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Abstract 

Transverse Momentum and Rapidity Spectra of Negative Pions in 

Nucleus-Nucleus Collisions at 4.2 GeV/c Per Nucleon 

In the present analysis, it was studied the characteristics of π-mesons in AA collisions at 

4.2AGeV/c. In nucleus-nucleus interactions, it was analyzed the dependencies of characteristics 

of the charged pions at 4.2AGeV/c on collision centrality. There was a noticeable change in the 

average kinematical characteristics of the charged pions while increasing the overlap region 

(increasing the number of participant nucleons) of target and projectile nuclei in nucleus-nucleus 

interactions. The rapidity spectra and transverse momentum distribution of π
─
─mesons were 

studied systematically in nucleus-nucleus interactions at 4.2AGeV/c. It was analyzed the changes 

of the mcy .  and pT distributions of π
─
─mesons with changing the collision centralities and mass 

numbers of the incident projectile and target nuclei. It was important to study the changes of the 

characteristics of produced pions by changing the collision centralities (central, semi-central and 

peripheral interaction) of the analyzed nucleus-nucleus collisions. The rapidity spectra of π
─
-

mesons both in experiment and model in nucleus-nucleus interactions at 4.2GeV/c were analyzed 

and compared. The rapidity spectra of pions were fitted by Gaussian model function. The 

transverse momentum spectra at different ranges and different collision centralities were fitted 

with different theoretical model functions to compare the experimental and simulated model 

data. For fitting the experimental and simulated model spectra, we used the Hagedorn 

Thermodynamic Model and Boltzmann Model function. The transverse momentum spectra 

obtained from experiment, simulated by the model (Quark Gluon String model) were fitted by 

these models to extract the important parameters, i.e., the spectral temperatures (inverse slope 

parameters). The spectral temperatures of π
─
-mesons obtained in present work were compared 

with those of the previous works with different colliding nuclei and also at comparable incident 

energies. 
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Chapter 1 INTRODUCTION 

1.1 History of Pions 

In particle Physics hadrons are made of different quarks and they have a strong nuclear 

force in between them. These hadrons are divided into two main groups. (1) Mesons: Mesons are 

made of quarks and anti-quarks and (2) Baryons: Baryons contain three quarks combinations. 

Meson is a Greek word (from Meso) which means „middle‟ particle, so Mesons are subatomic 

particles, which are intermediate in masses between leptons and baryons. Mesons are bosons 

with integral spin and because of this integral spin pions obey Bose-Einstein statistics.  ─ 

mesons are one of the lightest particle and they are considered to be very important particles in 

relativistic nuclear collisions. The production threshold energies for pions are very small (290 

MeV for π
±
 280 MeV for π

0
). Therefore pions are considered to be very important mesons for 

studying different nuclear properties of nuclear matter. Pions have very high multiplicity among 

other mesons in relativistic nucleus-nucleus (AA), hadron-hadron (hh) and hadron-nucleus (hA) 

collisions. Pions are denoted by the Greek word pi ( ). Pions (contains first generation of 

quarks) were studied theoretically by Yukawa in 1935. He predicted that mesons are carrier 

particle in strong nuclear physics. In 1947 mesons (Pions) were discovered from the decay of 

strange particle (Kaon) from cosmic rays in University of Bristol, England: 

   
-2)( rays  Cosmic   K  

 

Table 1.1.  Different properties of pions. 

Name Quark 

contains 

Mass 

(MeV/c
2
) 

Antiparticle Life time  

(s) 

Spin I Iz Decay Modes 

  du  
139.570   

2.6x10
-8

 0 1 +1 
   

  du  139.570   
2.6x10

-8
 0 1 -1 

   

0  
2

dduu   134.966 Self 8.4x10
-17 0 1 0    
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In the Table 1.1 three pions with quarks contains, their masses, life time, spin, isospin, the third 

component and the primary decay modes of charged and neutral pions are shown. The 

probability of decay of charged pions are 99% in charged muon and muon anti-neutrino, and 

there is very small (about <<1% probability) that these charged π
─
-mesons will be decaying into 

electron (or positron) and their corresponding neutrinos. 

     
ee     

There is a maximum probability (almost 98%) of neutral pions decays into two gammas and 

other decay modes of neutral pions have very less probabilities [1, 2]. 

1.2 Relativistic Nuclear Collisions and Importance of Pions 

The field of relativistic heavy ion nuclear interactions is concerned with role of study and 

characteristic of nuclear matter in high energy and high density. This hybrid field uses the 

instruments and techniques of relativistic high energy physics to build our understanding about 

the basic characteristic and properties of nucleus. In relativistic nuclear interactions at high 

energies construct a strongly compressed and highly excited nuclear matter in a laboratory. At 

such extreme conditions different kind of new phenomena can be studied, like phase transition of 

hadronic matter into the pion production, density isomers, studying the interiors of neutron stars, 

the dynamics of supernova explosions and a deconfined state of nuclear matter. In such highly 

dense conditions, it is predicted theoretically a Quark-Gluon Plasma (QGP). In the QGP 

condition quarks and gluons are no longer considered in confinement stage, but they are freely 

moving at distance about (1fermi), which is almost equal to the size of a hadron. The typical 

density ( 0 ) of nuclear matter in normal case is about 0.16 fm
3
. In relativistic nuclear collisions 

the interacting energies of incident projectiles of order of few GeV (1-2 GeV), the density (  ) of 

nuclear matter are raised by 2-3 times of normal nuclear density [3, 4]. 

In the figure 1.1 it is shown the nuclear phase diagram. In this diagram the horizontal axis 

shows baryon density and the vertical axis shows the temperature. It is not easy to understand 

experimentally and theoretically the nuclear matter phase diagram, but a common conjectured 

(like water phase diagram) is shown in the diagram. In such extreme condition governing the 

transitions among these phases is crucial to build a theory of the nuclear equation of state. In case 
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of normal nuclear matter the density (0.16 fm
3
) and temperature (near zero MeV) are at bottom 

left in the figure 1.1, and such condition is called the liquid-gas transition boundary. The domain 

of low energy nuclear physics research was extensively characterized in 20
th 

century. In the 

given figure, under the extreme conditions, the deconfined transition phase diagram can be 

studied by using models of strong interaction. 

 

Figure 1.1.  The Nuclear matter phase diagram 

 

Using Lattice QCD calculations, with two quarks flavors the temperature of such deconfined 

matter at fixed baryon density, is almost 150 MeV. If the temperature is fixed (almost zero 

MeV) the baryon density roughly reaches to 5 times of its normal nuclear matter density and 

there is a deconfinement of particles in such extreme condition. It is predicted in the model of 

quark confinement [5-7]. 

A quark-gluon plasma state is created at LHC and there is about 5.5 trillion degrees Celsius 

temperature is achieved. There is another very high temperature (about 100 MeV) observed in 

heavy ions collision at the laboratory of BNL. The system is expended and then cools down 

from the earlier hot state, using these condition the temperature is extracted from different 

theoretical models. The room temperature (300K) is approximately 0.025 in eV, and 100 MeV 

is on the order of one trillion (~ 10
12

K). The next nearest man made temperature in laboratory, 

is the temperature achieved in thermonuclear fission process (~ 10
7 

K). The size of nuclear 
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matter created at this temperature is very small (~ 10
3
fm

3
), but the number of individual 

particles can be order of a few hundreds to few thousands and statistically the equation of state 

(EOS) can be obtained from multiplicities of produced particles [3, 8-12]. 

 It is very difficult job to investigate different properties of very high dense nuclear matter 

in relativistic nuclear interactions by direct experiment. In order to get a very high dense matter 

with high temperature, and also to find different parameters of the early universe, different heavy 

nuclei are collided with different energies are used at CERN and other laboratories. Heavy ions 

collisions are characterized by collisions centralities of projectile and target nuclei. These 

centralities are analyzed on the basis of participant protons. In LHC mostly proton-proton are 

studied but also, lead-lead and proton-lead collisions are studied for analysis of heavy ion. In the 

ALICE experiment, it is investigated Heavy ion collisions and their centralities [13-16]. 

Nowadays data of different particles on high energies interactions comes from the study of 

rapidity spectra and transverse momentum distributions of hadrons. In Heavy ion nuclear 

interactions most of the energies are used in creation of different particles. Similarly, in case of 

pions, most of incident energies are used in production of pions. Due to lower threshold energies 

of production of pions, energies are distributed differently among all pions. In heavy ion 

collisions a fireball is created. This fireball burst and produces pions and other particles. To 

study this fireball, spectral temperatures of pions are studied and spectral temperatures are 

obtained from transverse mass (energy) or transverse momentum distributions of π-mesons. It is 

well known fact that delta resonances have great contributions in pions production in the 

relativistic nuclear collisions of order of few (1-10) Giga-electron-Volt per nucleon. In the hot 

and compressional stage of heavy nuclei collisions, delta resonances are generated from the 

freezing fireball and delta resonances further produce nucleons and pions. It is cleared from these 

Refs. [17-20] that some pions, which are produced at these energies i.e. 1─15 GeV/nucleon from 

decay of delta resonances, have low transverse momentum.  

1.3 The Participant and Spectator Model 

 In heavy ion relativistic interactions at relativistic energies, the participant and spectator 

model gives important information. In the figure 1.2, a participant and spectator model is shown. 

It is shown collisions of target and projectile nuclei at impact parameter of b. In the figure it is 
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presented interaction between two heavy nuclei. A given part of incident projectile will overlap 

with certain portion of target particle. The average binding energy per nucleon of different 

element is MeV8 . If the incident projectile interacts with target nuclei with high energy at 

specific impact parameter then the overlapping part will be attached with projectile ion, and the 

non-interacting part of the ion will fly in same direction and with unchanged velocity. The non-

interacting part of projectile ion is called projectile spectators, and similarly there will be also 

target spectators. The interacting part (the overlap region) of projectile and target ions is called 

participant region. The participant region consists of projectile and target nucleons and the 

participant region will usually disintegrate, and gives rise to many fragments.  In the figure 1.1 a 

collisions of two ions are shown. A given part of these ions will meet with each other in certain 

portion. As can be seen from the figure 1.1 the participants region of colliding ions, and non-

interacting portion of both projectile and target spectators [21, 22]. 

 

Figure 1.2. The participants and spectators model is shown. In figure it is shown interaction of projectile and 

target with specified impact parameter b.  

 

1.4 The Fireball 

A participant region consists of target and projectile particles. This is also called overlap 

region. The participant and spectator regions are not separated clearly. When the incident 

projectile interacted with target nuclei then a transition region is established between these 
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particles. The formation of transition region is directly related to the energies and masses of 

incident projectile and target particles. If the energy of projectile is increased then the transition 

region becomes smaller. The overlap region is also affected by increasing the mass number of 

target and projectile nuclei. Inside the overlap region the participant zone is more interesting and 

has more information about early universe. In heavy ion central collisions, a participant region 

consists of target and projectile particles, and quarks gluons plasma is formed in that region, and 

interact freely with each other, and this region is called a fireball [3, 22-25]. It is well known fact 

that in early phase of collisions, a very hot, dense and excited nuclear matter is created. This high 

dense nuclear matter (fireball) further produces large number of secondary particles. In this 

overlap region all nucleons interact very strongly with each other. In the laboratory system (fixed 

target experiments) at low energies (up to 10 A GeV), in central collisions, an excited and 

compressed nuclear matter is produced.  

In Refs. [18] it is shown very briefly a nucleus-nucleus interaction can be explained by 

the following stages. 

(i) Initial collision: it is the initial stage of target and projectile nuclei and this process takes 

place during the initial time of nucleons interactions i.e. (
c

R
t

cm

2
   ). 

(ii) Thermalization of overlap region: It is considered to be the second stage. In relativistic 

nucleus-nucleus collisions, when interaction takes place between target and projectile 

nucleons, the system is thermalized and equilibrium is established in hot and dense 

matter. 

(iii) Expansion and cooling: It is the stage of deconfinement. A fireball is produced as a 

result of relativistic nuclear collisions. This fireball expands and because of expansion it 

becomes cool down. It is very difficult to characterize the fireball stage. Most of 

important calculations are performed because most of the particles are produced from 

direct interactions or also produced from the decay of different heavy particles. The 

produced products have primary information about dense and hot matter. It is very 

difficult to access that hot and dense matter region because of quark confinement. There 

are experimental procedures which can give useful information about the fireball stage. 
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We can extract properties of deconfined stages through different phenomenological 

models. 

(iv) Chemical freeze-out: This stage is called the stage of hadronization. In this stage the 

inelastic collisions of particles stop and hadrons are produced and are distributed in 

different particles. 

(v) Kinetic freeze out: It is the last stage before the production of secondary particles. In this 

stage the elastic collisions between interacting 4particles in fireball are stopped. In Refs. 

[18], it is explained that the separation between chemical freeze-out and kinetic freeze-

out depends on the different experiment for different colliding particles and these 

particles are interacting with different energies. At small energies and small masses of 

target and projectile nuclei there is no difference between chemical freeze-out and 

kinetic freeze-out. Chemical freeze-out and kinetic freeze-out are almost same at our 

energies (
nns  = 3.14 GeV), and this separation increases when the energies are higher. 

After this stage secondary particles produce in collective form. The collective flow of 

particles is very important factor of AA collisions. This effect was initially studied at 

Bevalac experiment at low energies. In Ref. [26] it was observed that there was a strong 

increase in both  T  and temperature at small energies i.e. about 1 Giga electron-

Volt/nucleon in Lab system. 

In Ref. [18] ranges of different parameters in fireball are shown at different energies, and these 

ranges are almost the same in low energies (
nns  = 3.14 GeV) as well. For example different 

parameters with different ranges are shown .i.e. 

Pressure: P = 100-300 3)( fmMeV , ( PafmMeV 333 10)(1  ). 

Temperature: T = 100-500 MeV. 

Volume: the volume reaches up to several thousand 3fm . 

Density:  = 1-10 0 , 0 = 0.16 3fm . 

Time: 10-20 
c

fm

 
(about 3-6x10

-23 
s). 
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1.5 Properties of Pions 

 It is well known fact that pions with small threshold energies are most strongly and 

abundantly produced particles in hh, hA and AA collisions [27]. It was roughly estimated that 

around (40-55) % of the produced particles are pions. In Carbon+
12

C, Proton+
12

C, 

Deuteron+
12

C, Alpha+
12

C and Carbon+
181

Ta interactions at 4.2 A GeV/c negative, positive and 

neutral pions and resonances etc., are produced. It is also stated that large amount of π
─
─mesons 

are obtained at 
16

Op interactions at 3.25 GeV/c per nucleon.  Pions are produced by direct and 

indirect way in AA collisions. In case of indirect way, most of pions are considered from the 

decay of delta resonances. The probability of negative pions obtained from Pion + Carbon 

collisions at 40 GeV/c originate from delta resonances are about 6%. It is well known fact that 

the production probabilities of heavy particles (ω
0
, f

0
 mesons, and ρ

0
) are increased with increase 

of high energy of projectile and target particles. The investigation of pions in relativistic nuclear 

collisions may convey us very helpful data about the dynamic of system. It is well known fact 

that pions can easily isolated from different particles produced in heavy ion interactions. In most 

of the light or heavy ion interactions pions are produced, and pions are one of the most abundant 

particles among other secondary particles. Delta resonances, are secondary particles produce in 

nuclear collisions, and delta resonances further decay to give pions and other nucleons [28-32]. 

In the laboratory of LHE, Joint Institute of Nuclear Research (JINR, Dubna, Russia) large 

pion statistics were recorded in hA and AA interactions at intermediate energies. 1-meter 

hydrogen and 2-meter propane (C3H8) bubble chamber are used to obtained data of produced 

pions from ionized tracks. In hA and AA collisions, it is already mentioned that production of 

delta resonances play very significant role in pions multiplicities at low energies [33-35].The 

prompt production of Δ resonances in nuclear collisions at low energies (1 - 15 GeV) and its 

decay to pions enhances the low transverse momentum of pions. It is already mentioned that 

pions, obtained from excited nuclear matter and these pions have important information about 

excited nuclear matter, and further these information can be helpful in dynamic of system. 

Therefore, it will be very interesting, to investigate different characteristic of pions in relativistic 

hA and AA interactions. In relativistic nuclear interactions, there are different ways of pions 

production but there are two ways in which the probabilities of pions are higher as compare to 

other ways of pions production.  
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(i) Direct production: it is that process in which pions are directly produced from interaction 

of projectile and target nuclei. The projectile energy must be greater than threshold 

energy of pions. The direct productions of negative pions have following equations. 

pionsnucleusnucleusnucleus 

.....pionspionsnucleusnucleusnucleusnucleus   

(ii) From Delta resonance decay or indirect production: in this scenario a delta resonance is 

produced due to AA collisions and delta resonance are short lived baryons. This excited 

delta resonance decays later on to produce pions. The multiplicities of pions are also 

dependent on energies of interacting projectile and target nuclei. At Dubna energies most 

abundantly produced delta baryons are ∆(1232 GeV/c
2
) resonances. Here 1232 is the 

mass of delta resonance. 

  .....
*

pionsnucleusNnucleusnucleus   

It is important to mention that there is an asymmetric ratio between negative and positive pions 

production at different masses of target and projectile nuclei, and also on each beam of energy of 

incident nuclei. It is studied that at energy from (2 – 8) AGeV it is reduced from 1.79 to 1.39, and 

this value reduces up to 1 in Super-Proton Synchrotron SPS at CERN experiment[36]. 

There are two important parameters (density and temperature) in relativistic nuclear 

collisions. These parameters give important information about Equation of State (EOS) [3, 12]. 

To investigate the spectral temperature of these hadrons, using theoretical models, slopes of 

transverse momenta, and slopes of energy spectra are studied. In relativistic AA collisions most 

of incident energies of projectile are used in production of secondary particles (delta resonances, 

rho mesons, pions etc.). In Ref. [37], the spectral temperatures of  negative π
─
 are obtained from 

collisions of dC, HeC, and CC interactions at 4.2 GeV/c. In these collisions fitting of non-

invariant c.m.s. energy distribution of negative pions on Maxwell-Boltzmann spectra were used. 

It was studied rapidity distribution and its dependencies on angular distribution of negative 

mesons obtained in C─C interaction at 4.2GeV/c per nucleon [38]. It was investigated in that 

collision that rapidity distribution of negative pions is related with spectral temperature. It is very 

important to mention that pT spectra for π
─
 obtained in AA interactions at 4.2 GeV/c are invariant 

under Lorentz transformation, while analysis of energy and longitudinal momentum longitudinal 
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boosted under Lorentz frame [38-41]. Hence it known that transverse momentum does not 

change in Lorentz transformation, so it has much lesser likelihood that transverse momentum is 

effected by collective flow of secondary particles. In Refs. [42, 43] it is shown a rapidity 

distribution were studied in different transverse momentum spectra of negative pions in AA 

(p─C,(d─C, d─Ta),(C─C, C─Ta), and (α─C, α─Ta) interactions at c.m. energy i.e.

GeVsNN 14.3 . The multiplicities of negative pions are directly related to incident energies of 

projectile. In central collisions multiplicities of negative pions are higher as compare to those 

negative pions produced at peripheral and semi-central collisions [42, 43]. 

In Ref. [44] it is used 7900 and 2000 statistics for rapidity spectra in C─C and C─Ta 

respectively at the incident projectile with momentum of 4.2AGeV/c. These statistics obtained in 

previous analysis were less than half as compare to the total statistics for same collisions used in 

our research work. It is investigated in Refs. [44], the rapidity spectrum was resembled in shape 

to the Gaussian function. Both spectra are changing their shape with respect to projectile and 

target masses and also their spectra are dependent on collision centralities. The width of rapidity 

spectra of extracted particles in nucleus-nucleus interactions, can give us important information 

about longitudinal flow of particles [16, 45]. The final stage scatterings processes of pions were 

analyzed in Refs. [16]. For a given spectral temperature obtained from secondary particles, it was 

found that width of rapidity spectra obtained from nucleus-nucleus interaction was considered to 

be very sensitive to a velocity of sound in medium at freeze out in Landau hydrodynamical 

model [46]. 

1.6 Aims and Outline of the Thesis 

It is observed that at energies of order of few Giga Electron Volts, π─mesons are 

obtained most abundantly, and that‟s why pions are very important particles of relativistic 

nuclear collisions. It will be not appropriate to study negative pions without positive pions. 

Therefore it is important to study the characteristic and correlations of negative and positive 

pions and also the correlations of charged pions with production of light nuclei with momentum 

of 3.25AGeV/c in Oxygen-proton collisions. 

In the present work it is suggested to investigate rapidity spectra and transverse 

momentum spectra of π
─
 ─ mesons systematically in nucleus-nucleus (AA) interactions at 
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4.2GeV/c per nucleon. The fundamental point of the proposed research work is to analysis the 

changes of the rapidity and transverse momentum distributions of negative pions with changing 

the mass numbers of the target and projectile particles. Multiplicities of produced pions are 

changed with changing the degree of collision centrality. It will be interesting to study the 

changes of characteristics of produced pions by changing the collisions centralities (central, 

semi-central and peripheral collision) of the analyzed nucleus-nucleus collisions. The changes in 

rapidity spectra of π
─
 ─ mesons with mass numbers of target and projectile nuclei and changes of 

collision centrality of interacting particles will be studied. The yc.m spectra of negative pions both 

in experiment and model will be compared and fitted with theoretical model function. The 

rapidity distribution spectra will be fitted by Gaussian model function.  

The experimental data of pT spectra of π
─
 ─ mesons are obtained in our research work. 

This transverse momentum spectrum at different ranges and different collision centralities will 

be fitted with different theoretical model functions to compare the experimental and simulated 

model data. For fitting the experimental and simulated model spectra, we will use the Boltzmann 

function, Hagedorn Thermodynamic Model, Gaussian functions, and Simple Exponential. The 

transverse momentum spectra extracted from experiment, simulated model (Quark Gluon String 

model) will be fitted by these models to extract the important parameters, i.e., the spectral 

temperatures (inverse slope parameters). The spectral temperatures obtained from fitting these 

theoretical models on experimental pT spectra have dependencies on the mass numbers of target 

and projectile nuclei and also on the degree of collision centrality (the number of participant 

protons). These parameters extracted for π
─
 ─ mesons in nucleus-nucleus interactions at 

4.2GeV/c per nucleon will be compared with the corresponding experimental data obtained from 

different experiments and also with different sets of colliding nuclei at different energy. Results 

obtained from analysis of yc.m distribution and pT spectra of π
─
 ─ mesons in nucleus-nucleus 

interactions at 4.2 A GeV/c will be compared with the results available in the literature for 

different sets of colliding nuclei and various energies. 

First chapter of this thesis presents the background knowledge related to the title of this 

work. The procedural details about the experimental data and the models used for simulation are 

described in second chapter. Then analytical discussion of the obtained results for the above 
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mentioned collision systems and parameters are presented in chapters 3 and 4. Finally 

conclusions are summarized in chapter 5.  
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Chapter 2 EXPERIMENTAL PROCEDURES ANDMETHODOLOGY 

2.1 Laboratory of High Energies (LHE) 

 The Laboratory of High Energies (LHE), Joint Institute for Nuclear Research (JINR) was 

established in March 1956. This laboratory is situated in the north of Moscow, and it is around 

110 km away from Moscow, Oblast. The JINR is a well-known center for particles and nuclear 

physics. V. I. Veksler was the first person who gave the concept of selfphasing and also he was 

supervisor to construct and develop new accelerator and synchrophasotron at Lebedev Physical 

Institute (LPI). V. I. Veksler was the first director of JINR. Veksler with his colleagues began the 

program of research at the synchrophasotron. The investigation of the elastic scattering processes 

at the minimum and maximum momentum transferred and multiple particle productions in 

hadron–nucleon interactions were the aims of the research project initially.  

 A.M. Baldin was the third director of LHE and he started a new research in a new field, 

called relativistic nuclear physics (RNP). The main purpose of this field is to study the quark 

structure of the nuclei. This project was started at the Laboratory of High Energies to analyze the 

combine production of particles in relativistic nuclear collisions. 

  In this center large number of research scientists, PhD scholars and staff members are 

working day and night. JINR has 18 member countries i.e. Russian, Armenia, Belarus, 

Azerbaijan, Bulgaria, Vietnam, Kazakhstan, Cuba, Georgia, South Korea, Mongolia, Moldova, 

Rumania, Poland, Uzbekistan, Slovak, Ukraine, Czech Republic and other countries. The main 

purpose of JINR is to work on theoretical and experimental fields of research and also to study, 

the nuclear physics, elementary particle physics, heavy ion physics, computational physics, 

relativistic physics, low and intermediate energy physics, condensed-matter physics, 

radiobiology and educational programs. The main aim of LHE, JINR is to hire leading scientist 

from member states and from other countries and establishes a very promising scientific group. 

The JINR was setup by the combination of two leading research institute, Electro-Physical 

Laboratory and Institute for Nuclear Problems. There is one center and seven research laboratory 

in Joint Institute for Nuclear Research [47]. 
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The main part of JINR is the accelerators complex at the LHE. It was established to 

generate nuclear beam, polarized deuteron, deuteron and proton. The complex accelerators could 

accelerate the heavy and light nuclei beams up to 6 A GeV. It has been presented 

diagrammatically in figure 2.1. It consists of Nuclotron and Synchrophasotron. The Nuclotron 

was built in the period from 1987 to 1992. It started its function in 1993. The of JINR comprises 

of the following i.e. 

I. Linear accelerator, 

II. Synchrophasotron (Superconducting Nuclotron accelerator), 

III. System of extracted beam channels, 

IV. Source of heavy ions, 

V. Laser source of light ions, 

VI. System of slow beam extraction 

VII. Electrons beam source of high charge state ions, 

VIII. Internal target complex, 

IX. Source of polarized deuterons. 

The Helium liquefiers with the capacity of 1.6 kW each were used in cooling of 

superconducting elements. The Table 1.1 carries the main properties of accelerator. The main 

advantages of the LHE accelerator complex were due to the presence of the extraction system 

and a net of the external beam lines.  The extraction of beams could be done from the 

Synchrophasotron in two directions i.e. MV-1 and MV-2, as shown in figure 1.4, leading 

respectively towards two experimental halls i.e.  Hall 1B and experimental Hall 205. 

The extraction of beams could be comparatively done in time 0.5 seconds and sent to the 

Hall 205. These beams becomes were forwarded through MV-1, with maximum energy and 

efficiency of these beams were about 95%.  The beams could be extracted from MV-2 in 

duration of (t < 10
–3 

seconds fast) or (t = 0.35 seconds slow). It was provided a physics setup in 

the experimental Hall 1B. The operation of both the extractions could take place simultaneously 

in the same cycle.  
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   Figure 2.1.  The diagrammatic show of the accelerator complex of JINR, Dubna. 

 

 

      Table 2.1. The comparative table of characteristic of Nuclotron and Synchrophasotron accelerators. 

Parameter Units Nuclotron Synchrophasotron 

Energy (max) A GeV 6 4.5 

Magnetic Field T 2.1 1.5 

Extraction time (max) S 10 0.5 

Chamber size Cm 12 120 

Circumference M 252 208 

 

Many arrangements have been done to carry out the research at the Nuclotron. These include 

FAZA, MARUSYA, DELTA I and II, PIKASO, STRELA, Polarized Proton Target, GIBS, 

SCAN, Leading Particles, MRS and DISC as shown in figure 2.1. For details Ref. [48] can be 

consulted. 
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2.2 Synchrophasotron 

 Synchrophasotron, a type of synchrotron based particle accelerator. This accelerator has 

started working in 1957 for proton collisions. It had been working till 2003. Synchrophasotron 

was first design and constructed by Vladimir Veksler on the basis of self-phasing. The self-

phasing process is mostly used in cyclic process (synchrotron accelerator). In 1944 at Dubna 

Russia, it was operational in USSR Academy of Sciences at the Laboratory of Lebedev Physical 

Institute. An Electro-Physical Laboratory (EPL) was constructed in 1953. The main purpose of 

EPL was to study high energy physics at Synchrophasotron. This laboratory was given name in 

1956 and became part of JINR. In Synchrophasotron protons were accelerated to the energy up 

to 10 GeV and it was considered to be the highest energy at that time in the world. The 

Synchrophasotron was considered to be one of the biggest accelerator at that time. In the 

Synchrophasotron proton and later deuteron was accelerated up to 10 GeV and new kind of 

particles were observed from interactions and these new kind of particles were used in different 

kind of research. 

  The diameter of the Synchrophasotron was 60 meters. The Synchrophasotron consists of 

4 huge magnets. These magnets were so big that even two cars can easily pass each other in it. 

These magnets are 5 meters high and 7 meters wide. The weights of magnets of 

Synchrophasotron are about 36000 tons [49, 50]. In figure 2.2, a small portion of 

Synchrophasotron is shown. 
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Figure 2.2.  It is shown a small portion of Synchrophasotron in Laboratory of High Energy JINR, Dubna. 

In the beginning the research program was used to study the elastic and inelastic processes at 

maximum and minimum energy-momentum transfer. This research program was initiated at 

JINR to study the cumulative production of different particles during nuclear collisions. It was 

also used to analyze production of different particles in hA and AA collisions. In this research 

program various new discoveries were invented in different experiments. Some of these 

discoveries are, anti Σ
─
hyperon production, the phenomena in which a φ

0
 meson decays into e

–
e

+
 

pair, the process of slow neutron confinement, quark counting rule, quark nuclei structure. In this 

research program elements like 102, 113, 114, 115, 116, 118, were observed and many other 

processes were discovered [51]. 

2.3 Dubna Bubble Chamber 

 In 1952 the Bubble chamber was first constructed and operational by Donald Glaser. The 

basic principal of Bubble Chamber and Cloud chamber are very similar to each other. The 

Bubble chamber is a type of detector which detects particles on the basis of its track. The track is 

produced due to ionization of gas by electrically charged particles. The main principal of this 

chamber is, when a charged particle passes through a liquid (in superheated form and at very 
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high pressure), bubbles were created along with track of the particle. These gas bubbles were 

then photographed by cameras placed at 4π around the Bubble chamber [52]. Liquid hydrogen is 

used as superheated liquid and the pressure is taken for this system around 5-20 atm. The whole 

procedure of particle detecting as follow: 

i. A superheated transparent liquid and around 5 atmospheric pressure, just below its 

boiling point was stored at container having moveable piston. 

ii. Then the pressure of system was reduced to two atmospheres by suddenly pulling 

of the piston. When high accelerated particles enter into the chamber, the gas is 

expanded just before their arrival and so the liquid becomes superheated. Each 

bunch of particles consists of around 10 particles. 

iii. When these particles are passed through superheated liquid, then energy of these 

particles reduces by ionization of the superheated liquid molecules, and the 

superheated liquid produces tracks of bubbles and starts boiling. 

iv. In bubble chamber bubbles produced and they expand for 10 ms. When the size of 

bubbles reaches to one mm then photographs were taken from different cameras. 

v. Again the pressure of system increases and then the chamber is restored for new 

charged particles. This process is occurred approximately in one second. 

Mostly the bubble chambers are filled with hydrogen or propane (C3H8) or mixture of neon-

hydrogen or deuterium. A magnetic field by superconducting coil around (1.5-3.5) Tesla is 

applied around the Bubble chamber. Secondary particles that are produced from collisions form a 

track in bubble chamber and momentum of these particles can be obtained from these tracks, 

using the following relation: 

   Brp 3.0 …………………………. (2.1) 

Here p (in GeV/c) represents momentum component which is perpendicular to the magnetic 

field direction, B (in Tesla) is magnetic field and r (in meters) represents the radius of curvature 

of track produced by charged particles. It can be seen in figure 2.3 tracks of different secondary 

particles are produced from the interaction of C-Ta interaction. 

 The volume of propane (C3H8) bubble chamber in LHE of JINR was about 546000 cm
3 

(40 x 65 x 210) cm
3
 and it is very sensitive volume. Propane (C3H8) (of 500 liters) under high 
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pressure (about 20 atmospheres) in the chamber was kept in liquid state. The propane (C3H8) 

bubble chamber was operated at temperature of 58 
0
C.  

 

 

   Figure 2.3.  Photograph of C+Ta event registered by 2m propane bubble chamber. 

 

A very strong magnetic field, (about 1.5 Tesla) was applied at perpendicular direction around the 

propane bubble chamber. When the moveable piston was pulled at the bottom side of the 

chamber, the propane reaches to a superheated form, and it is expanded in downward direction. 

There are 26 holes in the chamber that are illuminated to the propane bubble chamber. All 26 

holes have lighting systems. There are two photographs in 4π directions and these photographs 

are controlled automatically. There were six cameras located at the top of the chamber, three for 

the front and three for the rear part of the chamber‟s volume, providing stereo-view of nuclear 

interactions and allowing 4π reconstruction of the events [53-55].  In the figure 2.4 a propane 

bubble chamber is shown 
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   Figure 2.4.  Propane Bubble chamber and its chief engineer N. Korzhev (JINR). 

2.4 The Experiment procedure 

 The experimental data is present interactions are constructed from the photographs. It 

was used two meter Bubble chamber (propane, C3H8, PBC-500) of LHE, JINR. A constant and 

very strong magnetic field of 1.5Tesla is applied around the bubble chamber in perpendicular 

direction [29, 54-58]. To obtain the experimental data for A─Ta (
181

Ta), three rods (1mm 

thickness and 93 mm separation) of Tantalum were placed in the propane chamber. A beam of 

nuclei (
2
H, 

4
H, 

16
O and 

12
C) are accelerated in Synchrophasotron and then fall on target propane 

chamber. It is important to mention that at JINR the propane in the chamber was used as a target 

and a detector for analysis of produced particles. In our present analysis 
2
H, 

4
H and 

12
C beams 

are accelerated to the incident momentum of 4.2AGeV/c. The incident beams of these nuclei 

collide with Carbon and Hydrogen (proton) of propane molecules in the chamber and produce 

secondary particles. It is already mentioned that a Tantalum foil is placed inside chamber. If we 

want to get data of Tantalum, these nuclei are allowed to collide with Tantalum foils. These 
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collisions events of Deuteron─C, Helium─C, Carbon─Ta, and Carbon─C interactions are first 

scanned, measured, reconstructed, and finally analyzed. There are approximately 52,000 (2,420 

Carbon-Tantalum, 7,071 Deuteron-Carbon, 20,528 Carbon-Carbon 11,974, and Alpha-Carbon) 

inelastic collisions statistics were used at momentum of 4.2 GeV/c in our research work. There 

were also about 10,042 statistics of Oxygen-proton interactions at momentum of 3.25 GeV/c 

used in present work. All the secondary particles were detected and calculated under 4π 

geometry. There were almost 95% of produced negative particles were negative pions. The 

other 5% of secondary particles, produced of same curvature of the track are fast electrons and 

strange particles. All those pions that are produced in present analyzed collisions cannot be 

recorded and measured at momentum less than 70 MeV/c because of very small track produced 

in bubble chamber. All positive pions with momentum greater than 700 MeV/c cannot be 

distinguish from proton. While negative pions can easily separate, because there were no other 

similar kind of tracks were produced in that direction. Positive pions and protons can easily be 

separated from each other at (70 to 500) MeV/c. positive pions and protons were separated at 

momentum greater than 500 MeV/c from each other on the basis of their weights. On weights 

probability it was shown, that given particle is positive pions or proton. It was already known 

from the conservation of momentum and angular distribution of negative and positive pions and 

their track were coincided due to symmetric system of incident and target nuclei containing 

same number of protons and neutrons [59]. In Refs. [59] it was also shown that neutrons of 

(projectile and target) nuclei are responsible for the production of negative pions and protons 

are also responsible for production of positive pions. There were 0.8 degrees of average error in 

angles of all produced particles and there were about 11% of mean relative error in 

measurement of momentum [59]. In Refs. [56, 58, 60] it is described very briefly, that total 

interaction events were considered to be collision with carbon (
12

C) nuclei of propane bubble 

chamber (C3H8) with following conditions:  

i.  Separation of number of negative and positive charges must be greater than charged of 

incoming projectile ( )1(   projectileZnn ), 

ii.  Number of produced slow proton in the laboratory system (L.s.) with Plab< 0.75GeV/c 

should be higher than 1 ( 1protonn ),  
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iii.  Number of backward emitted proton in the laboratory system  (L.s.) will be greater than 

zero ( 0backward

protonn ), 

iv.In case of Proton-Carbon collision the number of negative charge must me higher than 1 (

1n ) and in case of deuteron-carbon collision the number of negative charge must be 

greater than 2 ( 2n ). 

v.  Number of negative and positive charges ( n ) is odd for alpha-carbon collision events. 

This was measured using the known cross sections [61] for Proton-Proton, Proton-Carbon, 

nucleons-Proton, nucleons-Carbon collisions (nucleons = d, 
4
He, and 

12
C) at incident p of 

4.2AGiga electron-Volt/c and using ratios of (proton : carbon) and  (nucleons : carbon) in a 

propane molecule [56, 60, 62, 63].Using the above criteria, around 70% of inelastic collisions 

events of AA were considered on carbon nuclei and  tantalum foils and these inelastic events 

were separated. The remaining 30% of Deuteron─Carbon, Alpha─Carbon, and Carbon─Carbon 

collisions events were obtained statistically from Deuteron─Proton, Alpha─Proton, and 

Carbon─Proton collisions events on quasi-free protons of hydrogen atoms in C3H8 molecules. 

Statistics of these collisions events were calculated according to specified relevant weight 

formulism. According to this formulism, the relevant weight can be calculated from the number 

of collisions events on carbon and hydrogen atoms, and these collision events agree with the 

known cross sections for inelastic collisions [56, 57, 64, 65]. It was important to mention that 

there were about 69% of all nucleons-Carbon (nucleons = 
2
H, 

4
He or 

12
C nucleus) events were 

considered on quasi-free protons of 
12

C nuclei. It is because in propane (C3H8) 26 nucleons, 18 

are protons of carbon nuclei [66]. 

2.5 Quark Gluon String Model (QGSM) 

 It is describe very briefly in [3, 9, 67, 68], that most of pions are obtained in relativistic 

hA and AA interactions because of low threshold energies. In these references it is mentioned that 

different kind of model predicts, there are large numbers of π-mesons are produced from delta 

resonances. It will be very important to use these models for pions production. In these simulated 

models the QGSM is one these models, is able to describe pion production at low energies. The 

QGSM describes hA and AA collisions at relativistic energies. In present research work the 

QGSM is used and adopted for intermediate energies. The c.m.s energy used for QGSM is, 
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4nns Gaga Electron Volt[69]. In the present work we used c.m.s. energy i.e. 14.3nns GeV 

(The momentum of incident particle per nucleon 4.2GeV/c, and kinetic energy per nucleon 

3.37GeV) for hA and AA interactions. So The QGSM is compatible to our energies. In QGSM 

we can understand the properties of pions in deuteron+
12

C, helium+
12

C, carbon+
12

C, and 

carbon+
181

Ta at present research work. To check the validity of this model, simulated data 

obtained from the model and then compared with experimental data at 4.2AGeV/c. It is already 

mentioned in ref. [17, 69] that QGSM is established on Regge and string phenomenological 

theories of secondary particles creation in hA and AA  inelastic interactions. 

2.6 Phenomenological Models Used for Description of the Pion Spectra 

Thermodynamics relations are used to extract spectral temperature from produced 

particles at relativistic energies. These relations are derived because a source has a thermal 

equilibrium before hadronization. Secondary particles that are produced from the overlap region 

of incident projectile and target nuclei are characterized by freeze-out temperature. In relativistic 

interactions, in the overlap region of target and projectile nuclei, all particles stop interaction 

with each other in the expending fireball, and then the fireball is exploded and produce 

secondary particles. To obtain such temperature particles are considered to be free from fireball 

and temperature of these particle can give us very useful information. 

Let suppose in thermal equilibrium all particles represented within specified volume, and 

the momentum of particles can be described by following relations [9, 23, 70]: 
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In following relations the arrow represents limit of classical Boltzmann-statistics, TE ii  . 

V represents volume of a fireball, Si is spin, T is temperature, μi represents chemical potential of 

secondary particles, Ei, (while
22

iii pmE  ) is energy of particle, and Eki ( iiki mEE  ) 
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represents kinetic energy of the particle. In the above equation the ± signs show fermions and 

bosons. 

 We can use a specified limit i.e. TE ii   in the above equation (2.1) so the final equation 

can be obtained as: 
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From the above equation the spectral temperature of secondary particles are extracted 

from spectral slope of energy. There are some factors that should be in mind while extracting the 

spectral temperatures from particles spectra. For example, it would be very difficult to find the 

c.m.s frame in particle collision when heavy target and light projectile interact with each other. 

The relativistic AA collisions depends on impact parameters of particles [71], and impact factor 

itself very difficult to determine directly. In our present research work the number of participant 

protons gives degree of centralities. The compressional energy obtained as a result of projectile 

and target interactions and it also affects pions energy and momentum spectra. The energy flows 

during expansion stage also affect pions multiplicity [72]. If it is supposed that delta resonances 

are considered to be in thermal equilibrium with surrounding particles, then pions will produce 

as delta resonances frozen-out. Using this assumption the two body decays of delta resonances 

will affect pions momentum and energy spectra[73]. 

The above equation that is obtained for energy spectra are also called freeze-out model. 

We can extract spectral temperature of negative pions using fitting of kinetic energy spectra on 

this equation. Equation (2.3) can be changed to simple form i.e. 

 ,exp=)1/(      

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





T

E
AdN/dEEp k

k …………………….. (2.4) 

Here A is fitting parameter and it has a constant value. The equation 2.4 is also called one 

temperature fitting equation for kinetic energy, equation 2.4 can be written in case of two 

temperature fitting for kinetic energies i.e. 
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Here in equation (2.5) A1 and A2 are two fitting constant, E is the energy of produced particles, 

and p


is the momentum of particles in c.m.s, and T1 and T2 are temperatures that are extracted 

from fitting. 

Thermal Model of freeze-out for hadrons in terms of kinetic energy (Ek) spectra is 

already shown above. It can be simplified if kinetic energies of hadrons are very greater than 

spectral temperatures of hadrons i.e. TEk   then the Equation 2.4 can be simplified, and the 

normalization of total interactions of nucleons is added. 

,………………………. (2.6)  

 

Equation (2.6) is considered as one temperature function in terms of kinetic energy. For two 

temperatures the above equation is presented as: 

,…………….. (2.7) 

 

Equation (2.7) represents simple exponential function in term of kinetic energy for two 

temperatures in the present work. 

2.7 The Hagedorn Thermodynamic Model 

The Hagedorn thermodynamic model predicts the extreme condition of a fireball. It is 

already mentioned in the introduction section that a fireball is formed when a projectile and 

target nuclei overlap each other. Particles inside fireball interact with each other and the fireball 

is then expanded. As the fireball expands the interactions between particles inside fireball is 

stopped and temperature of fireball is reduced. Then the fireball is exploded and hadrons are 

produced. The Hagedorn Thermodynamic Model [41, 74] takes into account a set of fireballs to 

be displaced from one another in the space of rapidity. According to Hagedorn Thermodynamic 

Model the pT spectra of produced particles can be written as, 
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 Where K1 is the MacDonald Function, The above equation is expressed in form of one 

temperature, In case of two temperatures this equation is written in the form of, 

      ,expexp
2

22

1

11 


















T

m
TmpA

T

m
TmpA

dp

dN t
tT

t
tt

T

……… (2.9) 

Here 
22

Tt pmm 
tm is represented by transverse mass, and equations (2.8) and (2.9) are 

valid for condition of transverse mass i.e. Tmt  . This equation can be normalized by 

introducing total inelastic events. So the normalized equation can be written as: 
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Here Nev, represents the normalized inelastic events, T is the extracted spectral temperature, A is 

the fitting constant. The above equation is expressed as one-temperature Hagedorn function. We 

can present the above formula for two temperatures, T1and T2 as: 
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Equation 2.11 is the two-temperature Hagedorn function. 

 

2.8 The Boltzmann Model 

According to The Boltzmann Model, the pT spectra of particles are obtained from the 

fitting of Boltzmann distribution function in terms of transverse mass. The one temperature 

formula can be written as: 
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Equation 2.12 is shown as the one temperature formula for Boltzmann spectra. Similarly the two 

temperatures Boltzmann function can present as: 
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The above equation is considered be a two temperature Boltzmann function. 

2.9 Simple Exponential function 

The simple exponential formula can be used to extract one and two temperatures of 

negative pions. In case of Simple Exponential formula the result of spectral temperatures will be 

higher than Boltzmann and Hagedorn function. The one and two temperatures pions spectra are 

obtained from the above expressions of Simple Exponential formula, 
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2.10 Gaussian function 

Investigation of rapidity spectra of pions obtained in AA collisions has wide range of 

collision energies. Rapidity spectra followed a Gaussian shape. It shown experimental rapidity 

spectra data of produced particles can be fitted very well to Gaussian functions [29, 44], 

….……………………. (2.16) 
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 In the equation (2.16)  is shown as the center of Gaussian distribution, σ is represented as the 

standard deviation. In the present work the standard deviation is shown as a width (cross section 

of interaction) of particles distributions, and  is the fitting constant.  

Now to fit pT spectra of π
─
-mesons in terms of Gaussian function. The Gaussian function on the 

basis of transverse momentum spectra of hadrons could be written as, 
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Here A0 is the fitting constant. The two temperatures Gaussian function can be written as, 
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Here in the given expression thepT,T1 and T2 are in square form so the result of spectral 

temperatures obtained from fitting of Gaussian function, and it will be very greater than results 

of Hagedorn and Boltzmann function. 

2.11 Selection of Central, Semicentral, and Peripheral Collision Events 

In the present work it was studied different statistics limit of pT and yc.m.─ spectra of π
─
-

mesons. These statistics limits were studied on the basis of collision centralities of target and 

projectile nuclei. By studying the collisions centralities, we change in collisions parameters of 

target and projectile nuclei. In AA it is very difficult to find the impact parameter of interacting 

particles. Therefore number of protons participated (Np) in AA collisions. 

We have characterized three kinds of collisions events on the basis of number of 

participant protons i.e. peripheral, semicentral and central collisions. If number of participant 

protons are greater than mean multiplicity per event of participant protons then it is defined as 

central collision ( ..2 protpartip nN  ). If number of participant protons are less than mean 

multiplicity per event of participant protons then it will be considered as peripheral collision (

.. protpartip nN  ). If number of participant protons are between these two collisions events, then 

it will be called as a semicentral collision ( .... 2 protpartpprotpart nNn  ) [44]. 

0y

0A
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In Refs. [28, 31, 75] it was shown that, in central collision of Carbon-Tantalum there was a 

complete stoppage of projectile on target nucleus, because in carbon+
181

Ta collision the average 

number
p  of interacting nucleons was very close to the nucleons of projectile carbon. In 

Table 2.1 it is presented with in statistical errors, a percentage of AA collisions for experimental 

and QGSM model [29]. It can be shown in the Table 2.1, both experimental and model data 

events are coincided with each other with in errors, but in Deuteron+Carbon peripheral and 

semicentral collisions the QGSM data is overestimated to the experimental values [44].
 

 

Table 2.2. The percentage of peripheral, semicentral and central d+12C, 12C+12C, and 12C+181Ta interactions per 

nucleon at 4.2 GeV/c relative to the total inelastic cross section ( in ) [29]. 

Types 

Peripheral 

interactions, % 

Semicentral 

interactions, % 

Central 

interactions, % 

Experiment QGSM Experiment QGSM Experiment QGSM 

d+
12

C 53±1 73±1 37± 1 15± 1 10±1 12±1 

He+
12

C 54 ± 1 54 ± 1 37± 1 38± 1 9 ± 1 8 ± 1 

12
C+

12
C 58±1 62±1 31± 1 30± 1 11±1 8±1 

12
C+

181
Ta 60±2 56±1 24± 1 29± 1 16±1 15±1 

 

 

The further detailed information on about experimental data in relativistic hA and AA 

interactions (for minimum-bias interactions and on the basis of collisions centralities) using 

model (Quark Gluon String Model), and other theoretical models can be found from the above 

literature.  
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Chapter 3 Characteristic, Correlations and Transverse momentum 

Spectra of Negative and Positive Pions at 4.2 and 3.25 GeV/c per 

Nucleon 

  

3.1 Introduction 

π ─ mesons are the most largely produced particles in hA and AA interactions, because of 

low threshold energies [25, 76]. There are two main sources of pions production in nuclear 

collisions, the direct production and production from decay of delta resonances [15, 16, 37, 39, 

40, 44, 59, 66, 77-85]. In relativistic collisions, most part of overlap region in interactions is used 

in production of pions. Therefore, it would be so important to study, pions production on the 

basis of degree of centrality and transverse momentum distributions. This gives very useful 

information about kinematical properties of pions at incident projectile of energies of order few 

Giga Electron Volt per nucleon and higher energies in hadrons-nucleus and nucleus-nucleus 

interactions [75]. In this Chapter we will investigate the pion characteristic and spectra of pions 

in C-Ta collisions at 4.2GeV/c and also we will study the correlations of pions at low energy 

therefore we will analyze 
16

Op interactions at 3.25 GeV/c. 

3.2 General characteristic of Negative and Positive Pions in
12

C+
181

TaCollisions 

To study the change of the kinematical characteristic of charged pions in AA interactions at 

4.2AGeV/c by increasing the degree of collision centrality, the number of participant protons 

(Np) in AA collisions was analyzed. This analysis was already done in Refs. [28, 30-32, 44]. In 

our research work we distinguished the collision events by three types. We have selected these 

types on the basis of number of participant protons (Np) compared with mean multiplicities of 

participant protons
.. protpartn  per event. An event in which

.. protpartp nN   is categorized as a 

peripheral collision. A collision will be considered as central if
..2 protpartp nN  ,and the 

semicentral collision comes in between these two regions of multiplicities [75]. 
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In Table 3.1 it is shown in percentage fractions (α) of selected three groups of collision 

events with various collisions centralities, the mean values of participant protons (<>), the 

mean multiplicities of charged pions, the ratio of average number of the charged pions per one 

participant proton R(π) = <n(π)>/<v>, and the average total energy of the negative and positive 

pions  i iE  per collision event. These quantities are analyzed on the basis of three groups of 

collision events. In Table 3.1 it can be shown, experimental data calculated for three types of 

collision events (peripheral, semicentral, and central) in Carbon+Tantalum interaction. These 

experimental calculated values agreed very well with calculated values obtained from QGSM for 

Carbon+Tantalum collision [28, 31, 75]. 

Table 3.1.The fraction of events (α), the average number of participant protons (<>), the mean multiplicity 

per event of the  π± (<n(π)>), the ratio R(π)=<n(π)>/<>, the average total energy (<ΣiEi(π)>) (in MeV) 

of the charged pions per collision event at various centralities in 12C+181Ta collisions 

Quantity 
Collision Centrality 

Peripheral Semicentral Central 

α, % 59  1 24  1 17  1 

<> 5.00.1 19.6 0.2 33.5 0.3 

<n(π
−
)> 1.49  0.04 5.31  0.09 7.98  0.13 

<n(π
+
)> 1.25  0.03 4.90  0.10 7.66  0.15 

R(π
−
) 0.30  0.04 0.27  0.03 0.24  0.05 

R(π
+
) 0.25  0.02 0.25  0.06 0.23  0.08 

<ΣiEi(π
−
)> (in MeV) 671  24 1817  74 2138  56 

<ΣiEi(π
+
)> (in MeV) 490  12 1870  33 2845  44 

 

 In the Table 3.1 it can be seen, that mean multiplicities per event of both charged pions are 

increased by increasing the collision centrality and also it is determined that, multiplicity of 

negative pions are larger as compare to positive pions in the investigated three collisions groups. 

This is due to excess of number of neutrons over the number of protons in static target 
181

Ta 
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nuclei (108 neutrons versus 73 protons), while in case of 
12

C nuclei the numbers of neutrons and 

protons are equal. 

The expected ratio of mean multiplicities of negative pions versus positive pions 

<n(π
−
)>/<n(π

+
)> can be calculated by simple model formulism. According to simple model it is 

supposed that the number of produced charged pions is proportional to the number of neutrons 

and protons particles, involved in nuclear interactions. In such condition, each involved nucleon 

of projectile nucleus goes through a single collision with nucleon of target nucleus. Using such 

condition one can show that, the probability of neutron (from Projectile of 
12

C) with neutron 

(from target of 
181

Ta) collision is about W(nn) ≈ 0.3, and similarly in the single proton-proton 

collision (one proton from projectile 
12

Cand one proton from target 
181

Ta) is about W(pp)≈0.2. 

The probabilities for single proton-neutron and neutron-proton collision can be calculated in 

same way (for Proton-neutron equal to W(pn) ≈ 0.3 and for neutron-proton equal to W(np)≈ 

0.2.Adding all these probabilities i.e. W(nn)+ W(pp)+W(np)+ W(pn)) one can find that, the total 

probability for single nucleon-nucleon (nn) is one (W(nn) = 1, whereas the W(nn) is represented 

by a formula i.e. W(nn) = W(nn)+ W(pp)+  W(np)) +W(pn). Using the above probabilities one can 

find the ratio of mean multiplicities of negative and positive pions <n(π
−
)>/<n(π

+
)> for 

12
C-

181
Ta 

system as follows. 
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Using the above method we have find values for 
12

C-
181

Ta in three groups and also using 

Wounded Nucleon Model (WNM). WNM was originally proposed in Ref. [86] and further 

extended in Refs. [36, 75]. In this model the average multiplicity of interacting particles is 

considered to be in a specified proportional to the number of wounded nucleons. According to 

this model, those nucleons with at least one inelastic collision are called wounded nucleons. In 

the WNM model, particle productions in AA collisions are presented as superposition of 

independent contribution from those nucleons which have one time inelastic interaction (we have 

already considered them wounded nucleons) in projectile and target nuclei. Using the WNM 

model the value of ratio of N(n)/N(n) = 1.44 for Carbon-Tantalum  collision energy is obtained, 
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and using <n(π
−
)>/<n(π

+
)> ≈ 0.25 obtained at comparable with ours collision energy from 

Ref.[48], we can estimate the ratio i.e. <n(π
−
)>/<n(π

+
)>=(1*0.25+1.44*1)/(1*1+1.44*0.25)≈1.24 

in Carbon+Tantalum interaction in present interaction. Hence, it is estimated made by us using 

the simple model and WNM agree with each other [75].   

 The ratio <n(π
−
)>/<n(π

+
)> proved to be 1.04 ± 0.03, 1.08 ± 0.04 and 1.20 ± 0.05 in the 

central, semicentral and peripheral Carbon+Tantalum interaction events. It can be seen that 

values are decreased by increasing the collisions centrality. In the peripheral 
12

C+
181

Ta 

collisions, the observed ratio <n(π
−
)>/<n(π

+
)> practically coincided with the corresponding ratio 

estimated in Equation (3.1) according to the simple model. The observed suppression of the ratio 

<n(π
−
)>/<n(π

+
)>in the central and semicentral Carbon+Tantalum collision events as compared to 

the calculated ratio <n(π
−
)>/<n(π

+
)>1.22 could, for example, be due to the higher absorption 

rate of the slow negative pions produced on 
181

Ta nuclei as compared to that for the slow positive 

pions. By increasing the collision centrality in Carbon+Tantalum collision, we expected, a 

rescatterings process, a process in which there is an increase in the number of slow π
─
─mesons 

produced in secondary interactions on target 
181

Ta nucleons. Hence, the suppression of the ratio 

<n(π
−
)>/<n(π

+
)> should increase by increasing the 

12
C+

181
Ta collision centrality. It would be of 

great importance to mention that the cross section of absorption of the slow pions by nuclei was 

found to be significant for both light and heavy nuclei in the past [87-93]. As the mass number 

(A) of nucleus increases, the cross section (as roughly A
2/3

) of pions absorption increases [91-93]. 

The cross section of absorption of the slow negative pions in nuclei (especially in heavy nuclei) 

is considerably larger as compared to that for positive pions due to the capture of the slow π
–
 

mesons by an attractive Coulomb‟s field of a positive target nucleus [87-89]. 

In Ref. [31] the number of average participant nucleon were obtained from interaction of 

projectile (A) and target (B) nuclei.  Here we have taken (A) is a projectile and (B) is for target 

nuclei.  A model of independent collisions of projectile and target nuclei were used for binary AA 

(Carbon+Tantalum, Alpha+Carbon, and Carbon+Carbon) interactions per nucleon at momentum 

of 4.2 GeV/c[86, 93]. In this model it is taken only primary AA collisions and it does not take 

cascade process of secondary nuclei in target nucleons [86, 93]. Using this model we find and 

calculated the average number of participant projectile ( A ), target nuclei ( B ), cross sections 
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and the average number of binary AA interactions ( AB )[31]. In Table 3.2 it is presented inelastic 

cross section ( AB ), ( A ), ( B ), in AA (Carbon+Carbon, Carbon+Tantalum, Alpha+Carbon, and 

Proton+ Proton) interactions with incident momentum of4.2AGeV/c. 

Table3.2. Average number of nucleon–nucleon interactions
AB , the inelastic cross sections and projectile 

A  and target
B  nuclei, calculated in Ref.[31] using the simple model of independent nucleon 

interactions [86, 93]. 

Type 
12

C+
181

Ta 
12

C+
12

C 
4
He+

12
C p+p 

)( BAinel   (mb) 

 

3445 ± 140 830 ± 50 450 ± 20 28 ± 1 

A  5.9 ± 0.3 3.8 ± 0.3 2.4 ± 0.2 1 

B  14.0 ± 1.0 3.8 ± 0.3 2.7 ± 0.2 1 

AB  18.0 ± 1.0 4.9 ± 0.3 3.0 ± 0.2 1 

A +
B  20.0 ± 1.0  7.6 ± 0.4 5.1 ± 0.3 2 

<npart..nucl..>
exper

 32.5 ± 0.5   8.70 ± 0.04 5.66 ± 0.04 2 

 

It is presented in the Table 3.2 a comparison between calculated and experimental values 

of average numbers of participant nuclei. In the above table it is presented that the secondary 

cascading processes contribution is considered to be neglected in the model. Secondary cascade 

processes are increasing significantly with increasing the size of collision system. By comparison 

the experimental and calculated number of participant nuclei in the model obtained the Table 3.2, 

it was considered around 10%, 13% and 38% of participant nucleons that the secondary 

cascading processes contribute, in Alpha+Carbon, Carbon+Carbon and Carbon+Tantalum 

collisions[31]. Hence, the fraction of the slow pions that are produced in secondary AA 

interactions in Carbon─Ta collisions should be significantly larger than that in 
12

C+
12

C 

collisions, where the contribution of the secondary nucleon-nucleon collisions (cascading) is 

about four times smaller than that in 
12

C+
181

Ta collisions. In cascade process the numbers of 

slow pions are increased by changing the degree of collision centrality in C─Ta interaction in 

present analyzed collision. Due to cascade pions the average momentum and energy of charged 

pions are decreased [75]. 
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As observed from Table 3.1, the ratio R(π)=<n(π)>/<> for the negative pions decreases 

systematically with increasing the collision centrality, whereas this ratio for the positive pions 

does not depend on the centrality of 
12

C+
181

Ta collisions. As was discussed above, there was a 

decreased in the ratio <n(π
−
)>/<n(π

+
)> by increasing various centrality of 

12
C+

181
Ta interaction. 

In the Table 3.3 it is shown the average values and widths of the spectra of the full, 

transverse, longitudinal momenta, and emission angles of the π
±
─mesons at various centralities 

in 
12

C+
181

Ta interactions at 4.2 GeV/c per nucleon in the laboratory frame.  It is presented in the 

Table 3.3, the average values and widths of the spectra of the full and longitudinal momenta of 

the negative pions decrease significantly with an increase in degree of centrality in 

Carbon+Tantalum interactions. Also, the average transverse momentum of negative pions 

decreases systematically with an increase in degree of interaction centrality. On the other hand, 

as shown in Table 3.3, the average emission angle of the π
─
─mesons increases significantly with 

increasing the 
12

C+
181

Ta collision centrality. These observations can be explained by that, with 

increasing the interaction centrality, the number of binary collisions of carbon-12 nucleons with 

the target 
181

Ta nucleons increases significantly. Hence, as discussed above, the number of π
−
 

mesons created in secondary interactions (rescatterings) on nucleons of target 
181

Ta nuclei 

increases with increasing the degree of interaction centrality.  

Table 3.3.  It is shown the average values and widths of spectra of the total (P), transverse (PT) and 

longitudinal (Pl) momenta (in MeV/c) and emission angles (Ө) (in degrees) of the charged pions in the 

laboratory frame at various centralities in 12C+181Ta collisions. Statistical errors are shown. 

Quantity 

Collision Centrality 

Peripheral Semicentral Central 

π
−
 π

+
 π

−
 π

+
 π

−
 π

+
 

<Р> 550  11 476  11 443  7 474  8 362  6 462  7 

DP 48915 45916 39510 42011 32610 3999 

<Рl> 440  11 343  11 325  7 315  8 220  6 276  7 

DPl 49312 47217 41710 42312 34510 39110 

<РT> 223  4 240  5 218  3 272  4 210  3 290  4 

DPT 1765 1925 164 4 2186 1624 2426 
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<Ө> 43.1  0.8 51.5  0.8 51.1  0.6 55.4  0.7 60.2  0.7 60.4  0.7 

DӨ 35.6  0.7 35.2  0.6 36.2  0.5 35.2  0.5 38.4  0.4 36.0  0.6 

 

Due to an increase of the number of negative pions obtained in secondary rescatterings on 

tantalum (as a target) nucleons, we observe the significant increase of the mean emission angle 

of the π
−
mesons with an increase in interaction centrality. As the energy of the incoming nucleon 

of incident projectile (
12

C) has to be shared among the larger number of the produced pions with 

changing interaction centrality of 
12

C+
181

Ta, the average values and widths of the spectra of the 

total and longitudinal momenta of the negative pions decrease significantly by changing the 

collision centrality of interacting nuclei. 

As seen from Table 3.3, the average value of the longitudinal momentum of π
+
 mesons 

decreases significantly, whereas the average emission angle of the π
+
-mesons increases 

considerably, with the increasing the 
12

C+
181

Ta collision centrality. This is obviously (similar to 

the case for π
−
 mesons) due to an increase in the number of the produced positive pions in 

secondary rescatterings (interactions) on target 
181

Ta nucleons with the increasing the 
12

C+
181

Ta 

collision centrality. The larger average emission angle observed for the π
+
-mesons compared to 

that for the π
─
-mesons in Table 3.3 is probably due to the effect of the overall Coulomb‟s 

repulsive force for π
+
 mesons as contrasted to the Coulomb‟s attractive force for π

−
 mesons in a 

nuclear medium. 

Figure3.1shows the momentum spectra of the π
±
-mesons in the peripheral and central 

12
C+

181
Ta collisions at 4.2 A GeV/c in the laboratory frame. Fig. 3.2 presents the transverse 

momentum distributions of the negative and positive pions in the central and peripheral  

12
C+

181
Ta interactions at 4.2A GeV/c in the laboratory frame. 
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Figure 3.1. The total momentum spectra of the negative (a) and positive (b) pions in peripheral (open circles) 

and central (closed circles) 12C+181Ta interaction in the present analyzed collision in the laboratory 

frame. Statistical errors are shown. 
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The emission angle distributions of the negative and positive pions in the peripheral and 

central 
12

C+
181

Ta collisions at 4.2 GeV/c per nucleon in the laboratory frame are presented in 

Fig. 3.1. All the distributions in figures 3.1, 3.2, and 3.3 were normalized per one pion. As 

observed from Figs. 3.1a and 3.1b, the fraction of the charged pions with the large momenta in 

the normalized full momentum distributions of the negative and positive pions decreases 

significantly with an increase in centrality of 
12

C+
181

Ta collisions at 4.2 A GeV/c. As seen from 

Figs. 3.3a and 3.3b, the fraction of the charged pions with small emission angles decreases and 

that with the large emission angles increases significantly for both the negative and positive 

pions with increasing the 
12

C+
181

Ta collision centrality. This confirms our above finding that the 

number of the charged pions produced in secondary interactions (rescatterings) on nucleons of 

target 
181

Ta nuclei increases with increasing the collision centrality, which results in an increase 

of the average emission angle of π
+
 and π

−
 mesons, observed in Table 3. 3. 

 



39 
 

0.0 0.3 0.6 0.9 1.2

10
-2

10
-1

10
0

a)


N

/(
N


-*


P
T
),

(G
eV

/c
)-1

P
T
 , GeV/c

0.0 0.3 0.6 0.9 1.2 1.5

10
-3

10
-2

10
-1

10
0

b)


N

/(
N



*


p
T
),

 (
G

eV
/c

)-1

P
T
 , GeV/c

 

Figure 3.2. The transverse momentum spectra of the negative (a) and positive (b) pions in peripheral (open 

circles) and central (closed circles) 12C+181Ta collisions. The distributions are normalized per one 

pion.Statistical errors are shown. 
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Figure 3.3. The emission angle distributions of the negative (a) and positive (b) pions in peripheral (open 

circles) and central (closed circles) 12C+181Ta collisions. The distributions are normalized per one pion. 

Statistical errors are shown. 

Figures 3.3a and 3.3b show a clear difference between emission angle distributions of the 

charged pions created in the central and peripheral C─Ta interactions. In the peripheral 

interactions, as it is presented in the Figures3.3a and 3.3b, are characterized by the distinct peaks 

for both charged pions at the relatively small values of emission angle ( 20-30
0
) in the 

laboratory frame. Whereas the peaks are broadened, lowered and shifted towards higher emission 
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angles for the charged pions in the central CTa interactions as compared to those in peripheral 

interactions. It is presented in the Figures.3.3a and 3.3b, the fraction of the charged pions with 

lower emission angles decreases and that with the larger emission angles increase significantly in 

the central CTa interactions as compared to the peripheral ones. The distinct peaks observed at 

small emission angles in Figs. 3.3a and 3.3b in the peripheral CTa interactions are clearly due to 

the fast pions produced on nucleons of projectile 
12

C nuclei. Increase of the fraction of the 

charged pions with the larger emission angles in the central collisions compared to the peripheral 

ones are obviously due to the significant increase of the number of the relatively slow pions 

produced in secondary interactions (rescatterings) on the target 
181

Ta nucleons with increasing 

the collision centrality. 

3.3 Degree of collision centrality for Negative pions in CTa collision 

We obtained the spectral temperatures for negative pions in three types of collisions for CTa 

collision system. The experimental pT spectra of π
─ 

─ mesons of CTa interaction obtained for 

three types of collisions fitted by different theoretical models. 

   

0.2 0.4 0.6 0.8 1.0 1.2

10
-2

10
-1

10
0

10
1

0.2 0.4 0.6 0.8 1.0 1.2

10
-2

10
-1

10
0

10
1

d
N

/(
N

e
v
d

p
T
 p

T
),

 (
G

e
V

/c
)-2

p
T
, GeV/c

a b

 

Figure 3.4. The experimental pT spectrum of the π─ ─ mesons extracted in C─Ta (●) interactions at 4.2 GeV/c. 

A and it is fitted by the two-temperature Boltzmann (dashed line) and the two-temperature Hagedorn 

(solid line) functions in the pT interval of 0.1 to 1.2 GeV/c 
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It is already known that the numbers of produced particles are directly related to the masses of 

target and projectile and also their various collisions centralities. In C─Ta interaction in various 

degrees of collisions centralities (from peripheral to central) the number of nucleon-nucleon 

interaction increase and also multiplicities of participant nucleon increases when one moves from 

peripheral to central collisions. In most of central nucleus-nucleus interactions pion multiplicities 

also increases. 

As can be presented in the Figure 3.4a, the Boltzmann function for two temperatures is fitted on 

pT ─ spectra of the π
─
─mesons in central, semicentral, and peripheral Carbon-Tantalum 

interactions. 

In Table 3.4 results obtained from the fitting of theoretical models and it can be seen that in the 

Table 3.4 the Hagedorn and Boltzmann functions have comparable results for three types of 

collisions systems while results of negative pions obtained from fitting of Simple exponential 

and Gaussian formula have very large values as compared to Boltzmann and Hagedorn 

functions. 

It important to express that R
2
 factor in Table 3.4 is expressed by the following relation: 

     
T

E

SS

SS
R 12  

 Here the 

2

1

exp )(



n

i

fit

iiE yySS represented as the sum of squared errors and 

2

1

_
exp )(




n

i

iT yySS is shown as the total sum of squares of experimental ( exp

iy ) and model fit (

fit

iy ) data, respectively, and 





n

i

iy
n

y
1

exp1
 is shown as the mean value of the experimental data. 

When there is smaller deviation between the experimental and model data, then R
2
 factor 

approaches to 1, and thus, it shows a better fit.  
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Table 3.4. T1 and T2 temperatures obtained for π─ ─ mesons on fitting pT spectra by various functions in 

various collisions centralities. The pT ─ spectra is fitted from 0.1 to 1.2 GeV/c for various functions. 

Fitting 

functions 

 Centrality 

Types 
A1 

T1 

( MeV) 
A2 

T2 

(MeV) 
χ2/n.d.f. R

2
 

Boltzmann 

Function 

Central 67136 ± 28885 46 ± 4 1138 ± 468 109 ± 7 1.17 0.98 

Semicentral 50087 ± 27017 44 ± 5 1196 ± 398 104 ± 5 0.49 0.99 

Peripheral 5465 ± 1785 56 ± 5 120 ± 71 123 ± 12 0.93 0.98 

Hagedorn 

Model 

Central 93566 ± 49847 49 ± 6 1624 ± 740 119 ± 8 1.11 0.98 

Semicentral 74329 ± 53202 46 ± 7 1766 ± 629 112 ± 6 0.50 0.99 

Peripheral 6214 ± 2326 63 ± 7 138 ± 101 139 ± 16 0.85 0.99 

Gaussian  

Central 22 ± 4 414 ± 17 326 ± 38 182 ± 8 2.27 0.96 

Semicentral 20 ± 3 404 ± 13 213 ± 25 180 ± 8 0.86 0.99 

Peripheral 4 ± 1 441 ± 22 48 ± 5 202 ± 9 2.04 0.97 

Simple 

Exponential 

Central 1146 ± 285 71 ± 12 159 ± 108 140 ± 16 1.01 0.98 

Semicentral 714 ± 364 60 ± 18 220 ± 90 126 ± 9 0.55 0.99 

Peripheral 146 ± 19 95 ± 10 6 ± 10 193 ± 58 0.65 0.99 
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We have fitted the three types of collisions obtained for negative pions in CTa collision system 

by two temperatures Boltzmann function and it can be seen that the Figure 3.5 fit very well. 
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Figure 3.5. The experimental pT spectra of π─ ─ mesons extracted in central   (■) ((a) and (d)), semicentral (▲) 

((a) and (c)), and peripheral (●) ((a) and (b))12C+181Ta collisions at 4.2 GeV/c per nucleon and the 

corresponding fits in the pT range of  0.1 to 1.2GeV/c by the two-temperature Boltzmann function (solid 

lines). 
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3.4 Pions correlations at 3.25 A GeV/c 

The main purpose of this correlation at low energy to check the relation of charged pions 

at low energies. We have already checked the characteristic of charged pions for CTa interaction 

at 4.2AGeV/c and results were quite interesting. In this portion we have included our published 

work in which we have worked on Oxygen-proton interactions at 3.25GeV/c per nucleon. 

We have divided the whole system of Oxygen-proton interaction at 3.25A GeV/c into two 

groups of charged pions: 

(a) Collisions events in which there are no charged pions are produced i.e. nπ± = 0. 

(b) Those collisions events in which there is at least one charged pions i.e. nπ± ≥ 1. 

Using these methods we will be studying the correlation in the creation of positive and negative 

pions[94]. 

 

Table 3.5. The percentage of collision events, of a recoil proton (nRC) and mean number per event of light 

fragments with A ≤ 4. Recoil protons depend on the availability of negative and positive pions. 

 Charged pions 

produced in an 

event 

Fraction of 

events (W), 

% 

 Types of  produced particles  

n
RC

 1H 2H 3H 3He 4He 

<nπ
±>≥ 1 55.3±0.7 0.59±0.01 1.94±0.03 0.37±0.01 0.17±0.01 0.16±0.01 0.54±0.02 

n<nπ
±> = 0 44.7±0.7 0.70±0.01 1.58±0.03 0.28±0.01 0.11±0.01 0.12±0.01 0.46±0.02 

 

In Table 3.5 it is represented percentage of collisions events, recoil protons for two 

mentioned group and the mean number of produced particles per event of light fragments nuclei. 

It can be presented in the above Table 3.5, there are approximately 45% produced nuclei in 

collisions events with zero charged pions, and it was observed about 55% collisions events with 

at least one charged pions. It was shown in the Table 3.5 that mean multiplicities of these light 

nuclei with nπ± ≥ 1 have larger in the group of collisions events as compared to light nuclei have 
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zero charged pions. It is due larger amount of momentum and energy is transferred to 

fragmenting nucleus and there is very high destruction in such conditions. So it shows that all 

produced particles with at least one charged pions need higher destruction of nucleus and higher 

energy and momentum transferred as compare to those events having zero charged pions.  

The mean values of the total charge of produced fragments are represented by (<Q38>), here the 

limit of charges can be written as 3 ≤ charge ≤ 8 and it is already explained in the group of 

collisions events. In the group of collisions events having zero charged pions, the value of <Q38> 

is about 4.92 ± 0.04. For another group having at least one charged pions (nπ± ≥ 1) the value of 

<Q38> is about 3.88 ± 0.04. it can be seen from the Table 3.5 the values mean multiplicities of 

mirror nuclei (
3
H and 

3
He) overlap with each other within statistical errors in both collisions 

events (nπ± = 0 or nπ± ≥ 1). It is important to mention that, this kind of overlapping of mirror 

nuclei was also seen previously in inclusive Oxygen-proton reaction. It is presented in the Table 

3.5 that multiplicities of recoil proton obtained from zero charged pions are higher as compared 

to that event where at least one charged pions are produced in Oxygen-proton collisions. It is 

because some parts of positive pions produced from the decay of target proton into neutron and 

π
+
. From Table 3.5 it can be obtained the fraction of charge lost by a target proton through its 

inelastic exchange to reaction  np  and through its charge exchange nppn   with a 

neutron of projectile nucleus. We can obtain the fraction of a charge lost due to target proton was 

obtained from the given expression. 

))1(1)(1())0(1)(0()(   
nnnWnnnWneutronprotonW rcrc

--------- (3.2) 

And the values equal to be W(proton→ neutron) = 0.36 ± 0.02. In Ref. [95] in Oxygen-

proton collisions the coefficient of inelastic charge exchange of target proton was obtained and it 

was 0.37 ± 0.01 and this that these results agrees very well with each other. 

To check it from the Table 3.5, whether there is any relation between productions of light 

nuclei with number of charged pion production in the collision event  

We observed it in the Table 3.5, the correlation between availability charged pions 

production and the multiplicities of light nuclei. Now to check their dependences by different 
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method, we studied the kinematical characteristic of light fragments separately in each analyzed 

group of collisions events. 

It is presented total momentum, transverse momentum and longitudinal momentum, and 

also their widths for different light nuclei fragments are shown in Table 3.6. These characteristics 

are obtained on absence or availability of a charged pion in Oxygen-proton collision event. In 

Refs. [96, 97] it is shown the kinematical characteristic multiplicities of mirror light nuclei (
3
He 

and 
3
H) in oxygen-proton collisions coincidence with each other. We have united the data of 

these two mirror nuclei to get better results and the result can be seen in the Table 3.6. 

It can be seen that mean values of total momentum and transverse momentum and their 

corresponding widths (D<P>, D<pT>) do not depend within statistical errors on absence or 

availability of negative and positive pions in Oxygen-proton collision event.  It can be seen from 

the table that total momentum (P) and pT momentum and their widths (D<P>, D<pT>) are 

coincided within errors for mirror nuclei (
3
H+

3
He) and deuterons. 

From this table it can be seen that the kinematical characteristic for deuteron and mirror 

nuclei (
3
H+

3
He) are higher than that of alpha particles. It is due to a particular character of the 

formation of alpha nuclei in Oxygen-Carbon collisions. There is very composite structure of 

projectile oxygen nucleus so the alpha particle is formed in peripheral collisions at very low 

excitation energy from Oxygen nucleus fragmentation in Oxygen-proton collisions. 
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Table 3.6.  The mean values of transverse momentum, total momentum, longitudinal momentum and their 

widths (D) (in unit of MeV/c) for light nuclei depending on absence or availability of a charged pion. 

Quantity 

Availability/Absence of 

charged pions in  an event 

 

Type of a fragments 

 
2

H 
3

H+
3

He 
4

He 

<P> 
n(π

±

) ≥  1 351±5 362±6 296±3 

n(π
±

)  =  0 352±7 367±8 293±4 

D<P> 
n(π

±

) ≥  1 241±6 229±9 179±5 

n(π
±

)  =  0 243±9 236±9 180±7 

<P
T
> n(π

±

) ≥  1 253±5 236±4 189±3 

n(π
±

)  =  0 257±6 234±6 189±3 

D<P
T
> n(π

±

) ≥  1 207±6 175±7 143±6 

n(π
±

)  =  0 215±8 173±8 149±8 

<P
L
> n(π

±

)  =  0 116±8 122±10 21±6 

n(π
±

) ≥  1 118±6 129±7 29±5 

D<P
L
> n(π

±

) ≥  1 239±5 288±10 239±4 

n(π
±

)  =  0 234±4 282±8 244±3 

 

In the figure 3.6 (a) and (b) it is shown the spectra of total momentum and pT of negative and 

positive pions. Plots are shown for two groups of events with and without charged pions. It can be seen 

from these figures that in both analyzed groups (nπ± = 0 and nπ± ≥ 1) spectra are coincided with each 

other within statistical uncertainties bars. And this shows that that process of formation of light 

nuclei on the basis of pions production does not have any connections [94]. 
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Figure 3.6.  Spectra of deuterons (2H nuclei) on transverse momentum (a) and total momentum (b) in 16O 

nucleus in collision events with absence of charge pion (•), and production of at least one charged pion 

(◦). For visual separation the experimental spectral points have been shifted towards left side by 5 

MeV/c and to the right along the total momentum P axis for the first and second group of events, 

respectively. 
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Chapter 4 Transverse Momentum and Rapidity Spectra of π
─
─mesons 

in AA Collisions. 

 
4.1 pT Spectra for AA interactions 

  In this chapter different results of pions transverse momentum and rapidity spectra are 

based on our publications [29, 30, 32, 98]. In these publications we have studied different 

features of pions spectra. The spectral temperatures for different ranges of pT distributions of the 

π
− 

─ mesons are obtained in Carbon+Tantalum, Alpha+Carbon, and Carbon+Carbon, 

interactions at cms energy of  = 3.14 GeV (4.2 A GeV/c). For these colliding systems and 

selected a specified collision centralities (peripheral, semicentral and central collisions), the 

spectral temperatures will be extracted from the fitting of pT distributions at different ranges and 

at different equations (Boltzmann function and Hagedorn function (already shown in chapter 2)). 

It will be of more interest to check the degree of centrality of projectile and target particles, size 

and their overlapping region at present analyzed collisions. It will be checked is there any 

dependence of different overlapping region on extracted spectral temperatures? 

It can be observed in the table 4.1 that the model values very nicely fit experimental values for 

negative pions in present work in analyzed collisions except the mean multiplicity of negative 

pions in Carbon+Tantalum collisions and also the pT values extracted from model underestimates 

the experimental pT values for all the three collisions system.  The QGSM values are higher than 

the experimental mean multiplicity for negative pions in 
12

C+
181

Ta interactions. It is because the 

QGSM simply defines the nuclear effect at low energies, which are dominant in heavy ion 

collisions [99, 100]. It is already mentioned in Ref. [100] that there are some flaws in this model 

and these flaws can be removed by introducing π ─ mesons absorption cross section in dense 

baryon medium and these absorption rate of π ─ mesons should be increased. 

 

nns
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Table 4.1. It shows participant protons, mean multiplicities per event of π− ─ mesons, transverse momentum of 

π–  and the average values of rapidity in 4He12C [101], 12C12C [34, 35] and 12C181Ta [32, 35] interactions. 

Type <npart.prot.> <n(π
–
)> <pT(π

–
)> 

(GeV/c) 

<yc.m.(π
–
)> 

4
He +

12
C 

Exp. 2.83±0.02 1.02±0.01 0.247±0.002 –0.090±0.007 

QGSM 2.60±0.01 0.99±0.01 0.224±0.001 –0.082±0.007 

12
C+

12
C 

Exp. 4.35±0.02 1.45±0.01 0.242±0.001 –0.016±0.005 

QGSM 4.00±0.02 1.59±0.01 0.219±0.001 0.007±0.005 
 

12
C+

181
Ta 

Exp. 13.3±0.2 3.50±0.10 0.217±0.002 –0.34±0.01 

QGSM 14.4±0.2 5.16±0.09 0.191±0.001 –0.38±0.01 
 

In the figure 4.1 it is shown the spectra of transverse momentum and rapidity for negative 

pions in Carbon+Tantalum, Alpha+Carbon, and Carbon+Carbon interactions at present 

collisions. We can see it in the figure 4.1 that QGSM Model little below the experimental value 

for negative pions in analyzed collisions and also the model describes satisfactorily the 

experimental rapidity spectra of negative pions. However, as can be seen from Fig. 4.1(f), the 

double peak structure is observed in QGSM rapidity spectrum of the negative pions in 
12

C-
181

Ta 

collisions. The appearance of this structure in the model is likely due to separation of heavy 

target fragmentation region from the central rapidity region in 
12

C-
181

Ta collisions, the 

overlapping of projectile fragmentation and central rapidity regions is due to their closeness to 

each other in the rapidity space. The experimental broadening caused by the experimental 

resolution of the rapidity spectrum is obviously due to the absence of such a structure in the 

experimental rapidity distribution. Therefore the overlapping of both target fragmentation and 

central rapidity regions takes place in the experimental rapidity distribution of the negative pions. 

The twisted structure in figure 4.1(e) is observed in the region 0.19.0 Tp  GeV/c of the 

QGSM transverse momentum spectrum of the negative pions. The statistical fluctuation of 

QGSM is the main cause of the appearance of this type of structure. It is fact that only few pions 

are produced in that region and the QGSM spectrum finishes at lower Tp  values compared to the 

experimental transverse momentum of negative pions. 
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Figure 4.1. The experimental pT- spectra (a, c, and e) and ycm distributions (b, d, and f)  of the π− obtained in 

4He12C [101](a, b), 12C12C [32] (c, d), and 12C181Ta [28] (e, f) collisions at 4.2 GeV/c per nucleon. All 

spectra obtained are normalized per one inelastic interaction event. Solid lines represent QGSM model 

data. 
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In Table 4.2 it is shown the temperatures extracted from spectra for π
−
 obtained from 

fitting results of Hagedorn thermodynamic model and Boltzmann functions. The extracted 

spectral temperatures (T1, T2) from pT spectra fitted (by two temperature Hagedorn and two 

temperature Boltzmann functions) for negative pions are lower [38], while the spectral 

temperatures obtained from fitting (by Maxwell-Boltzmann distribution function) of  non-

invariant cms energy spectra are higher. Hence, it is already mentioned that pions are mostly 

produced from two ways. In one temperature we wanted to show the one way of pions 

production. Therefore, χ2/n.d.f. values are very high for one temperature functions. 

 

Table 4.2. Spectral temperatures (one temperatures and two temperatures obtained from Hagedorn and 

Boltzmann functions) of  mesons in 4He-12C, 12C-12C, and 12C-181Ta collisions from fitting of 

experimental transverse momentum spectra. 

Fitting functions 
Collision 

type 
Type  

A1, (GeV)−1 

 

T1, 

MeV 

 

A2, (GeV)−1 

 

T2, MeV 

 

χ2/n.d.f. 

 

R2 

factor 

One Temperature  

Hagedorn 

4He12C Exp. 1102 ± 65 97 ± 1 --- --- 4.19 0.96 

QGSM 1843 ± 45 84 ± 1 --- --- 1.35 0.998 
12C12C … 1355 ± 74 99 ± 1 --- --- 8.17 0.94 

12C181Ta … 5040 ± 391 88 ± 1 --- --- 7.79 0.92 

Two Temperature  

Hagedorn 

4He12C Exp. 1713 ± 186 83 ± 4 43 ± 33 150 ± 15 1.43 0.99 

QGSM 1314 ± 2102 87 ± 10 702 ± 1819 70 ± 46 1.43 0.998 
12C12C … 3097 ± 353 76 ± 3 101 ± 38 142 ± 7 1.33 0.99 

12C181Ta … 21715 ± 4335 57 ± 3 494 ± 149 128 ± 6 0.93 0.99 

One Temperature  

Boltzmann 

4He12C Exp. 974 ± 56 86 ± 1 --- --- 6.34 0.95 

QGSM 1652 ± 38 74 ± 1 --- --- 4.05 0.995 
12C12C … 1140 ± 62 89 ± 1 --- --- 11.83 0.92 

12C181Ta … 4296 ± 322 78 ± 1 --- --- 10.03 0.89 

Two Temperature  

Boltzmann 

4He12C Exp. 1811 ± 204 68 ± 3 71 ± 33 124 ± 8 1.44 0.99 

QGSM 1706 ± 223 53 ± 7 822 ± 267 82 ± 3 1.35 0.998 
12C12C … 3088 ± 326 65 ± 2 95 ± 26 127 ± 5 1.40 0.99 

12C181Ta … 19069 ± 3229 50 ± 2 385 ± 98 116 ± 5 1.02 0.99 

 

As we have mentioned that extracted spectral temperature are higher than our 

temperature. This is due to, in Ref. [77] they have included the longitudinal motion of produced 



54 
 

negative pions which is longitudinal boosted in Lorentz frame while in our work we have used 

transverse momentum which is invariant in Lorentz frame [30-32]. 

In Figure 4.2 (a, b, c) it is shown the experimental transverse momentum fitted for three 

collisions system by one temperatures for 
4
He-

12
C (a, b) and two temperatures (a, b (for 

4
He-

12
C), c, d (for 

12
C-

12
C), and e, f (for 

12
C-

181
Ta)) systems, using Hagedorn Thermodynamic model 

and Boltzmann functions. It can be observed from Figure 4.2 (a, b), that fitting results of two 

temperatures Hagedorn functions and Boltzmann for total pT spectra are much better than that of 

one temperature function fitting. In figure 4.2 (c, d, e, and f) the experimental pT of π
−
 are fitted 

by two temperature Hagedorn and Boltzmann functions, as it is already mentioned that one 

temperature fitting do not fit very well. The main reason behind two temperature fittings are pro 

duction of negative pions are not only produced by direct way, but also by decay of delta 

resonances. In Table 4.2 represents the extracted parameters from these fitting results. The 

concept of two temperatures of π
−
 is already observed in other experiments and various energies 

for different nuclei [30, 39, 40, 84]. There is another phenomenon called collective flow and the 

collective flow of produced pions have also very important feature of heavy ion interactions. An 

apparent temperature of the emitting source of transverse mass spectra or inverse slope of 

parameter (T), of produced particles were shown that it was consisted of  two components: (1) 

the first part is called the thermal part and it is represented by (TThermal), and (2) this part is almost 

equal to the collective expansion with an average transverse velocity (<βt>) [102]. It is very 

important to mention that collective flow of negative pions and proton produced at momentum of 

(4.2 to 4.5) GeV/c per nucleon in C-Ta, C-Cu, C-Ne, C-C and He-C interactions is already 

observed [103-105]. Another possibility that two temperature spectra of produced pions are also 

explained by two types of pions: (1) pions that are produced from hot core of overlap region at 

initial stage of interaction of projectile and target nuclei and (2) others pions that are generated 

later on from the expansion nuclear matter and then freeze-out of highly compressed matter. And 

we also called that compressed nuclear region a fireball. The fireball is produced mostly at 

central or semicentral AA collisions at relativistic energies. It is important to mention that the low 

spectral temperatures of negative pions are considered to be the mixture of expansion of nuclear 

matter and then freeze-out of a fireball, with “cold” π originated from decay of resonances at a 
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later stage of interaction. While the high temperature part of pions are coming from hard or semi 

AA collisions. 

We obtained spectra temperature from invariant pT spectra and the observed two 

temperatures obtained for negative pions in our present analyzed collisions has the following 

possible reasons: (1) collective flow, (2) from decay of different resonances and (3) pions 

produced from hard or semi AA interactions. Each of these three parts has possible contribution 

with certain weight in pT spectra for pions and also it depends on degree of collisions centrality, 

mass of target and projectile nuclei. 
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Figure 4.2. (Alpha+Carbon collision (a,b)) [101].The experimental pT spectra of the π− fitted one temperature 

(dashed line) and by two temperature (solid lines), using Hagedorn (a) and Boltzmann (b) functions. 

(Carbon+Carbon collision (c, d)) [32]. The experimental pT spectra of the π− fitted by two-temperature 

Hagedorn model (solid line) and Boltzmann function (dashed lines). (Carbon+Tantalum collision (e, f)) 

[28]. The experimental pT spectra of the π− fitted by two-temperature Hagedorn model (solid line) and 

Boltzmann function (dashed lines). 



57 
 

 

Now to study the change in shape of transverse momentum spectra of π
−
 in 

4
He+

12
C [30, 

101] 
12

C+
12

C [32] and 
12

C+
181

Ta [28] interactions. It is already known that decreasing the impact 

parameter of colliding nuclei (projectile and target) increases the collisions centrality. And the 

multiplicities of produced particles also increase. The degree of collisions centrality is also 

defined by the number of participant protons of target and projectile overlapping nuclei. The 

collision centrality is also divided by three types, peripheral, semicentral and central collisions 

and these three types are already briefly defined in second chapter my thesis. In Table 4.3 it is 

defined three types of experimental collisions events for 
4
He+

12
C [30],

12
C+

12
C [32] 

and
12

C+
181

Ta [28]. In Table 4.3 it is also shown these three types of collisions events produced 

from QGSM. And from this table it can be seen the model satisfactorily describes the 

experimental collisions events.  In Table 4.3 it shows there about  (0–15)% central collisions 

events in 
12

C+
181

Ta collisions and there are about (0–10)% central collisions events in 
4
He+C 

and
12

C+
12

C collisions. In Table 4.3 it is shown a comparison of spectral temperatures and their 

relative contributions (R1and R2) for present three collisions events (
4
He+

12
C [30, 101],

12
C+

12
C 

[32], and 
12

C+
181

Ta [28] collisions) and results of Ref. [37]. In Ref. [37] it is shown very less 

statistics as compare to the statistics used in our present work. In our present work we have used 

pT spectra fitted by two temperature Boltzmann and Hagedorn functions while in Ref. [37] it is 

used non-invariant c.m. energy spectra of π
−
 for same incident energies. In Ref. [37] it is used 

two temperatures Maxwell-Boltzmann function as one of the fitting function to obtained spectral 

temperature and relative contributions (R1and R2). It is presented in the Table 4.3 that in our 

present work the spectra temperatures (T1, T2) of π
−
 obtained by the fitting of theoretical models 

are lower than [37]. It is already briefly explained that the higher values of [37] is due to energy 

spectra of π
−
 are longitudinal boosted in Lorentz frame while the pT spectra are invariant in 

Lorentz frame [39-41, 106]. 

 

Table 4.3. Spectral temperatures and relative contributions (R1and R2 ) of the π− in 4He12C[30], 12C12C [32] and 

12C181Ta [28] collisions are obtained at 4.2 A GeV/c. The experimental pT spectra is fitted by two 

temperatures Boltzmann and Hagedorn functions for whole range of pT spectra and the corresponding 
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values are compared with values obtained in Ref. [37] from fitting the non-invariant c.m. energy spectra 

of the π− by Maxwell-Boltzmann distribution function. 

Fitting 

Function 

Collision 

Types 

 

T1 

(MeV) 

 

R1 (%) 

 

T2 

(MeV) 

 

R2(%) χ2/n.d.f. R
2
 

 

 
Hagedorn 

CTa 57 ± 3 80 ± 22 128 ± 6 20 ± 7 0.92 0.99 

HeC 83 ± 4  89 ± 14  150 ± 15  11 ± 8 1.43 0.99 

CC 76 ± 3 85 ± 14 142 ± 7 15 ± 6 1.32 0.99 

 

Maxwell-

Boltzmann 

CTa 66 ± 2 88 ± 3 159 ± 6 12 ± 3 0.58 N/A 

HeC 94 ± 6  85 ± 11  173 ± 22  15 ± 11  0.54 N/A 

CC 83 ± 3 79 ± 6 145 ± 7 21 ± 6 0.72 N/A 

Boltzmann 
CTa 50 ± 2 83 ± 20 116 ± 5 17 ± 5 1.02 0.99 

HeC 68 ± 3  85 ± 13  124 ± 8 15 ± 7  1.44 0.99 

CC 65 ± 2 85 ± 13 127 ± 5 15 ± 4 1.40 0.99 

 

It can be seen from the Table 4.3 T1 has dominant contribution (R1 ~ 80–90%) in pions 

production. It is already shown in our thesis, that dominant production of negative pions is, pions 

produced from direct interactions. In the present analysis results are also compatible within 

errors with work of Backovic [37]. 

4.2 pT and Rapidity yc.m analysis for two temperatures in Alpha ─ Carbon collisions. 

We performed a quantitative analysis for variation in the shape and slopes of pT spectra of 

π
−
 with increase in collisions centrality and as result decrease in impact parameters of colliding 

nuclei. In order to measure the impact parameter number of participant protons pN   are used, that 

characterizes the collision centrality. The peripheral collision events are defined for which 

protpartp nN . , and central collisions as events for which protpartp nN .2 , where protpartn .  is 

average multiplicity of  participant protons per event, and semi-central in between multiplicity 

intervals of these two [44, 106].  

Table 4.3 shows the fractions with respect to total inelastic cross section of peripheral, 

central, and semi-central Alpha+Carbon, Carbon+Carbon, and Carbon+Tantalum events, 

obtained through QGSM and experimental data. It can be observed from this Table that 

experimental and the relevant QGSM fractions of central, semi-central and peripheral Alpha + 

Carbon collision events show inconsistence with one another.  
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In the Table 4.4 we have analyzed three types of colliding systems for Alpha+Carbon [101]. 

These systems are divided into three degree of collisions systems. 

Table 4.4.  Peripheral, semicentral, and central 4He12C interactions at 4.2 A GeV/c. 

Types Peripheral interactions (%) Semicentral interactions (%) Central interactions (%) 

Experiment QGSM Experiment QGSM Experiment QGSM 
4
He+

12
C

 
54 ± 1 54 ± 1 37 ± 1 38 ± 1 9 ± 1 8 ± 1 

 

Table 4.5 shows extracted parameters from fitting results of two temperature functions 

within interval (0.1 to 1.3 GeV/c) in central, semi-central, and peripheral Alpha+Carbon 

collisions. From the Table 4.5, it can be seen that for central, semi-central, and peripheral 

Alpha+Carbon collisions, pT spectra fitting results by two temperature Hagedorn within the 

fitting errors are compatible with that of two temperatures Boltzmann functions. 

Table 4.5. Extracted parameters from fitting results in range, (0.1 to 1.3 GeV/c) in Alpha+Carbon interactions, 

for central, semi-central and peripheral collisions by two temperature Boltzmann and Hagedorn 

function. 

Fitting 
function 

Collision 
Type 

A1(GeV)
-1

 T1(MeV) A2(GeV)
-1

 T2(MeV) χ2/n.d.f. R
2
 

Hagedorn 

Peripheral 1930±635 68±9 96±84 124±14 0.99 0.99 

Semicentral 5150±3215 58±14 556±238 111±7 1.54 0.99 

Central 6935±6371 60±22 1184±844 107±10 0.97 0.99 

Boltzmann 

Peripheral 1695±462 61±7 76±50 114±9 0.95 0.99 

Semicentral 4430±1878 54±8 368±139 103±5 1.53 0.99 

Central 6623±4098 55±14 788±466 100±9 0.98 0.99 

It is also observed from Table 4.5, that extracted values of T1 and T2 for central and semi-

central collisions are found slightly lower than that for peripheral collisions. The possible 

interpretation of this observation is that the considered collision system i.e. Alpha-Carbon is 

asymmetric ( targetproj A<A ) and that temperature is measured in terms of average kinetic energy of 

particles. The resultant lowered average kinetic energy (the temperature) of the negative pions 

for central collisions is due to fact that collision energy in central collisions on the average is 

distributed among large number of pions in comparison with that in peripheral collisions.  

The following Figure 4.4 presents experimental pT spectra of π
−
 produced in central, 

semi-central, and peripheral Alpha + Carbon interactions. These data were fitted with two 
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temperatures Boltzmann function for (0.1 to 1.3 GeV/c). It can be observed from part (a) in 

Figure 4.4 that pT spectra of negative pions for peripheral collisions are significantly below as 

compared with that of central and semi-central collisions. This is due to increase in the centrality, 

which increases due to number of colliding nucleons. It is also seen in this figure that two 

temperatures Boltzmann function have very nice fitting results for pT spectra in central, semi-

central, and peripheral Alpha + Carbon collisions. 
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Figure 4.3. Experimental pT  spectra of negative pions, in central, semi-central and peripheral  Alpha + Carbon 

collisions (a), also fitted in the range 0.1 to 1.3GeV/c, with the two temperature Boltzmann function 

(shown by solid line in (b)). 

 Now for a quantitative analysis of change in shape of pT spectra of the negative pions  

these spectra were fitted with two temperature Boltzmann and Hagedorn functions for following 

three rapidity ranges: 0.3cmy ,   0.3. cmy , and 0.3. cmy . These three rapidity regions can 

roughly be classified as target fragmentation region 0.3cmy , mid-rapidity region   0.3. cmy , and 

the projectile fragmentation region 0.3. cmy . 

Following Table 4.6 shows the extracted parameters from fitting results of experimental pT 

spectra within interval (0.1 to 1.3 GeV/c) for three different rapidity ranges with two temperature 

Boltzmann and Hagedorn functions. 
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It can be observed from this Table that absolute values of extracted temperature T1 

proved to be consistently smaller for negative pions coming from fragmentation regions of target 

and projectile in comparison with those produced from mid-rapidity region.  

Table 4.6. Extracted parameters from fitting results of experimental pT spectra within interval (0.1 to 1.3 

GeV/c) for three different rapidity ranges with two temperature Boltzmann and Hagedorn functions. 

Fitting 

functions 

Rapidity 

Interval 

A1(1/GeV) T1(MeV) A2(1/GeV) T2(MeV) χ
2
/n.d.f. R

2
 

Hagedorn 

0.3. cmy  6961±31 57±7 280±114 121±71 1.08 0.99 

  0.3. cmy  1040±105 103±3 2×10
-5
±10 1.37×10

8
±1.4×10

14
 0.95 0.99 

0.3. cmy  8061±16 45±21 1374±47 92±4 1.77 0.98 

Boltzmann 

0.3. cmy  5536±18 52±5 190±67 112±6 1.06 0.99 

  0.3. cmy  1114±26 73±17 227±328 111±17 1.02 0.99 

0.3. cmy  835±30 86±4 6222±59 44±11 1.71 0.98 

 

The following figure 4.4 presents experimental pT spectra and their fitting with two 

temperatures Boltzmann function in the range (0.1 to 1.3 GeV/c), for three regions of rapidity in 

Alpha + Carbon collision. We normalized pT spectra of negative pions in different rapidity 

ranges, per one pion, since pions generated in one event may correspond to different regions of 

rapidity, means that same events may have contribution for pT spectra from these three rapidity 

intervals. 
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Figure 4.4. Experimental pT spectra of negative pions within interval (0.1 to 1.3 GeV/c), for all tree rapidity 

intervals (a), and fitted with two temperature Boltzmann function (shown by solid line (b)). 

 

4.3 pT and Rapidity yc.m Analysis for One temperatures in Alpha ─ Carbon collisions. 

It can be observed from Table 4.6, the fitting with the two temperatures Hagedorn 

functions of pT spectra from mid-rapidity range (   0.3. cmy ) resulted in almost zero value of the 

parameter A2 and too large value of T2 with the values of uncertainties much greater than the 

absolute values of these parameters. Also, for fitting with two temperatures Boltzmann function 

of pT spectra of the negative pions coming from mid-rapidity range, fitting error of A2 proved to 

be larger than its absolute value. Therefore, it is natural to study the rapidity range and centrality 

dependence of the pT spectra of negative pions by fitting their corresponding spectra also with 

one temperature Boltzmann and Hagedorn functions.        
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Following Table 4.7 shows extracted parameters from fitting results of transverse momentum 

spectra within interval (0.1 to 1.3 GeV/c), of negative pions in central, semi-central, and 

peripheral Alpha + Carbon collisions with one temperature Boltzmann and Hagedorn functions. 

 

Table 4.7. Extracted parameters from fitting (with one temperature Boltzmann and Hagedorn functions) results 

of pT spectra (0.1 to 1.3 GeV/c), in central, semi-central and peripheral collisions. 

Fitting 
Function 

Collision 
Type 

Type A(GeV)
-1

 T(MeV) χ
2
/n.d.f. R

2
 

Hagedorn 

function 

Peripheral 
Exper. 828±79 90±2 2.91 0.96 

QGSM 949±63 83±3 1.64 0.99 

Semicentral 
Exper. 1431±124 96±3 3.11 0.97 

QGSM 2690±115 83±2 0.92 0.99 

Central 
Exper. 2754±288 94±1 1.46 0.98 

QGSM 4645±359 84±2 1.31 0.99 

Boltzmann 

function 

Peripheral 
Exper. 727±64 79±1 3.88 0.95 

QGSM 792±44 74±1 1.91 0.99 

Semicentral 
Exper. 1240±91 86±1 4.41 0.96 

QGSM 2188±89 74±1 1.99 0.99 

Central 
Exper. 2346±230 84±2 2.07 0.97 

QGSM 3882±293 75±1 1.69 0.99 

 

Table 4.8 shows rapidity dependence of extracted parameters from fitting the pT spectra within 

interval (0.1 to 1.3 GeV/c) for three different intervals of rapidity with one temperature 

Boltzmann and Hagedorn functions. 

It is observed from values of χ
2
/n.d.f. and R

2
 in Tables 4.7 and 4.8, that fitting results of pT 

spectra in the range 0.1 to 1.3GeV/c, with one temperature Boltzmann and Hagedorn functions, 

are quite satisfactory for three groups of collision centrality and the three rapidity regions. It is 

also observed from Table 4.7 that the absolute values of extracted spectral temperatures proved 

to be noticeably and consistently smaller in case of peripheral collisions as compared to central 

and semi-central collision. 

 

 
Table 4.8. The extracted parameters from fitting pT spectra within interval (0.1 to 1.3 GeV/c) for different 

rapidity intervals with one temperature Boltzmann and Hagedorn functions. 

Fitting Rapidity Type A(GeV)
-1

 T(MeV) χ
2
/n.d.f. R

2
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function Interval 

Hagedorn 

function 

3.0. cmy

 

Exper. 1451±133 93±2 4.69 0.95 

QGSM 3008±157 79±1 1.98 0.99 

3.0. cmy

 

Exper. 986±79 105±2 1.01 0.99 

QGSM 1423±75 95±1 1.68 0.99 

3.0. cmy  
Exper. 2057±186 86±2 1.97 0.98 

QGSM 3000±165 79±1 0.805 0.99 

Boltzmann 
function 

3.0. cmy

 

Exper. 1217±107 83±1 6.14 0.93 

QGSM 2491±122 71±1 3.31 0.99 

3.0. cmy

 

Exper. 851±65 93±2 1.47 0.98 

QGSM 1222±60 85±1 1.12 0.99 

3.0. cmy  
Exper. 1653±144 78±1 2.59 0.97 

QGSM 2442±126 71±1 0.73 0.99 

 

It is observed from Table 4.8 that extracted spectral temperatures of negative pions in Alpha + 

Carbon collisions proved to be considerably higher for pions coming from mid-rapidity range as 

compared with those from fragmentation region of target and projectile, both for experiment and 

QGSM data. A similar kind of behavior was found for spectral temperature of the negative pions 

in Carbon + Carbon and Carbon +Tantalum collisions [28, 32]. This is due to the fact that pions 

coming from midrapidity range are generated mostly in hard head-on nucleon-nucleon collisions, 

in which the two colliding nucleons nearly stop in their nucleon-nucleon cms, and, hence, the 

maximum collision energy is spent on creation of pions and the kinetic energies of these 

produced particles. Naturally, pions coming from midrapidity range will have, on the average, 

larger transverse momenta in comparison with those of pions coming from fragmentation region 

of target and projectile.  In reference [107] it is shown form analyses of rapidity distribution of 

pions for Magnesium -Magnesium interaction at 4.3A GeV/c that central region of rapidity 

contains the pions with significantly higher transverse momenta in comparison with 

fragmentation region of colliding nuclei. By analyses of rapidity spectra of negative pions in 

various hadron-nuclear and nuclear collisions at 4.2A GeV/c, it was found that, in central region 

of rapidity the fraction of negative pions got increased with higher transverse momentum and in 

fragmentation region of projectile and target the corresponding fraction is decreased. Major 

concentration of negative pions with high pT was found in central rapidity region. 
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To check the effect of pT fitting range on extracted spectral temperatures of negative pions for 

different centralities of  Alpha + Carbon collisions and the three different regions of rapidity,  are 

also fitted by pT spectra in range (0.1 to 0.8 GeV/c) with one temperature Boltzmann and 

Hagedorn function. A similar analysis for pT spectra of negative pions has been carried out for 

Carbon-Carbon and Carbon-Tantalum interactions [28, 32]. 

Table 4.9.Extracted parameters from fitting result of pT spectra in range (0.1 to 0.8 GeV/c) with one 

temperature Boltzmann and Hagedorn function in central, semi-central and peripheral collisions. 

Fitting 
function 

Collision 
Type 

Type A(GeV)
-1

 T(MeV) χ
2
/n.d.f. R

2
 

Hagedorn 

Peripheral 
Exper. 1025±121 86±2 2.28 0.98 

QGSM 954±77 83±1 2.29 0.99 

Semicentral 
Exper. 1767±189 92±2 1.88 0.99 

QGSM 2660±150 83±1 1.26 0.99 

Central 
Exper. 3032±373 92±3 1.58 0.98 

QGSM 4841±374 83±1 1.61 0.99 

Boltzmann 

Peripheral 
Exper. 867±89 76±1 3.16 0.97 

QGSM 823±47 73±1 2.64 0.99 

Semicentral 
Exper. 1487±129 81±1 3.18 0.98 

QGSM 2242±98 73±1 2.87 0.99 

Central 
Exper. 2694±294 81±2 2.30 0.97 

QGSM 4141±299 74±1 1.87 0.99 

 

From comparison of fitting results of pT spectra in range (0.1 to 0.8 GeV/c) and (0.1 to 1.3 

GeV/c) Carbon + Carbon collisions, it was observed [32] that high pT ( 0.8>pT
 GeV/c) and 

large temperature region of pion spectrum with high statistical uncertainties significantly effects 

the extracted spectral temperature, and thus centrality dependence of spectral temperature is 

suppressed. Values of extracted parameters from fitting results of transverse momentum spectra 

in the interval 0.1≤ pT ≤ 0.8GeV/c fitted with considered one temperature function for different 

centralities and for three rapidity intervals are presented in Tables 4.9 and 4.10, respectively. 

Comparative observation of Tables 4.7 and 4.9, and Tables 4.8 and 4.10 shows that, 

extracted spectral temperatures T for experimental data is found to be slightly smaller for the 

case of pT fitting interval (0.1 to 0.8 GeV/c)  in comparison with that of   (0.1 to 1.3 GeV/c). On 

the contrary, the comparative observation of Tables 4.7 and 4.9, and Tables 4.8 and 4.10 shows 

that, extracted spectral temperatures T using the QGSM data have no dependence on fitting 
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interval. It is also observed from Table 4.9, that mod value of spectral temperature are found to 

be consistently smaller for case of peripheral collisions as compared with central and semi-

central collisions, as was also observed in Table 4.7 for fitting range (0.1 to 1.3 GeV/c). The 

extracted temperatures using QGSM data, as observed in Table 4.9, again have no dependence 

on centrality of collision, as was for the case of fitting interval (0.1 to 1.3 GeV/c) (given in Table 

4.7). As observed from Table 4.10, extracted spectral temperatures of the negative pions in 

Alpha + Carbon collisions again found to be significantly higher for pions coming from mid-

rapidity range as compared with those coming from fragmentation region of target and projectile, 

both for the experimental and QGSM data, which confirms the same trend, as observed in Table 

4.8. 

Table 4.10. Extracted parameters from fitting result of pT spectra in range 0.1≤ pT ≤ 0.8GeV/c with one 

temperature Boltzmann and Hagedorn function in different rapidity regions 

Fitting function 
Rapidity 

Interval 
Type A(GeV)

-1
 T(MeV) χ

2
/n.d.f. R

2
 

Hagedorn 

3.0. cmy

 

Experiment 1901±192 87±2 4.05 0.97 

QGSM 3120±171 78±1 2.64 0.99 

3.0. cmy  
Experiment 1068±101 102±2 0.05 0.99 

QGSM 1355±80 97±1 1.92 0.99 

3.0. cmy  
Experiment 2149±220 85±2 1.53 0.99 

QGSM 2883±170 80±1 0.27 0.99 

Boltzmann 

3.0. cmy

 

Experiment 1591±150 78±2 5.60 0.95 

QGSM 2592±132 70±1 4.42 0.99 

3.0. cmy  
Experiment 957±83 90±2 0.31 0.99 

QGSM 1209±65 85±1 1.42 0.99 

3.0. cmy  
Experiment 1795±171 76±1 2.46 0.98 

QGSM 2413±132 71±1 0.50 0.99 

 

The experimental pT spectrum of negative pions for three different Alpha + Carbon 

collision centralities (central, semi-central and peripheral collisions) and fitting results in the 

interval (0.1 to 0.8 GeV/c), using one temperature Hagedorn fitting functions are presented in 

Figure 4.6. It can be observed from Figure 4.6 that, one temperature Hagedorn function gives 

satisfactory fitting results for experimental pT spectra in this pT range. 
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Figure 4.5. The experimental pT spectra of negative pions in region (0.1 to 0.8 GeV/c) fitted one temperature 

Hagedorn functions (shown by solid line). 

The pT spectra of negative pions, calculated using QGSM data, for central, semi-central 

and peripheral Alpha + Carbon collisions and corresponding fitting results in the interval (0.1 to 

0.8 GeV/c) with one temperature Hagedorn fitting function are given in Figure 4.5.  

It can be seen from Figure 4.6 that, one temperature Hagedorn fitting function gives 

satisfactory fitting results for pT spectra of negative pions, obtained from QGSM data, for three 

different Alpha + Carbon collision centralities in the range (0.1 to 0.8 GeV/c).   
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Figure 4.6. QGSM model pT spectra of negative pions, in central, semi-central and peripheral Alpha + 

Carbon collisions (a), also fitted in the range (0.1 to 0.8 GeV/c), with one temperature Hagedorn 

function (shown by solid lines line in (b)). 

 

4.4 Rapidity distributions of π
−
─mesons in AA interactions  

 We plan to consider the dependences of negative pions in experimental rapidity spectra 

distributions. These π− pions are obtained in d
12

C,
 12

C
12

C, and 
12

C
181

Ta interactions at incident 

projectile (deuteron, carbon) with momentum of 4.2GeV/c per nucleon. It is of great importance 

to investigate the dependences of π
─
─mesons, on the mass numbers of target and projectile 

particles, various centralities of collisions and on pT distribution of π
─
─mesons [108]. The 

extracted experimental data of π
─ 

will be compared with theoretical models (QGSM) [17]. It is 

very important to mention that extracting such kind of useful information on degree of stopping 

power of target nuclei such as dependence on collision centrality and the masses of target and 

projectile nuclei. Results are obtained from the experimental data might be beneficial to describe 

the relevant data on high energy heavy ion collisions. 
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Table 4.11. The number of participant protons and mean multiplicities per event of π─-mesons, pT and the 

average values of <yc.m.s> of π– in d12C, 12C12C, and 12C181Ta collisions in present analysis. 

Type  <npart.prot.> <n(π
–
)> <pT(π

–
)>, GeV/c <yc.m> 

d+
12

C 
Exp. 1.95±0.02 0.66±0.01 0.252±0.003 –0.12±0.01 

QGSM 1.86±0.01 0.64±0.01 0.222±0.002 –0.17±0.01 

12
C+

12
C 

Exp. 4.35±0.02 1.45±0.01 0.242±0.001 –0.016±0.005 

QGSM 4.00±0.02 1.59±0.01 0.219±0.001 0.007±0.005 

12
C+

181
Ta 

Exp. 13.3±0.2 3.50±0.10 0.217±0.002 –0.34±0.01 

QGSM 14.4±0.2 5.16±0.09 0.191±0.001 –0.38±0.01 

 

In figure 4.7 it shown a comparison between experimental and QGSM for negative mesons in 

present nucleus-nucleus collisions. In the figure 4.7 (a), it is shown these negative mesons are 

obtained from collision of Deuteron+Carbon, Carbon+Carbon, Carbon+Tantalum interactions at 

4.2GeV/c momentum per nucleon. In the figure 4.7 all the rapidity spectra are obtained at center 

of mass system (ycms  1.1) in present AA interactions, while the rapidity spectra distribution for 

Carbon+Carbon collision at c.m.s (ycm= 0  due to symmetric C-C system with respect to 

midrapidity) are extracted. It can be seen from the figure 4.7 (a) the experimental data are very 

nicely fitted with the model data (QGSM) in Carbon+Tantalum, Deuteron+Carbon, and 

Carbon+Carbon interactions at 4.2A GeV/c momentum. The number of participant protons, the 

mean multiplicity of π
−
mesons, average value transverse momentum and the average values for 

rapidity distribution in Carbon+Tantalum, Deuteron+Carbon, and Carbon+Carbon interactions  

are presented in Table 4.11. 
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Figure 4.7. The experimental rapidity distribution of π─ in 12CTa (■),12C12C (●), and d12C (○)  interactions at 

the present analyzed interaction. The corresponding experimental data is fitted by QGSM spectra (a) 

and Gaussian function (b) presented by solid lines. 

  

 

The experimental rapidity distribution of π
−_ 

pions fitted by Gaussian distribution function is 

presented in figure 4.7 (b), the equation for Gaussian function (2.16) is already explained in 

chapter 2. 
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Where 0y is represented by center of Gaussian spectra, 0A  is the fitting parameter and (σ) is the 

standard deviation, which presents width of spectra in the present work. 

All parameters are obtained from fitting the experimental rapidity distributions of π−- mesons in AA 

(Deuteron+Carbon, Carbon+Carbon, and Carbon+Tantalum) collisions by Gaussian function in 

Equation (2.16) are presented in Table 4.12. 
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Table 4.12. It is presented the experimental and QGSM rapidity distribution of π──mesons fitted by Gaussian 

function and different parameters are extracted in d12C, 12C12C, and 12C181Ta collisions. 

Type 0A    0y  n.d.f.

2

 

R
2
 

d+
12

C 
Exp. 0.260±0.004 0.78±0.01 –0.10±0.01 2.88 0.983 

QGSM 0.250±0.003 0.80±0.01 –0.17±0.01 5.13 0.986 

12
C+

12
C 

Exp. 0.575±0.004 0.793±0.003 –0.016±0.005 8.93 0.992 

QGSM 0.624±0.004 0.786±0.003 0.009±0.005 14.21 0.983 

12
C+

181
Ta 

Exp. 1.36±0.02 0.75±0.01 –0.33±0.01 7.66 0.971 

QGSM 1.78±0.02 0.71±0.01 –0.30±0.01 53.43 0.878 
 

 In case of very small deviation of theoretical fitting data from experimental data, then the 

R
2
 factor approaches to one, and thus this shows a better quality fit between theoretical and 

experimental data. It is presented in the Table 4.12, the widths (cross section) of  rapidity spectra 

distribution for negative pions are coincided with in errors for Deuteron+Carbon and 

Carbon+Carbon interactions, but values for standard deviation  slightly lower in experimental 

and QGSM for Carbon+Tantalum collisions. The values of width of experimental rapidity 

distribution for negative mesons in the present collisions are little lower than values obtained in 

Ref. [44]. i.e. 01.075.0TaC  and 003.0793.0CC   in present analysis and 

79.0TaC
 

and 82.0CC
 

are values obtained in Ref. [44] for Carbon+Tantalum and 

Carbon+Carbon collisions for projectile at 4.2A GeV/c. In Ref. [44] they used experimental 

statistics were less than half as compare to our present collisions statistics. Values of 0y
 
obtained 

from the fitting of Gaussian function on negative mesons rapidity spectra have shown in Table 

4.12 and these values proved to be equal to ( cmsy within errors) values shown in Table 4.11 in the 

present analyzed data. The QGSM shows very nicely the widths and the 0y of rapidity 

distribution for π
─
─mesons in Carbon+Tantalum, Deuteron+Carbon, and Carbon+Carbon 

interactions in Table 4.12.  
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Chapter 5  SUMMERY AND CONCLUSIONS 

In Carbon+Tantalum interactions it was analyzed the dependences of characteristics of the 

charged pions at 4.2A GeV/con centrality of collisions. Collisions centrality was characterized by 

the number of participant protons. There is a qualitative change in the average kinematical 

characteristic of charged pions on the basis of increasing the overlap region of target and 

projectile nuclei in Carbon+Tantalum interactions. There was a significant increase of the 

multiplicities of both positive and negative pions with increasing the overlap region of colliding 

Carbon+Tantalum nuclei. For all the three 
12

C+
181

Ta collision centrality groups, we observed 

that multiplicity of positive pions was smaller as compared to that of the negative pions. This is 

likely due to the significant excess of the number of neutrons over protons in the target 
181

Ta 

nuclei (108 neutrons versus 73 protons), whereas number of neutrons is equal to the number of 

protons in the incident projectile 
12

C nuclei. Using the simple model, we estimated the 

multiplicity ratio <n(π
−
)>/<n(π

+
)> is about 1.22 in 

12
C+

181
Ta collision system. On the basis of 

Wounded Nucleon Model (WNM), we obtained the ratio <n(π
−
)>/<n(π

+
)>for C─Ta interactions 

at 4.2AGeV/c is about 1.24. So both ratios agree well on the basis of two different models. In 

Carbon+Tantalum collisions events, the experimental <n(π
−
)>/<n(π

+
)>ratios obtained for central, 

semicentral and peripheral collisions proved to be 1.04 ± 0.03, 1.08 ± 0.04, and 1.20 ± 0.05, 

respectively, decreasing noticeably with increasing (from peripheral to central)  the degree of 

collision centrality. It can be seen there is a suppression of the <n(π
−
)>/<n(π

+
)>ratios in central 

and semicentral collisions events for Carbon+Tantalum collisions as compared to the calculated 

ratio obtained from the model (<n(π
−
)>/<n(π

+
)>1.22).The main reason behind such suppression 

of the ratio <n(π
−
)>/<n(π

+
)> in semicentral and central 

12
C+

181
Ta collisions could be the higher 

absorption cross section of the slow negative pions produced on heavy 
181

Ta nuclei as compared 

to that of the slow positive pions. It is of great importance to present that, by increasing the 

collision centrality, the number of the produced slow negative pions produced in secondary 

interactions (rescatterings) on target 
181

Ta nucleons is expected to increase significantly. Hence, 

the suppression of the ratio <n(π
−
)>/<n(π

+
)> should increase with increasing the 

12
C+

181
Ta 

collision centrality. The average values of the full momentum distributions and their widths for 

the charged pions decreased significantly with an increase in 
12

C+
181

Ta collision centrality. The 
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observations confirm our finding, that the number of the relatively slow charged pions obtained 

in secondary collisions (rescatterings) on nucleons of target 
181

Ta nuclei increases significantly 

with increasing the collision centrality, which results in an increase of the average emission 

angle of π
+
 and π

−
 mesons. The results of the present collisions can be very helpful for 

investigation of production of charged pions and their dependences on degree of collisions 

centrality in heavy ion collisions at high energies. 

The pT spectra of the negative pions extracted in C─Ta interactions at 4.2AGeV/c were 

investigated by fitting with the four different functions i.e. Boltzmann, Hagedorn, Simple 

Gaussian, and Exponential functions. It was observed that pT spectra of π
─ 

─ mesons are fitted 

much better by using the two-temperature Boltzmann and Hagedorn functions as compared to 

the fitting done by the one-temperature functions, and also it has very good agreement with the 

earlier works. In the given four fitting functions, Boltzmann and Hagedorn functions gives better 

fits of the experimental pT spectra and both functions give physically acceptable results of the 

spectral temperatures, compared to the other two functions. The fitting of the pT spectra of pions 

with Hagedorn function gives noticeably higher values of the spectral temperatures compared to 

that by Boltzmann function. It was observed that the fitting of the pion spectra by Gaussian 

function is not appropriate, since it gives unphysical large values of T1 and T2. 

It is of great importance to investigate the correlations and characteristic of pions at 

intermediate collision energy. Therefore the correlation in the pions (π
+
 and π

−
) and light nuclei 

fragments production in the Oxygen-proton interactions at 3.25AGeV/c was analyzed. The whole 

collision system was divided into two groups of charged pion for production of light nuclei 

fragments, (a) without charged pions and (b) with at least one charged pion. It was shown that 

mean multiplicities of light nuclei were higher for the second group with at least one charged 

pion. It was due those events in which at least one charged pion is produced, and also a large 

amount of energy momentum is transferred to the fragment of nuclei in present analyzed 

collision. For the interaction events with at least one charged pion, a large destruction of 

fragmented nuclei occurred as compared to those collisions where there is no charged pion. Total 

momentum and transverse momentum and there widths for production of light nuclei showed 

that they are independent on absence or availability of charged pions in the analyzed collisions 
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events. The behavior of total momentum and transverse momentum distributions for light nuclei 

for two groups of the considered collision events showed satisfactorily coincidence. So, it can be 

concluded that light nuclei formation processes for these two groups do not depend on number of 

pions. The correlation observed between the absence/presence of charged pions and between 

light nuclei production is due small/large amount of momentum-energy transferred to the 

fragmenting nuclei. 

We analyzed three collisions system (Carbon+Tantalum, Alpha+Carbon and 

Carbon+Carbon interactions) for pT spectra of π ─ mesons. The experimental pT spectra were 

compared systematically with QGSM model calculations. We compared the experimental and 

model values of the mean multiplicities and average values of pT for negative pions, and the 

mean number of participant protons in the analyzed collision systems. We have shown that the 

QGSM model results underestimate the corresponding experimental results. This is due to 

neglecting the nuclear effect and use the production of heavy baryon resonances in the model. It 

was suggested that, if such effects are included in the model, then there will be a good agreement 

between QGSM and experiment. This comparison of model and experiment can be improved 

significantly.  

The pT distributions of the π
─
─mesons in three collision systems in experiment and QGSM 

model were fitted using one and two temperature Boltzmann and Hagedorn functions. Results of 

spectral temperatures were obtained from the fitting by (one and two temperature) Boltzmann 

and Hagedorn model functions in the whole range of pT spectra. The contribution of the lower 

temperatureT1to the total multiplicity of the negative pions was dominant (80 to 85) % while the 

contribution of the higher temperatureT2was low (10 to 15)%. Using Boltzmann and Hagedorn 

functions for two temperatures fit have much better and nice results as compare to one 

temperature fit of Boltzmann and Hagedorn functions. In the present work it was shown spectral 

temperatures (T1, T2) and their relative contributions (R1, R2) of π
─ 

─ mesons and it was 

compared with results of previous works. Results extracted for present work have lower values 

of spectra temperatures as compared to previous results, because in previous works the 

temperatures were extracted from the kinetic energy spectra of pions as compared to the Lorentz 

invariant pT spectra analyzed by us. 
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The pT spectra of the negative pions for three different centralities of 
4
He─C collision system and 

also for three different ranges of rapidity were extracted and fitted for pT intervals 0.1 ≤ pT 

≤1.3GeV/c and 0.1 ≤ pT ≤0.8GeV/c. The values of the extracted temperatures were found lower 

in fitting range 0.1 ≤ pT≤ 0.8GeV/c in comparison with that of fitting range 0.1 ≤ pT ≤ 1.3GeV/c. 

In the range 0.1 ≤ pT ≤ 0.8GeV/c the experimental pT spectra of the negative pions were fitted 

satisfactorily by one temperature Boltzmann and Hagedorn functions. In contrast with the 

QGSM extracted temperatures, the temperatures extracted from the experimental pT spectra were 

found quite sensitive to the considered pT fitting range. The extracted spectral temperatures of 

π
─
─mesons weakly depend on the collisions centralities and were found compatible for the 

group of central, semi-central and peripheral Alpha + Carbon collision events. The extracted 

temperatures were found consistently higher for the pT spectra of negative pions at mid-rapidity 

range in comparison with extracted temperatures of the negative pions being produced in 

fragmentation regions of target and projectile. 

We have used three collisions systems (d+
12

C, 
12

C+
12

C, and 
12

C+
181

Ta) at incident 

momentum of nuclei of 4.2AGeV/c to study rapidity distributions from negative pions. Using 

these systems, we obtained rapidity and pT spectra for π
─
 ─ mesons. All the plots were obtained 

in center of mass system. The Rapidity for c.m.s is about (1.1) in incident projectile. The 

Rapidity spectrum for C─C interaction is symmetric ( ... smcy = 0), as the projectile and target 

particle is same. The height of Rapidity spectra are increased as the masses of target and 

projectile increases and also the Rapidity spectra were shifted towards the target fragmentation 

region. This is because numbers of participant particles are increased as masses of overlapping 

particles are increased. It was observed that QGSM model shows satisfactory results with 

experimental data for negative pions. The Gaussian function also fit very nicely on the 

experimental data. 
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