different regions of measured momentum: 0.1 <  p <
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1.14 GeV/c; 1.14 <  p < 4.0 GeV/c;  4 <  p < 7.5 GeV/c from left column to right 

one). From figures (4.4-4.5)  for the events with Nch  p, π+, π− = 15-19 ,the behavior of 

the P(S) is different from that has been seen in figures(4.1-4.3) specially  in the second 

momentum region, the deviation for the P(S) behavior decreases and get diminished.  

 

 

 

 

 

Fig.4.3: Same to the Fig.4.1 but for the events with Nch  p, π+, π− =13, 14 (top to 

bottom). 
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 Fig.4.4: Same to the Fig.4.1-4.3 but for the events with Nch  p, π+, π− =15, 16, 17 (top 

to bottom). 
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 Fig.4.5: Same to the Fig.4.1-4.2 but for the events with Nch  p, π+, π− =18, 19 (top to 

bottom). 

 

The experimental data for P(S) distribution for events with Nch  p, π+, π− =20-

22 has been shown in Figure 4.6 for three different regions of measured momenta. It 

has been seen  that for the events with  Nch  p, π+, π− =20-22 the behavior of the P(S) 

is different from that has been  seen  in Figures.4.1-4.5.In Figure 4.6,it has been seen 

clean Poisson distribution in second momentum region and some easing for Wigner in 

third region. In figures (4.2-4.6), it has been seen that the behavior of the P(S) change 

critically at Nch =15 and Nch=20. 

Therefore the charged particles multiplicity has been divided into three groups 

to see the behavior of P(S) distribution. In Figure.4.7, the experimental data for the P(S) 

behavior for three types of events: Nch=10-14 (top line), Nch=15-19 (middle line), and 

Nch=20-22 (bottom line) has been shown. Again similar to the previous figures the data 

has been presented with momentum region: 0.1 <  p < 1.14 GeV/c; 1.14 <  p <

4.0 GeV/c;  4 <  p < 7.5 GeV/c (from left column to right one).  

The behavior of P(S) function[74-75] for  Nch=10-14  is similar to Fig 4.1 

because one could  see Poisson type behavior in first momentum region, mixture of  

Poisson and Wigner distribution in second momentum region and Wigner type 

distribution in third momentum region. But the behavior  of P(S) function critically 

change at Nch=15, it has been seen the Poisson type behavior in second momentum 

region and some variation from Wigner type distribution in third momentum region and 

this behavior remain similar up to Nch=19. The behavior of P(S) function critically 

change at Nch=20 and one can see weaken Wigner form and decrease in correlation in 

the third momentum region with increasing multiplicity. 
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 Fig.4.6: Same to the Fig.4.1-4.3 but for the events with Nch  p, π+, π− =20, 21, 22 (top 

to bottom). 

 

 As an additional test experimental data has been transformed to the centre of 

mass frame by Lorentz transformation as shown in Figure 4.8 and one observes a 

pattern similar to the one found in the laboratory frame (compare Figures.4.7, 4.8). 

Thus the frame independent behavior of the nearest neighbor spacing momentum 

distribution has been obtained. 
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Experimental results in lab frame 

 

 

 

  Fig.4.7. The distributions of the P(S) functions of experimental data in lab system for   

different regions of   measured momentum: the first column corresponds to   0.1< |p| < 

1.14 GeV/c; the second column corresponds to 1.14 < |p| < 4.0 GeV/c; and the third 

column corresponds to 4.0 < |p| < 7.5 GeV/c for the events: 10-14 (top line), 15-19 

(middle line), 20- 22(bottom line).  The Poisson and the Wigner surmise distributions 

are connected by dashed and solid lines, respectively. 

 

4.5 Summary 

In this chapter the results of experimental data on 
12CC interaction events at a 

momentum of 4.2 A GeV/c obtained from the 2m propane bubble chamber  of the 

Laboratory of High Energy, JINR have been shown. It has been seen that P(S) 

distributions show similar results in the laboratory and the center of mass frames. Based 
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on these results it has been proposed a novel criterion to define the centrality of the 

nucleus-nucleus collisions, for different multiplicities. It has been seen that the 

procedure is based on the direct processing of the experimental data. The 

transformation from the Poisson distribution to the Wigner one signals of strong 

correlations. In turn, the centrality of nucleus-nucleus collisions is related with the  

 

Experimental results in centre of mass frame 

 

 

 

Fig.4.8: The distributions of the P(S) functions of experimental data in centre of mass 

frame for   different regions of   measured momentum: the first column corresponds to   

0.1< |p| < 1.14 GeV/c; the second column corresponds to 1.14 < |p| < 4.0 GeV/c; and the 

third column corresponds to 4.0 < |p| < 7.5 GeV/c for the events: 10-14 (top line), 15-19 

(middle line), 20- 22(bottom line).  The Poisson and the Wigner surmise distributions are 

connected by dashed and solid lines, respectively. 

 

absence of correlations. In this case the dynamics should be determined by elastic and 

inelastic collisions between free particles. 
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CHAPTER 5 

 

DCM RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, some information about the Dubna Cascade Model (DCM) and 

the simulated data which has been used to get required results. 
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5.1 Dubna Cascade Model 

The Dubna cascade model (DCM) [75] (detailed in Chapter 2)
 
is a model, which 

is based on the concept of the intra nuclear cascade. In this model only the nucleon-

nucleon collisions has been described by taken the mean field to be a constant. 

  

5.2 Simulated data 

From the Dubna Cascade Model, the total numbers of generated events are 2, 

00,000 from simulation 
12CC at 4.2 A Gev/c with code [31]. The data has been 

separated to: charged particles p, π+, π− , neutral particles n, π0 , nucleons p, n , 

pions π+, π−, π0  and all particles p, n, π+, π−, π0 . The results from DCM have been 

compared with data coming from experiment (see chapter 4) and data coming from 

UrQMD (see chapter 6). 

. The tables 5.1-5.5 give the events number as a function of  a number of the 

charged particles (Tab.5.1), neutral particles (Tab.5.2), nucleons (Tab.5.3), pions 

(Tab.5.4), all particles (Tab.5.5). 

Table 5.1    The number of events as a function of the Charged particles from DCM 

No of charged particles No of events No of charged particles No of events 

 10 9316 22 1910 

11 8891 23 1130 

12 8120 24 904 

13 7757 25 424 

14 7470 26 389 

15 6996 27 155 

16 6410 28 128 

17 5494 29 36 

18 4797 10-16 54960 (sum) 

19 3818 17-22 21500 (sum) 

20 3280 23-29 3166   (sum) 

21 2201   

 

Table 5.2     The number of events as a function of the neutral particles from DCM 
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No of neutral particles No of events No of neutral particles No of events 

10-14 42698 20-24 2193 

15-19 17705   

 

 Table 5.3     The number of events as a function of the nucleons from DCM 

No of nucleons  No of events No of nucleons  No of events 

10-14 42512 20-24 36756 

15-19 20411   

 

Table 5.4     The number of events as a function of the pions from DCM 

No of pions No of events No of pions No of events 

10-14 30988 15-19 7861 

 

Table 5.5     The number of events as a function of the all particles from DCM 

No of all particles No of events No of all particles No of events 

 10-14 33688 25-29 20336 

15-19 26995 30-34 16068 

20-24 23351 35-40 9061 

 

Using the simulated data which has been characterized by above Table 5.1-5.5, 

the histograms on the behavior of the P(S) functions are created. The results have been 

demonstrated in the next figures.   

 

5.3 Results from Dubna Cascade Model 

 

5.3.1 Charged particles ( 𝐩, 𝛑+, 𝛑−  

To compare the result obtained in the chapter 4 for charged particles in the 

experiment, the simulated data coming from the Dubna Cascade Model (see Chapter II) 

has been used. Like Fig.4.1 the behavior of P(S) function is different in the three 

regions of the measured momentum as shown in figure 5.1: in the first region we have 

Poisson type distribution, in the second one we can observe some deviation from 

Poisson behavior and third region we get behavior likes Wigner function. Figure 5.1 

shows the results for all charged particles. 
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FIG.5.1: The simulated by DCM code distributions of the P(S) functions for 

different regions of    measured momentum: the first column corresponds to 0.1< |p| 

< 1.14 GeV/c; the second column corresponds to 1.14 < |p| < 4.0 GeV/c; and the 

third column corresponds to 4.0 < |p| < 7.5 GeV/c. The Poisson and the Wigner 

surmise distributions are connected by dashed and solid lines, respectively. 

 

To see the behavior of the nearest neighbor spacing momentum distributions 

P(S) with charged particle multiplicity, the Figures (5.2-5.9) repeat the data for the 

simulated events coming from the Dubna Cascade Model with increasing multiplicity 

of charged particles.  One can say that the Cascade gives the results which are in good 

agreement with experimental ones. The behavior of P(S) function up to Nch=10-16  is 

similar to Fig 5.1 because one can see Poisson type behavior in first momentum region, 

mixture of  Poisson and Wigner distribution in second momentum region and Wigner 

type distribution in third momentum region. But the behavior  of P(S) function 

critically changes at Nch=17, one can see that the Poisson type behavior in second 

momentum region and some variation from Wigner type distribution in third 

momentum region and this behavior remain similar up to Nch=22. The behavior of P(S) 

function critically change at Nch=23 and one can see weaken Wigner form and decrease 

in correlation in the third momentum region with increasing multiplicity. 

From Figs (5.2-5.9) it has been seen that the behavior of P(S) function critically 

changes at Nch=17, 23 therefore to see changes with the increasing number of charged 

particles Nch; the events have been divided into three groups: i) the events with Nch=10-
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16 secondary charged particles; ii) the events with Nch=17-22 secondary charged 

particles; and iii) the events with Nch=23-29 secondary charged particles (see Figs. 

5.10). We have found that strong correlations [75-76] are brought about by the stripping 

protons in 𝐼𝐼𝐼 momenta region. This interpretation becomes even more convincing with 

the increasing charged particles, as shown in the right column of Figs. 5.10. Due to 

increase in charged particles multiplicity, the number of stripping protons decreases. As 

a result, the correlations, brought by these proton pairs, decreases as well. For the 

multiplicity Nch=23-29, the distribution is neither Poisson nor Wigner one. Note, 

however, that the number of participants is increased, which can be related with the 

central collisions. The correlations are absent in momentum region I (the Poisson 

distribution), while one can observe the following: 

 

1) The behavior of P(S) functions from momentum regions II and III changes 

with the increasing number of charged particles. 

2) The structure (deviation from the Poisson distribution) disappears in 

momentum region II with increase in charged particles multiplicity.  

3) The Wigner type behavior disappears (or become weaker, essentially) in 

momentum region III with increasing number of charged particles. 

4) So results from Fig.5.10 demonstrate that at high multiplicities, it has been 

observed that the correlations (which lead to the deviation from the Poisson 

behavior of the P(S) function for essentially decrease). 
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 FIG.5.2: Same to the Fig.5.1 but for the events with Nch  p, π+, π− =10, 11, 12 (top to 

bottom). 

 

 

 FIG.5.3: Same to the Fig.5.1 but for the events with Nch  p, π+, π−  =13, 14 (top to 

bottom). The Poisson and the Wigner surmise distributions are connected by dashed 

and solid lines, respectively. 
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FIG.5.4: Same to the Fig.5.1 but for the events with Nch  p, π+, π−  =15, 16, 17 (top to 

bottom). 
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 FIG.5.5: The distributions of the P(S) functions coming from the DCM code for 

different regions of   measured   momenta for the events: with Nch p, π+, π− =18 (top 

line), with Nch p, π+, π− =19 (bottom line).  

 

FIG.5.6: Same to the Fig.5.1 but for the events with Nch  p, π+, π− =20,21, 22  
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 FIG.5.7: The distributions of the P(S) functions coming from the DCM code for 

different regions of   measured   momenta for the events: with Nch p, π+, π− =23 (top 

line), with Nch  p, π+, π− =24 (bottom line).    

 

Fig.5.8 Same to the Fig.5.7 but for the events with Nch  p, π+, π− =25, 26, 27 (top to 

bottom). 
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FIG.5.9: The distributions of the P(S) functions coming from the DCM code for different 

regions of   measured   momenta for the events: with Nch p, π+, π− =28 (top line), with 

Nch  p, π+, π− =29 (bottom line).    

 

 

FIG.5.10: The distributions of the P(S) functions for charged particles coming from the 

DCM code for the events: 10-16 (top line), 17-22 (middle line), 23- 29 (bottom line). 
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5.3.2 The neutral particles  𝐧, 𝛑𝟎  

In the experiment (see Chapter 4) one could not identify the neutral particles 

because they could not ionized the propane therefore only charged particles have been 

obtained in the experiment. But it is possible to get easily the spectrum of neutral 

particles using the code [31] of Dubna Cascade Model. Here the data for  n, π0  has 

been considered. 

The results for the P(S) behaviors have been shown in Fig.5.11- 5.12. One can 

observe that the behaviors of the P(S) function are same to those observed for the 

charged particles as shown in figure.5.11. With increasing multiplicity of neutral 

particles, correlation between the secondary particles decreases as shown in figure 5.12.

  

 

 

 FIG.5.11: The nearest neighbor spacing momentum distribution P(S) (the data coming 

from the Dubna Cascade Model for all neutral particles  n, π0  for different regions of    

measured momentum: the first column corresponds to 0.1< |p| < 1.14 GeV/c; the second 

column corresponds to 1.14 < |p| < 4.0 GeV/c; and the third column corresponds to 4.0 < 

|p| < 7.5 GeV/c. The Poisson and the Wigner surmise distributions are connected by 

dashed and solid lines, respectively. 
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 FIG.5.12: The distributions of the P(S) functions coming from the Dubna Cascade code 

(n and 
0
) for different regions of   measured   momenta  for the events: 10-14 (top line), 

15-19 (middle line), 20- 24 (bottom line). 

 

5.3.3 Nucleons 𝐧, 𝐩   

As we know well that baryonic number of particles is one of the important 

parameter which could be used to fix the centrality and study the high density state of 

strongly matter that is why we decided to study the behavior of P(S) function for the 

baryons: protons p and neutrons n using the data coming from the Dubna Cascade 

Model. In our experiment we could not identified the neutron that’s why we considered 

data coming from the generators only. The results are shown in the Fig.5.13 for all the 

nucleons from Dubna Cascade code [31]. We can see that similar to the charged 

particles and for the neutral ones, the behavior of P(S) have Poisson type distribution in 

first region, in the second one we can observe some deviation from Poisson behavior 

and third region we get behavior likes Wigner function.  
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FIG.5.13: The nearest neighbor spacing momentum distribution P(S) for all nucleons 

 n, p   produced in 
12

CC at 4.2 A GeV/c for different regions of measured momenta. 

 

Fig.5.14 shows the behavior of the P(S) function for the nucleons produced in 

12CC-interactions at 4.2 A GeV/c  with the number of secondary nucleons Nnucleon n, p = 

10-14; 15-19; 20-24 (from the top line  to bottom one).  

The data is divided into three momentum regions: 0.1 <  p < 1.14 GeV/

c; 1.14 <  p < 4.0 GeV/c;  4 <  p < 7.5 GeV/c (from left column to right one). So 

we can see that the picture for baryons, P(S) behavior is analogous for charged and 

neutral particles. 
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FIG.5.14: Same to the Fig.5.13 but for the events with Nnucleons n, p 10 −

14 top line , 15 − 19(middle one, 20 − 24 bottom .The Poisson and the Wigner 

surmise distributions are connected by dashed and solid lines, respectively. 

 

5.3.4 Pions  𝛑+, 𝛑−, 𝛑𝟎  

In this chapter we would like to show some simulated data coming from Dubna 

Cascade code [31] for  π+, π−, π0 mesons. As so we could not identify reasonably 

neutral pions in our experiment (see chapter 4) therefore we got the information on P(S) 

behaviors of pions using the generator. The obtained data is presented in Figures (5.15-

5.16). Let us comment what we have observed in these Figures. Figure.5.15 shows P(S) 

behaviors for pions produced in 
12CC-interactions at 4.2 A GeV/c in two momentum 

regions: 0.1 <  p < 1.14 GeV/c; 1.14 <  p < 4.0 GeV/c; because there are no pions 

with momentum greater than 4.0 GeV/c and one can see the Poisson type behavior in 

first region and Wigner type distribution in second one. Figure.5.16 shows the P(S) 

behavior for pions produced in events with multiplicity in regions: 10-14 and 15-19 

accordingly.  We could not find event with multiplicity great than 19. One could see 

from Fig.5.16 that correlation depends upon the multiplicity of pions. 

 

 

FIG.5.15: The distributions of the nearest neighbor spacing for all pions  π+, π−, π0  

obtained using the Dubna Cascade Model for different regions of measured momentum: 

the first row corresponds to 0.1< |p| < 1.14 GeV/c; the second row corresponds to 1.14 < 

|p| < 4.0 GeV/c.The Poisson and the Wigner surmise distributions are connected by 

dashed and solid lines, respectively. 
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FIG.5.16: Same to Fig.5.15 but for events with Npions π+, π−, π0 = 10 −

14 top line ; 15 − 19 bottom line . 

 

5.3.5 All particles  𝐩, 𝐧, 𝛑+, 𝛑−, 𝛑𝟎  

The number of all secondary particles  p, n, π+, π−, π0  are one of the important 

parameter which could be used to fix the centrality and study the high density state of 

strongly matter (see chapter 1) that is why we have studied the behavior of P(S) 

function for the all secondary particles using the data coming from the Dubna Cascade 

Model. The results are shown in the Fig.5.17 for the DCM code. It has been seen that 

similar to the baryons and mesons  the behavior of P(S) have Poisson type performance 

in first region , in the second region could  observe some deviation from Poisson 

behavior and in third region the behavior like Wigner function. 

 

  

FIG.5.17: The nearest neighbor spacing momentum distribution for all secondary 

particles produced in C
12

C at 4.2 A GeV/c for different regions of measured 

momentum (data coming from Cascade code). 
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To see the change in P(S) behavior with respect to multiplicity, the events have 

been grouped in different numbers of all secondary particles; Nall=10-14,15-19,20-

24,25-29,30-34,35-40.The results from these groups have been shown in Figures.5.18-

5.19. It has been seen that the results of all particles depend on multiplicity. When 

multiplicity of all particles increases, the correlation between secondary particles 

decreases. Therefore decrease in correlation between secondary particles is subject to 

central collisions. Therefore all particles types can be used to fix the centrality. 

 

 

 

FIG.5.18: The behaviors of P(S) for Nall p, n, π+, π−, π0 10 − 14 top line , 15 −

19 middle line , 20 − 24(bottom line) for different regions of measured momenta. 
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 FIG.5.19: The behaviors of P(S) for Nall p, n, π+, π−, π0 25 − 29 top line , 30 −

34 middle line , 35 − 40(bottom line)  for different regions of measured momenta. 

 

5.4 Summary 

Using the procedure which has been described in chapter 3, it is found that the 

correlation decreases with the increasing number of charged particles Nch produced by 

the nucleus-nucleus collisions. The transformation from the Poisson distribution to the 

Wigner distribution signals on onset of correlations. In turn, the centrality of nucleus-

nucleus collisions is associated with the absence of correlations. It has been seen 

similar behavior of the nearest neighbor spacing momentum distribution P(S) for 

neutral particles, nucleons, pions and all particles. So the results of this chapter are 

similar to results of chapter 4. 

 

 

 

 

 



54 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 

 

THE UrQMD RESULTS AND DISCUSSION 
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In this chapter the results coming from the UrQMD code has been presented. 

 

6.1 Ultra relativistic Quantum Molecular Dynamics model 

  To shed light on the production of the secondary charged particles we have 

employed a fully integrated Monte Carlo simulation package UrQMD (Ultra relativistic 

Quantum Molecular Dynamics model) [51]. 

We recall that the UrQMD model is aimed for simulation of nucleus-nucleus collisions 

at relativistic and ultra relativistic energies . We have simulated the 
12

CC at 

4.2 A Gev/c . Indeed, the UrQMD model enables us to solve several problems of 

practical importance. 

 

6.2 Simulated data 

We have generated 2, 00,000 events of
   12

CC at 4.2 A Gev/c with UrQMD 

[51].The data has been separated to: charged particles p, π+, π− , neutral 

particles n, π0 , nucleons p, n , pions π+, π−, π0  and all particles p, n, π+, π−, π0 . The 

results have been obtained as a function of impact parameter too.   

The tables 6.1-6.6 give the events number as a function of a number of the 

charged particles (Tab.6.1), impact parameter b (Tab. 6.2), neutral particles (Tab.6.3), 

nucleons (Tab.6.4), pions (Tab.6.5),all particles (Tab.6.6) . 

Table 6.1    The number of events as a function of the charged particles from UrQMD 

No of charged particles No of events No of charged particles No of events 

 10 11229 21 1561 

11 10468 22  1072 

12 9696 23 661 

13 8784 24 376 

14 7989 25 213 

15 6911 26 113 

16 6234 27 61 

17 5091 28 30 

18 4034 10-15 55077 (sum) 

19 3158 16-21 22359 (sum) 

20 2281 22-28 2526(sum) 

 



56 

 

Table 6.2    The number of events as a function of the impact parameter from UrQMD 

Impact parameter b(fm) No of events Impact parameter b(fm) No of events 

0-2 32103 2-4 92909 

4-6 75062   

 

Table 6.3    The number of events as a function of the neutral particles from UrQMD 

No of neutral particles No of events No of neutral particles No of events 

10-14 45474 15-19 10353 

20-22 468   

 

Table 6.4    The number of events as a function of the nucleons from UrQMD 

No of nucleons No of events No of nucleons  No of events 

10-14 51792 15-19 42424 

20-24 13122   

 

Table 6.5     The number of events as a function of the pions from UrQMD 

No of pions  No of events No of pions  No of events 

10-14 25116 15-19 3555 

 

Table 6.6     The number of events as a function of the all particles from UrQMD 

No of all particles No of events No of all particles No of events 

 10-14 39041 25-29 22320 

15-19 33212 30-34 12070 

20-24 27940 35-40 3840 

 

Using the simulated data which has been characterized by above Table 6.1-6.6, 

we have created the histograms on behavior of the P(S) functions. The results are 

demonstrated in next figures.   

 

6.3 Results from UrQMD 

In this chapter we present the result coming from UrQMD code. We apply the same 

procedure as for the analysis of experimental data. These results are shown in papers 

[75-76]. 
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6.3.1 Charged particles  𝐩, 𝛑+, 𝛑−  

Surprisingly, the results obtained with the aid of the UrQMD model nicely 

reproduce the tendency observed for the experimental data (see chapter 4). The model 

results confirm the existing of some peaks in the region II and their transformation to 

the Wigner distribution in the region III. Evidently, the model results demonstrate the 

existing of some non-trivial non-kinematic correlations for the secondary charged 

particles in the regions II and III as shown in Fig.6.1. This analysis provides the basis to 

identify the critical multiplicity that would signal on the onset of central collisions as 

shown in Figs. 6.2-6.8.Correlation critically depends on charged particle multiplicity. 

When charged particle multiplicity increases, the correlation decreases similarly as seen 

in experimental and DCM results. Decrease in correlation can be associated with 

central collisions. 

 

 

FIG.6.1: The nearest neighbor spacing momentum distribution P(S) for different regions 

of measured momenta: the first column corresponds to 0.1< |p| < 1.14 GeV/c; the second 

column corresponds to 1.14 < |p| < 4.0 GeV/c; and the third column corresponds to 4.0 < 

|p| < 7.5 GeV/c. The Poisson and the Wigner surmise distributions are connected by 

dashed and solid lines, respectively. 
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FIG.6.2: The behaviors of the P(S) for the events with 

Nch p, π+, π− = 10,11,12(from top to bottom) for different regions of measured 

momenta.  
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FIG.6.3: The behaviors of the P(S) for the events with 

Nch p, π+, π− = 13,14(from top to bottom) for different regions of measured 

momenta. 

 

 

 

FIG.6.4: The behaviors of the P(S) for the events with 

Nch p, π+, π− = 15,16,17(from top to bottom) for different regions of measured 

momentum. 
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FIG.6.5: The behaviors of the P(S) for the events with 

Nch p, π+, π− = 18,19(from top to bottom). 

 

It has been seen from figures. 6.2-6.8 that for Nch=10-15, the behavior of P(S) is 

similar to Fig.6.1 but for Nch=16, the P(S) behavior critically change. One can observe 

Poisson type behavior of the P(S) function in the second momentum region and 

behavior is same up to Nch=21 . For Nch=22, the correlation decreases and we got 

weaken Wigner type distribution in third momentum region. Therefore we have divided 

events in three groups; i) Nch=10-15, ii) Nch=16-21, iii) Nch=22-28 as shown in Fig.6.9. 

One can see that the behavior of the nearest neighbor spacing momentum distribution 

critically changes at Nch=16 and 22.The results of charged particles from UrQMD 

model are similar to results from experiment and Dubna cascade model results. 
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FIG.6.6: The behaviors of the P(S) for the events with 

Nch p, π+, π− = 20,21,22,23(from top to bottom)  
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FIG.6.7: The behaviors of the P(S) for the events with 

Nch p, π+, π− = 24,25,26(from top to bottom)for different regions of measured 

momenta. 

 

 

FIG.6.8:The behaviors of the P(S) for the events with 

Nch p, π+, π− = 27,28(from top to bottom).The Poisson and the Wigner surmise 

distributions are connected by dashed and solid lines, respectively. 
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FIG.6.9: The behaviors of the P(S) for the events with Nch p, π+, π− = 10 −

15 top , 16 − 21 middle , 22 − 28(bottom) for different regions of measured 

momenta: the first column corresponds to 0.1< |p| < 1.14 GeV/c; the second column 

corresponds to 1.14 < |p| < 4.0 GeV/c; and the third column corresponds to 4.0 < |p| < 7.5 

GeV/c. The Poisson and the Wigner surmise distributions are connected by dashed and 

solid lines, respectively. 

 

6.3.2 Impact parameter b  

It has been seen that the centrality could be defined through the impact 

parameter of the interactions theoretically. The results for the impact parameter b = 0−2 

fm (see Fig.6.10 top row) demonstrate the absence of any correlation for the P(S) 

distribution in the region I and in the region II. However, there is a strong deviation 

from the Poisson and the Wigner surmise distributions at the region III. The 

comparison the P(S) with the results for Nch = 22− 28 distributions (Fig.6.9, the bottom 

row) demonstrates the similarity of the results. It appears that the Nch = 22−28 

distributions are associated with the central collisions. The results for the impact 

parameter b = 2 – 4 fm (see Fig.6.10 middle row) are correlated well with the results for 



64 

 

Nch = 16 − 21 distributions (Fig.6.9, the middle row). The correlations are absent in the 

region I (the Poisson distribution), while one observes the onset of the strong 

correlations in the region III. The distribution Nch = 16−21 can be associated with the 

sub-central collisions. Finally, one observes very similar patterns between the 

distributions for the impact parameter b = 4 – 6 fm (see Fig.6.10 bottom row) and for 

Nch = 10 − 15 (Fig.6.9, the top row): there are strong correlations in the regions II and 

III. One also observes the increase of the distributions sharpness in the third column 

with the increase of the b. This fact is attributed to the onset of strong correlations 

between stripping protons in the peripheral collisions discussed above. 

 

 

 

FIG.6.10: Using the UrQMD data for impact parameter b fm = 0 − 2,2 − 4,4 − 6,the 

nearest neighbor spacing momentum distribution P(S) for different regions of measured 

momenta: the first column corresponds to 0.1< |p| < 1.14 GeV/c; the second column 

corresponds to 1.14 < |p| < 4.0 GeV/c; and the third column corresponds to 4.0 < |p| < 7.5 

GeV/c. The Poisson and the Wigner surmise distributions are connected by dashed and 

solid lines, respectively. 
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6.3.3 Neutral particles  𝐧, 𝛑𝟎   

 

 

 

FIG.6.11: Same to Fig.6.1 but for the all neutral particles n, π0  

 

In our experiment (see Chapter 4) we have only charged particles but from 

Dubna cascade model (see chapter 5) and UrQMD model (see chapter 6), we have 

simulation data for neutral particles also. We could consider the data for 

 n, π0  as neutral particles. 

The results for the P(S) behaviors are seen in Figs.6.11- 6.12. One can see that 

the behaviors of the P(S) function are same to those one observed for the    neutral 

particles from Dubna Cascade model results. With increasing the multiplicity of neutral 

particles, correlation between the secondary particles decreases. 

 

6.3.4 Nucleons 𝐩, 𝐧   

We can see the distributions of P(S) functions for all nucleons p, n  in the three 

regions of momentum from the UrQMD data as seen in Fig.6.13.We can see the 

Poisson distribution in  Region I, while Wigner distribution in  Region III. These results 

show the existence of some peaks in the region of II and their transformation to the 

region III.  These results are similar to the results obtain with the aid of cascade code 

for nucleons (see chapter 5).To observe the changes with multiplicity, we divide 
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FIG.6.12: Same to Fig.6.9 but for the neutral particles  n, π0 = 10 − 14,15 −

19,20 − 22 

. 

the events in the three groups from UrQMD data for nucleons p, n : i) the events with 

N = 10 − 14; ii) the events with N = 15 − 19; iii) the events with N = 20 − 24. We can 

see from Figs (6.14) that the correlation between secondary nucleons decreases 

inversely with the multiplicity of secondary nucleons. At high multiplicity we could see 

that the correlation which was the reason of non Passion behavior of P(S) function for 

nucleons with momentum greater than 1.14 GeV decreases essentially. 

 

FIG.6.13: Same to Fig.6.1, 6.11 but for the all nucleons p, n . 
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FIG.6.14: Same to Fig.6.9, 6.12 but for the nucleons p, n = 10 − 14,15 − 19,20 − 24. 

 

6.3.5 Pions  𝛑+, 𝛑−, 𝛑𝟎  

In this chapter we would like to show some simulated data coming from 

UrQMD code [51] for  π+, π−, π0  - mesons. As so we could not identified reasonably 

neutral pions in our experiment (see chapter 4) we got the information on P(S) 

behaviors of pions using the simulation data. The obtained data are presented in Figs. 

(6.15-6.16). P(S) behaviors for pions are similar to Figs. (5.15-5.16) and depends upon 

multiplicity. Similar to charged particles, nucleons and neutral particles, correlation 

between pions decreases with increasing multiplicity of pions. We see the Passion type 

behavior in first region and likes Wigner in second one as seen in Fig.6.15. Fig. 6.16 

shows that the P(S) behaviors for pions produced in events with multiplicity in regions: 

10-14 and 15-19 accordingly.  We could not find event with multiplicity great than 19. 
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FIG.6.15: The behaviors for the P(S) for the all pions π+, π−, π0   for different regions of 

measured momenta: the first row corresponds to 0.1< |p| < 1.14 GeV/c; the second row 

corresponds to 1.14 < |p| < 4.0 GeV/c.The Poisson and the Wigner surmise distributions 

are connected by dashed and solid lines, respectively.  

 

 

 

FIG.6.16: Same to Fig.6.15 but for the events with pions π+, π−, π0 = 10 − 14,15 −

19(from top to bottom). 

 

6.3.6 All particles  𝐩, 𝐧, 𝛑+, 𝛑−, 𝛑𝟎  

We have studied the behavior of P(S) function for the all secondary particles 

using the data coming from the UrQMD Model. Figures (6.17-6.19) show the results. 

We can see that same to the baryons and mesons  the behavior of P(S) have Poisson 

type performance in first region , in the second one we can observe some deviation 

from Poisson behavior and third region we get behavior likes Wigner function as seen 

in Figure 6.17. To see the behavior of P(S) with multiplicity, we divide the events with 
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different multiplicity groups in three momentum regions (See Figs.6.18, 6.19). We can 

see that the correlation between secondary particles decreases with increasing 

multiplicity. Therefore decrease in correlation can be considered due to central 

collisions. So we could say that Dubna Cascade Model and UrQMD Model codes give 

the same results like the experimental one. 

 

 

FIG.6.17: The behaviors of the P(S) functions for all particles p, n, π+, π−, π0  for 

different regions of measured momenta. 

 

  

FIG.6.18: Same to Fig.6.17 but for Nall= p, n, π+, π−, π0 = 10 − 14,15 − 19,20 −

24(from top to bottom). 
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FIG.6.19: Same to Fig. 6.18 but for Nall p, n, π+, π−, π0 = 25 − 29,30 − 34,35 −

40(from top to bottom). 

 

6.4 Summary 

In this chapter we shed light on the production of the secondary charged 

particles from fully integrated Monte Carlo simulation package UrQMD − 1.3[51] 

simulating the secondary charged particles produced in 
12CC interactions at 4.2 A GeV/c 

. We apply the same method for the experimental data and simulation data obtained 

from Dubna Cascade Model (DCM). One can see that the behavior of the P(S) function 

for charged particles critically depends upon multiplicity, and correlation decreases 

with increasing multiplicity. In this chapter we also show that multiplicity depends 

upon impact parameter b. If impact parameter decreases, multiplicity increases, and 

hence centrality increases. It has been also shown that correlation between neutral 

particles, nucleons, pions and all particles decreases with an increase of multiplicity. 

 

 



71 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 7 

 

SUMMARY AND CONCLUSIONS 
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7.1 Summary 

         

 Let us summarize the results: 

1. The new method firstly applied to study the neutron resonances from compound 

nuclei has been used to study the properties of the carbon-carbon interactions at 

4.2 A GeV/c with an aim to get the model-independent criteria to separate the 

central collisions. This method doesn’t require any prior background 

information. 

2. The nearest neighbor spacing momentum distribution P(S) has been created in 

events with different number of the secondary identified charged particles 

produced in 
12

CC-interactions at 4.2 GeV/c. The data has been considered in 

different regions of secondary’s momentum: 0.1-1.14; 1.14-4.5; 4.5-7.5 GeV/c. 

The experimental data coming from 2-m propane (C3H8) bubble chamber of 

JINR (Dubna, Russia) (where the author worked from October 2008 to April 

2009) has been used. 

3. The nearest neighbor spacing momentum distribution P(S) has been created for 

all secondary particles produced in 
12

CC-interactions at 4.2 GeV/c in different 

regions of secondary’s momentum: 0.1-1.14; 1.14-4.5; 4.5-7.5 GeV/c using 

simulated data coming from the Dubna Cascade Model and UrQMD Model 

codes. The data has been presented as a function of the multiplicity of the 

secondary particles. 

4. Using the data coming from the experiment, it has been seen the frame 

independent behavior of the nearest neighbor spacing momentum distribution 

P(S), where momenta of particles have been defined.  

5.  It has been found that the behavior of the P(S) distribution depends critically on 

the multiplicity of charged particles.  

6. Using the data coming from the UrQMD code, it has been confirmed that the 

values of multiplicities at the critical points corresponded to different values of 

impact parameter b (different degrees of centrality), and so these values could be 

used as model independent criteria to select/fix the central collisions. 

7. It has been observed that the behavior of P(S) distribution for neutral particles, 

nucleons, pions and all the particles depends on the multiplicity of the secondary 

particles too. The data coming from Cascade and UrQMD codes demonstrate 



73 

 

almost the same P(S) behavior as a function of centrality. With an increase of 

multiplicity, the observed correlations become weaker or/and eventually 

disappear at some critical values of multiplicities, determined in the present 

investigation, meaning that the new physical region was observed. We interpret 

this region as a region of central collisions and offer to use the obtained critical 

values of the multiplicity to separate the central collisions for carbon-carbon 

interactions at 4.2 A GeV/c.  

 

7.2 Conclusions 

At the end we can conclude as follows; 

1. For the first time the new method is applied to process the experimental and 

simulated data on central carbon-carbon interactions at 4.2 A GeV/c;  

2. For the first time the behaviors of the nearest neighbor spacing momentum 

distributions P(S) has been analyzed in three regions of the momentum of 

secondary charged particles depending on the number of multiplicity of these 

particles.  

3. For the first time it has been observed that the behaviors of the nearest      

neighbor spacing momentum distributions changed critically with a change of 

multiplicity.  

4. Using the data coming from the UrQMD code it has been confirmed that the 

values of multiplicities at the critical points corresponded to different values of 

impact parameter b (different degrees of centrality), and so these values could 

be used as model independent criteria to select/fix the central collisions. 

5. The new criteria to select/fix the central collisions in the experiment have been     

proposed. 
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