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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 m-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 = —mesons were
studied systematically in nucleus-nucleus interactions at 4.2AGeV/c. It was analyzed the changes

of they_,, and pr distributions of m —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 n -
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 7 -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. z—
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 z* 280 MeV for z°). 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:

Cosmic rays(K") > 27" + 7~

Table 1.1. Different properties of pions.

Name Quark Mass Antiparticle Life time | Spin | 1, Decay Modes
contains (MeV/c?) (s)
— -8
rt ud 139.570 P 2.6x10 0 1 +1 u+v
— g —
T ud 139.570 rt 2.6x10 0 1 -1 wo+v,
e Ui +dd 134.966 Self 8.4x10™"7 0 1|0 y+y
V2




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 = -mesons will be decaying into
electron (or positron) and their corresponding neutrinos.

zt—>et+v,

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 ( p,) of nuclear matter in normal case is about 0.16 fm®. In relativistic nuclear collisions

the interacting energies of incident projectiles of order of few GeV (1-2 GeV), the density (o ) 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®) 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™ century. In the
given figure, under the extreme conditions, the deconfined transition phase diagram can be
studied by using models of strong interaction.

| Early
= | Universe
£ 2 |I ]
= | RHIC Quark-Gluon Plasma
a»
=15
o
=
S
E_‘

0 : Neutron Stars

0 1 2 3 4 5 ()
Baryon Density p/p,

v

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*2K). The next nearest man made temperature in laboratory,

is the temperature achieved in thermonuclear fission process (~ 10’ K). The size of nuclear

3



matter created at this temperature is very small (~ 10%m®), 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 n-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



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~8MeV . 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].

spectators TN

\,ﬁi S —

participants
before collision after collision

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.

Q) 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. (t =£).
VemC

(i)  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.



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 ( /s, = 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 <z - 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 (/s = = 3.14 GeV) as well. For example different
parameters with different ranges are shown .i.e.
Pressure: P = 100-300 MeV (fm) 2, (1IMeV (fm)~ =10® Pa).
Temperature: T = 100-500 MeV.

Volume: the volume reaches up to several thousand fm?*

Density: p=1-100,, p,= 0.16 fm*.

Time: 10-20 f—:' (about 3-6x10%s).



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+**C, Proton+'C,
Deuteron+*?C, Alpha+*?C and Carbon+'®'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 7~ —mesons
are obtained at °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 (°, f© mesons, and p°) 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 (CsHg) 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 A 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.



(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.

nucleus+ nucleus— nucleus+ pions
nucleus+ nucleus— nucleus+ nucleus+ pions+ pions.....

(i) 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 A(1232 GeV/c?) resonances. Here 1232 is the

mass of delta resonance.

nucleus+ nucleus— N(A)” — nucleus+ pions.....

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 =1in 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 = 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 pr spectra for = obtained in AA interactions at 4.2 GeV/c are invariant

under Lorentz transformation, while analysis of energy and longitudinal momentum longitudinal



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 (0o—C, o—Ta) interactions at c.m. energy Ii.e.
\/ﬂ =3.14GeV . 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, =—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 = — 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 1~ — mesons with mass numbers of target and projectile nuclei and changes of
collision centrality of interacting particles will be studied. The y..n 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 pr spectra of 1 — 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 pr 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 == — 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 y.n distribution and pr spectra of 7~ — 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.

l. Linear accelerator,
. Synchrophasotron (Superconducting Nuclotron accelerator),
. System of extracted beam channels,

V. 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~ 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 | and Il, 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 Z_hyperon production, the phenomena in which a ¢° 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 4z 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 (CsHg) 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:

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 (CsHs) bubble chamber in LHE of JINR was about 546000 cm®
(40 x 65 x 210) cm® and it is very sensitive volume. Propane (CsHg) (of 500 liters) under high
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pressure (about 20 atmospheres) in the chamber was kept in liquid state. The propane (CsHs)
bubble chamber was operated at temperature of 58 °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 4n 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 4n 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, CsHg, 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 (**!Ta), three rods (1mm
thickness and 93 mm separation) of Tantalum were placed in the propane chamber. A beam of
nuclei (°H, *H, *°0 and **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 °H, “H and *2C 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 4x
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 (**C) nuclei of propane bubble
chamber (C3Hg) with following conditions:
i. Separation of number of negative and positive charges must be greater than charged of
incoming projectile (n, —n_ > (Z +1)),

projectile
ii. Number of produced slow proton in the laboratory system (L.s.) with Pj;< 0.75GeV/c
should be higher than 1 (n >1),

proton
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iii. Number of backward emitted proton in the laboratory system (L.s.) will be greater than

7ero (nbackward > O),

proton

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

n_>1) and in case of deuteron-carbon collision the number of negative charge must be
greater than 2 (n_ > 2).
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, “He, and '2C) 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 CzHg 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 = H, *He or *C nucleus) events were
considered on quasi-free protons of *2C nuclei. It is because in propane (CsHs) 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 ©-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 s,
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/S, <4Gaga Electron Volt[69]. In the present work we used c.m.s. energy i.e. /s, =3.14 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+*?C, helium+'C, carbon+'*C, and
carbon+'®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]:

d°N _@S+)V [, (E-u),,)
dp3_ 22) (exp( T jil] ............................... (2.1)

(2S,+1)V L —m, _E
*WEXD( T j-eXp( = j ............................. (2.2)

In following relations the arrow represents limit of classical Boltzmann-statistics, E;, —z >>T .

V represents volume of a fireball, S; is spin, T is temperature, w; represents chemical potential of

secondary particles, E;, (while E, =/m? + p? ) is energy of particle, and Ey (E,, = E, —m,)
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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. E; —z >>T in the above equation (2.1) so the final equation

can be obtained as:

d°N _ d’N  d°N
dp® p*dpdQ pEdEdQ

= const- exp(— %j ............... (2.3)

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.
— Ek

1/(pE)xdN/dE, = Aexp 1)

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.

24



E E
1/(pE)xdN/dE, = A, exp| — =% [+ A exp| ——% |,
(PE) = A p[ T, j A, p[ T, ] ................. (2.5)
Here in equation (2.5) A; and A; are two fitting constant, E is the energy of produced particles,
and pis the momentum of particles in c.m.s, and T, and T, are temperatures that are extracted

from fitting.

Thermal Model of freeze-out for hadrons in terms of kinetic energy (Ex) spectra is
already shown above. It can be simplified if kinetic energies of hadrons are very greater than

spectral temperatures of hadrons i.e. E, >>T then the Equation 2.4 can be simplified, and the

normalization of total interactions of nucleons is added.

AN A,exp[_ E j
NpEdE, T Jrreee (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:

dN Ek Ek
—————=A-exp| —— [+ A,-eXp| - —
N pEGE, A p( TJ ) p( TZJ’ ................. (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 pr spectra of produced particles can be written as,
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dN m m
—= (Ax Py xm, X Kl{th ~ (Ax [ )X(wlmtT )exp(—th, e (2.8)

dp,

Where K; 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,

N (A pox(ymeT, ))exp(— %}(AZ < py x(ymT, ))exp(— %J ......... (2.9)

dp; 1

Here m, = Jm® + pT2 m, is represented by transverse mass, and equations (2.8) and (2.9) are

valid for condition of transverse mass i.e. M, >>T . This equation can be normalized by

introducing total inelastic events. So the normalized equation can be written as:

d%ev p.dp, ~ (AJmT )exp(— %j TSP SR (2.10)

Here Ney, 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, Tiand T, as:

Equation 2.11 is the two-temperature Hagedorn function.

2.8 The Boltzmann Model
According to The Boltzmann Model, the pr 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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dN _ _m
N p;dp, = (Ax mt)exp( %) ............................ (2.12)

Equation 2.12 is shown as the one temperature formula for Boltzmann spectra. Similarly the two

temperatures Boltzmann function can present as:

NG o, = (A mt)exp(— m/le+(A2 x mt)exp(— m/sz (2.13)

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,

dN p
— = Aexp(— —TJ, .................................... (2.14)
N p,dp; T
and
dN Pr Pr
=A xp(— —] + A, -exp( —J ..................... (2.15)
N p; dp; T T

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],

F(y) = %exp(%} ............................. (2.16)
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In the equation (2.16) Y, is shown as the center of Gaussian distribution, ¢ 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 A, is the fitting constant.

Now to fit pr spectra of @ -mesons in terms of Gaussian function. The Gaussian function on the

basis of transverse momentum spectra of hadrons could be written as,

dN pr
————— = A XD 5 2.17

Here Aq is the fitting constant. The two temperatures Gaussian function can be written as,

dN pr Pr
———— = A eXP| 5 [T A XD 5 2.18
N ppoT Al p( T12]+ 2 p( T2 ( )

Here in the given expression thepr,T1 and T, 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 pr and y.m— spectra of « -
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 (Np 22<npani_pmt_>). If number of participant protons are less than mean

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

N, < <npam.pmt.>). If number of participant protons are between these two collisions events, then

it will be called as a semicentral collision (<npart_pmt_> <N, < 2<npart_pmt_>) [44].
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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+'*'Ta collision the average

number <v 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+'2C, 2C+'C, and **C+"'Ta interactions per

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

Peripheral Semicentral Central
Types interactions, % interactions, % interactions, %
Experiment | QGSM | Experiment | QGSM | Experiment QGSM
d+*C 53+1 731 37+ 1 15+ 1 10+1 12+1
He+2C 54 +1 54 +1 37+ 1 38+ 1 9+1 8+1
c+c 58+1 62+1 31+ 1 30+ 1 11+1 8+1
c+¥'Ta 602 56+1 24+ 1 29+ 1 16x1 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

7 — 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 *°Op interactions at 3.25 GeV/c.

3.2 General characteristic of Negative and Positive Pions in*?C+'**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 (N,) compared with mean multiplicities of
participant protons(n

per event. An event in whichN | s<n is categorized as a

part. prot. > part. prot. >

peripheral collision. A collision will be considered as central ifN 22<npan.pmt.>,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 (o) of selected three groups of collision
events with various collisions centralities, the mean values of participant protons (<v>), the
mean multiplicities of charged pions, the ratio of average number of the charged pions per one
participant proton R(x) = <n(z)>/<v>, and the average total energy of the negative and positive

pions <ZiEi (;r)> 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 (a), the average number of participant protons (<1>), the mean multiplicity
per event of the * (<n(z)>), the ratio R(z)=<n(z)>/<1>, the average total energy (<Z;Ei(n)>) (in MeV)

of the charged pions per collision event at various centralities in *?C+'®'Ta collisions

Ouantity Collision Centrality

Peripheral Semicentral Central

a, % °99+1 24 +1 17+1
<y> 5.0+0.1 19.6 0.2 33.5 0.3
<n(z )> 1.49+0.04 5.31+0.09 7.98 +0.13
<n(z")> 1.25+0.03 4.90+0.10 7.66 +0.15
R(z) 0.30 £ 0.04 0.27 £ 0.03 0.24 £ 0.05
R(7") 0.25+£0.02 0.25 +0.06 0.23 +0.08
<%Ei(7)> (in MeV) 671 + 24 1817 + 74 2138 + 56
<%Ei(7")> (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 **'Ta
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nuclei (108 neutrons versus 73 protons), while in case of *2C nuclei the numbers of neutrons and

protons are equal.

The expected ratio of mean multiplicities of negative pions versus positive pions
<n(z )>/<n(z")> 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 **C) with neutron
(from target of *®'Ta) collision is about W(nn) =~ 0.3, and similarly in the single proton-proton
collision (one proton from projectile **Cand one proton from target **'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(z )>/<n(z")> for ?C-'®Ta

system as follows.

(n(7)) _ (25w (an) +W (pr) +W (np)) _
(n(z")) ~ (2xW (pp) +W (pn)+W (np))

iy J— (3.1)

Using the above method we have find values for *2C-**'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(z )>/<n(z")> =~ 0.25 obtained at comparable with ours collision energy from
Ref.[48], we can estimate the ratio i.e. <n(z )>/<n(z")>=(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(z )>/<n(z")> 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 2C+®'Ta
collisions, the observed ratio <n(z )>/<n(z")> practically coincided with the corresponding ratio
estimated in Equation (3.1) according to the simple model. The observed suppression of the ratio
<n(z )>/<n(z")>in the central and semicentral Carbon+Tantalum collision events as compared to
the calculated ratio <n(z )>/<n(z")>~1.22 could, for example, be due to the higher absorption
rate of the slow negative pions produced on **'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 © —mesons
produced in secondary interactions on target ***Ta nucleons. Hence, the suppression of the ratio
<n(z )>/<n(z")> should increase by increasing the **C+**'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%®) 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 7z

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 (v,), target nuclei (v;), cross sections
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and the average number of binary AA interactions (v ,5)[31]. In Table 3.2 it is presented inelastic

cross section (v,5), (v4), (vg), 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 <vAB>, the inelastic cross sections and projectile

<VA> and target<vB> nuclei, calculated in Ref.[31] using the simple model of independent nucleon

interactions [86, 93].

Type 12(:_|_181-|-a 12C+12C 4He+12C p+p
o™ (A+ B) (mb) 3445 + 140 830 = 50 450 + 20 28+1
(Va) 59+03 3.8+03 2.4+0.2 1
(vs) 140+1.0 3.8+03 2.7+£0.2 1
V) 18.0+1.0 49+0.3 3.0x+0.2 1
(va)+{vg) 200+ 1.0 7.6+£04 51+£0.3 2
<Npart.nucl. > T 325+05 | 870+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 *2C+“C
collisions, where the contribution of the secondary nucleon-nucleon collisions (cascading) is
about four times smaller than that in *2C+*®'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(z)=<n(z)>/<v> 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 *2C+'®'Ta collisions. As was discussed above, there was a

decreased in the ratio <n(z )>/<n(z")> by increasing various centrality of *2C+'®'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 m*—mesons at various centralities
in 2C+'®'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 m —mesons increases significantly with
increasing the ?C+*'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 *®Ta nucleons increases significantly. Hence, as discussed above, the number of 7~
mesons created in secondary interactions (rescatterings) on nucleons of target '®'Ta nuclei

increases with increasing the degree of interaction centrality.

Table 3.3.

longitudinal (P;) momenta (in MeV/c) and emission angles (6) (in degrees) of the charged pions in the

It is shown the average values and widths of spectra of the total (P), transverse (Py) and

laboratory frame at various centralities in *?C+*®'Ta collisions. Statistical errors are shown.

Collision Centrality
Quantity Peripheral Semicentral Central

T T T T T T
<pP> 550+11 [476+11 443 £ 7 474 £ 8 362+ 6 462 £ 7

DP 489+15 459116 395+10 420+11 326+10 39919
<P> |440+11 |343+11 32517 315+8 220+ 6 216 £ 7
DP, 493+12 472117 417+10 423£12 345+10 391+10
<Pr> |223+t4 240+ 5 218+ 3 272+ 4 210+ 3 290+4

DPt 17645 19245 164 +4 21846 162+4 24246
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<O> (43.1+08 |51.5+£08 |[51.1£06 554+0.7 | 60.2+0.7 | 60.4+0.7
Do 356+0.7 | 352+£0.6 |36.2+0.5 352+05 |384+04 |36.0+£06

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 = mesons with an increase in interaction centrality. As the energy of the incoming nucleon
of incident projectile (**C) has to be shared among the larger number of the produced pions with
changing interaction centrality of 1?C+'®'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 z* mesons
decreases significantly, whereas the average emission angle of the m'-mesons increases
considerably, with the increasing the **C+'®'Ta collision centrality. This is obviously (similar to
the case for # mesons) due to an increase in the number of the produced positive pions in
secondary rescatterings (interactions) on target **Ta nucleons with the increasing the **C+'%!Ta
collision centrality. The larger average emission angle observed for the n*-mesons compared to
that for the = -mesons in Table 3.3 is probably due to the effect of the overall Coulomb’s
repulsive force for z7* mesons as contrasted to the Coulomb’s attractive force for 7 mesons in a

nuclear medium.

Figure3.1shows the momentum spectra of the m*-mesons in the peripheral and central
12Cc+181Tq 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

12Cc+181Tq 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) *2C+''Ta 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 **C+'!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 *C+'®'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 **C+'*'Ta collision centrality. This confirms our above finding that the
number of the charged pions produced in secondary interactions (rescatterings) on nucleons of
target **'Ta nuclei increases with increasing the collision centrality, which results in an increase

of the average emission angle of 7 and z_ mesons, observed in Table 3. 3.
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Figure 3.2. The transverse momentum spectra of the negative (a) and positive (b) pions in peripheral (open
circles) and central (closed circles) *?C+*'Ta 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) **C+*'Ta 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 (6~ 20-30°) in the

laboratory frame. Whereas the peaks are broadened, lowered and shifted towards higher emission

0, degrees
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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 *2C 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 ‘®'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 pr spectra of © — mesons of CTa interaction obtained for
three types of collisions fitted by different theoretical models.
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Figure 3.4. The experimental pr spectrum of the 7~ — 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 printerval 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
pr — spectra of the w —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? factor in Table 3.4 is expressed by the following relation:

SS.
SS,

R®=1-

n _ 2
Here the SSE=Z(yiem—yif") represented as the sum of squared errors and
i=1

n B 2
SS; = Z(yf ® —y) is shown as the total sum of squares of experimental (y®®) and model fit (
i=1

y,") data, respectively, and §/: lz y® is shown as the mean value of the experimental data.

N4
When there is smaller deviation between the experimental and model data, then R? factor
approaches to 1, and thus, it shows a better fit.

42



Table 3.4. T; and T, temperatures obtained for == — mesons on fitting pr spectra by various functions in

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

Fittin Centrali T T

functiois Types v Aa ( MéV) Az (MeZV) x%/n.df. R’
Central 67136 = 28885 46+4 | 1138+468 | 109+7 | 117 0.98
Blglljtrwz:t]iirr:n Semicentral 50087 + 27017 | 44+5 | 1196+398 | 104+5 | 049 0.99
Peripheral 5465 + 1785 56+5 120+71 | 123+12 | 0.93 0.98
Central 93566 + 49847 49+6 | 1624+740 | 119+8 | 111 0.98
H;‘ﬂgego{” Semicentral 74329 + 53202 46+7 | 1766+629 | 112+6 | 050 0.99
oce Peripheral 6214 + 2326 63+7 | 138+101 | 139+16 | 0.85 0.99
Central 2+4 414+17 | 326+38 | 182+8 | 227 0.96
Gaussian 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
Central 1146 + 285 71+12 | 159+108 | 140+16 | 1.01 0.98
Simple Semicentral 714 + 364 60 + 18 220 + 90 126 + 9 0.55 0.99
Exponential | b ipheral 146 + 19 95 +10 6+10 | 193+58 | 065 | 099
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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 pr spectra of 1~ — mesons extracted in central (m) ((a) and (d)), semicentral (A)
((a) and (c)), and peripheral (®) ((a) and (b))**C+"'Ta collisions at 4.2 GeV/c per nucleon and the

corresponding fits in the py 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. n.. = 0.

(b) Those collisions events in which there is at least one charged pions i.e. n. > 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.

Types of produced particles
Charged pions Fraction of
produced in an events (W),
n 1 2 3 3 4
event % RC H H H He He
<n>>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<n,>=0 44.740.7 0.70+0.01 | 1.58+0.03 | 0.28+0.01 | 0.11+0.01 | 0.124+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 n. > 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 (<Qsg>), 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 <Q3g>
is about 4.92 + 0.04. For another group having at least one charged pions (n,. > 1) the value of
<Qsg> is about 3.88 + 0.04. it can be seen from the Table 3.5 the values mean multiplicities of
mirror nuclei (®H and ®He) overlap with each other within statistical errors in both collisions
events (N = 0 or n > 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

n*. From Table 3.5 it can be obtained the fraction of charge lost by a target proton through its
inelastic exchange to reaction p —n+z" and through its charge exchange pn — np 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.

W (proton— neutron) =W (n . =0)@-n,(n . =0))+W(n . >2)L-n.(n . >1))--------- (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 (*He
and ®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<pr>) 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 pr momentum and their widths (D<P>, D<pr>) are

coincided within errors for mirror nuclei (*H+°He) and deuterons.

From this table it can be seen that the kinematical characteristic for deuteron and mirror
nuclei (*H+3He) 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.

Availability/Absence of Type of a fragments
Quantity charged pions in an event > — .
H H+ He He
. ) > 1 35145 | 36246 | 2963
- >
nr) = 0 35247 | 367+8 | 2934
+
DeP> n(m)z 1 24146 | 22949 | 179+5
n(mn) =0 243+9 | 23619 | 18047
+
<P > nn) > 1 25345 | 236+4 | 18943
nm) =0 25746 | 234+6 | 18943
+
D<p > nn) > 1 20746 | 175+7 | 143+6
nm) =0 21548 | 17348 | 14948
+
<P > n(ni) =0 1168 | 122+10 | 21+6
nn)> 1 118+6 | 12947 29+5
+
D<P > n(m) > |1 239+5 | 288+10 | 239+4
nm) = 0 234+4 | 282+8 | 24443

In the figure 3.6 (a) and (b) it is shown the spectra of total momentum and pr 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 (n.. = 0 and n,. > 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 (°H nuclei) on transverse momentum (a) and total momentum (b) in *°O
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 1~ —mesons

in AA Collisions.

4.1 pr 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 pr distributions of the

n  — mesons are obtained in Carbon+Tantalum, Alpha+Carbon, and Carbon+Carbon,
interactions at cms energy of /S, = 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 pr 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 pr values extracted from model underestimates
the experimental pr values for all the three collisions system. The QGSM values are higher than
the experimental mean multiplicity for negative pions in *C+'*!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 ®# — mesons absorption cross section in dense

baryon medium and these absorption rate of 7 — mesons should be increased.
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Table 4.1. It shows participant protons, mean multiplicities per event of 71— mesons, transverse momentum of
7 and the average values of rapidity in “He*C [101], **C*2C [34, 35] and *C*®'Ta [32, 35] interactions.

Type <Npart.prot.> <n(z)> <pr(z)> <Yem.(7)>
(GeVl/c)

e +12c |_EXp. | 283%002 | 1.02£0.01 | 02470002 | -0.090+0.007
QGSM | 2.60£0.01 | 0.99+0.01 | 0.224+0.001 | —0.082+0.007

12cp2c | EXP. | 435:0.02 | 145001 [ 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

Exp. | 13.3x0.2 | 3.50x0.10 | 0.217+0.002 | -0.34%0.01

“C+%'Ta | 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 **C-'®!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 *2C-*'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 p; =0.9-1.0 GeV/c of the

QGSM transverse momentum spectrum of the negative pions. The statistical fluctuation of
QGSM s 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 p,; values compared to the

experimental transverse momentum of negative pions.

51



=
o
o

@

<
>
X 0
e 10
g A Alpha-Carbon
=10 o
= ad
=z .
S 107 s
107 ' t
0.0 05 10 15
P, GeV/c
«~ 107 carbon-carbon
= (©)
>
)
e
‘&
o
-
=
=
S

0.2 0406 0810 1.2
pT. GeV/c

Carbon-Tantalum

e

+

Figure 4.1. The experimental pr. spectra (a, ¢, and €) and y.r, distributions (b, d, and f) of the n— obtained in
*He'C [101](a, b), *C*™C [32] (c, d), and **C*®'Ta [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.

0.2 0.4 0.6 0.8 1.0 1.2

p+. GeV/c

52

107
N
>
o Alpha-Carbon
£
2.
<10
109
-3 2 -1 0 1 2 3
ycm
Carbon-Carbon
109 (d)
107
107
-3
3 -2 -1 0 1 2 3
Yecm
Carbon-Tantalum
9 f
o] g Q)
’5)10'1
=3
s \d
=]
107
1079 *
3 -2 -1 0 1 2 3
Yem



In Table 4.2 it is shown the temperatures extracted from spectra for = obtained from
fitting results of Hagedorn thermodynamic model and Boltzmann functions. The extracted
spectral temperatures (T, T2) from pr 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, y2/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 z~ mesons in “He-'*C, ?C-“C, and **C-"*!Ta collisions from fitting of

experimental transverse momentum spectra.

Fitting functi Collision T
itting functions ype o T, 5 R2
type A, (GeV) Mev/ A, (GeV) To, MeV | y2/n.df. factor
‘Hel?C Exp. 1102 + 65 97 +1 4.19 0.96
QGSM 1843 £ 45 84+1 1.35 0.998
One Temperature VI~ V)
Hagedorn c'c 1355+74 | 99+1 817 | 0.94
12C181-|—
a .. 5040 + 391 88+1 7.79 0.92

‘He’C | Exp. | 1713+186 | 83+4 | 4333 | 150+15 | 143 | 0.99

QGSM | 1314+2102 | 87+10 | 702 +1819 70+ 46 1.43 0.998

Two Temperature

12C12C
Hagedorn 3097 + 353 76 +3 101 +38 142 +7 1.33 0.99
#CMTa . | 21715+4335 | 5743 | 494+149 | 128+6 | 093 | 0.99
‘Hel?c Exp. 974 + 56 86+1 6.34 0.95
QGSM 1652 + 38 74+1 4.05 0.995

One Temperature eI
Bo'tzmann 1140 + 62 89 + l -— - 1183 092

12C181Ta

4296 + 322 78+1 10.03 0.89

‘He’c | Exp. | 1811+204 | 68+3 | 71+33 | 124%8 | 1.44 | 099

QGSM | 1706+223 | 53+7 | 822+267 | 82+3 135 | 0.998
Two Temperature VF~Y)
Boltzmann c'c 3088326 | 65+2 95 + 26 127+5 | 140 | 0.99

lZClBIT
a 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

53




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 “He-'?C (a, b) and two temperatures (a, b (for *He-
120), ¢, d (for 2C-*2C), and e, f (for *?C-**'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 pr spectra are much better than that of
one temperature function fitting. In figure 4.2 (c, d, e, and f) the experimental pr of = 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 = 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 (Trrermar), @and (2) this part is almost
equal to the collective expansion with an average transverse velocity (<f:>) [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” & 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 pr 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 pr 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 pr spectra of the n— 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 pr spectra of the n— fitted by two-temperature
Hagedorn model (solid line) and Boltzmann function (dashed lines). (Carbon+Tantalum collision (e, f))
[28]. The experimental pr spectra of the n— fitted by two-temperature Hagedorn model (solid line) and

Boltzmann function (dashed lines).
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Now to study the change in shape of transverse momentum spectra of 7 in *He+2C [30,
101] 2C+'?C [32] and **C+'®'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 “He+'?C [30],*C+YC [32]
and'?C+'®'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 2C+'®Ta collisions and there are about~ (0-10)% central collisions events in *He+C
and**C+2C collisions. In Table 4.3 it is shown a comparison of spectral temperatures and their
relative contributions (Riand R,) for present three collisions events (*He+'2C [30, 101],**C+"C
[32], and *C+'®'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
pr spectra fitted by two temperature Boltzmann and Hagedorn functions while in Ref. [37] it is
used non-invariant c.m. energy spectra of = 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 (R;and Ry). It is presented in the Table 4.3 that in our
present work the spectra temperatures (Ty, T») of = 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 = are longitudinal boosted in Lorentz frame while the pr spectra are invariant in
Lorentz frame [39-41, 106].

Table 4.3. Spectral temperatures and relative contributions (R;and R; ) of the n— in “He**C[30], **C**C [32] and
12C81Ta [28] collisions are obtained at 4.2 A GeV/c. The experimental pr spectra is fitted by two

temperatures Boltzmann and Hagedorn functions for whole range of pr 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 n— by Maxwell-Boltzmann distribution function.

Fitting Collision
Function Types T R1 (%) T, Ro%) | y2mdf | R®
(MeV) (MeV)
CTa 57+3 | 80+22 | 128+6 207 0.92 0.99

HeC 83+4 | 89+14 | 150+15| 11+8 1.43 0.99

Hagedorn cC 76+3 | 85+14 | 142+7 | 15+6 1.32 0.99

CTa 66+2 | 88+3 | 159+6 | 12+3 0.58 N/A
Maxwell- HeC 94+6 | 85+11 [ 173+22 | 15+11 0.54 N/A
Boltzmann cC 83+3 79+6 | 145+7 | 21+6 0.72 N/A

CTa | 50+2 | 83+20 | 116+5 | 17+5 | 102 | 099
Boltzmann ™ e 6853 | 85+13 | 1248 | 157 144 | 099
cC 65+t2 | 85+13 | 127+5 | 15+4 | 140 | 0.99

It can be seen from the Table 4.3 T; has dominant contribution (R; ~ 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 prand Rapidity y.m analysis for two temperatures in Alpha — Carbon collisions.
We performed a quantitative analysis for variation in the shape and slopes of pr spectra of
n 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 N, are used, that

characterizes the collision centrality. The peripheral collision events are defined for which

Np < (Nparepror) » @Nd central collisions as events for which N, >2(n . o) » WHere (nj.. o) s

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 “He*C interactions at 4.2 A GeV/c.

Types Peripheral interactions (%) Semicentral interactions (%) Central interactions (%)
Experiment QGSM Experiment QGSM Experiment | QGSM
“He+'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, pr 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 Collision Ai(GeV)! | Ti(MeV) | AxGeV)" | To(MeV) | y2/indf. | R?
function Type

Peripheral 1930+635 68+9 96184 124414 0.99 0.99

Hagedorn Semicentral 5150+3215 58114 556+238 11147 1.54 0.99
Central 693516371 60+22 1184+844 | 107+10 0.97 0.99

Peripheral 1695+462 61+7 76150 11449 0.95 0.99

Boltzmann | Semicentral 4430+1878 54+8 368+139 10345 1.53 0.99
Central 6623+4098 55+14 7881466 10049 0.98 0.99

It is also observed from Table 4.5, that extracted values of T; and T, 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 ( Ay < Aarger ) @nd 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 pr spectra of = 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 pr 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 pr spectra in central, semi-
central, and peripheral Alpha + Carbon collisions.
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Figure 4.3. Experimental pr 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 pr spectra of the negative pions
these spectra were fitted with two temperature Boltzmann and Hagedorn functions for following
three rapidity ranges: vy,,<-0.3, |y.n|<0.3, and vy, >0.3. These three rapidity regions can
roughly be classified as target fragmentation region y,, <-0.3, mid-rapidity region|y,,|<0.3, and

the projectile fragmentation region y,,, >0.3.

Following Table 4.6 shows the extracted parameters from fitting results of experimental pr
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 T;

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 pr spectra within interval (0.1 to 1.3

GeVi/c) for three different rapidity ranges with two temperature Boltzmann and Hagedorn functions.

Fitting Rapidity A.(1/GeV) | Ti(MeV) | Ax(1/GeV) T,(MeV) YIndf | R

functions Interval

Yem <—0.3 6961+31 57+7 280+114 121471 1.08 | 0.99

Hagedorn | |yem|<0.3 1040+105 103+3 | 2x10°+10 | 1.37x10%+1.4x10™ | 0.95 | 0.99

Yem, 2 0.3 8061+16 45421 1374+47 92+4 1.77 | 0.98

Yem < — 0.3 5536+18 5245 190467 11246 1.06 | 0.99

Boltzmann | |Yem|<0.3 1114426 7317 227+328 111+17 1.02 | 0.99

Yem, 2 0.3 835+30 86+4 6222459 44+11 1.71 | 0.98

The following figure 4.4 presents experimental pr 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 pr 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 pr spectra from these three rapidity

intervals.
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Figure 4.4. Experimental p 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 prand Rapidity y.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 pr spectra from mid-rapidity range (|y.,|<0.3) resulted in almost zero value of the
parameter A, and too large value of T, with the values of uncertainties much greater than the
absolute values of these parameters. Also, for fitting with two temperatures Boltzmann function
of pr spectra of the negative pions coming from mid-rapidity range, fitting error of A, proved to
be larger than its absolute value. Therefore, it is natural to study the rapidity range and centrality
dependence of the pr 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 pr spectra (0.1 to 1.3 GeV/c), in central, semi-central and peripheral collisions.

ong COT'S;';” Type | AGeV): | T(Mev) | mdf R?

Peripheral Exper. 828+79 90+2 2.91 0.96

QGSM 949463 8313 1.64 0.99

Hagedorn Semicentral Exper. 14314124 9643 3.11 0.97
function QGSM 26901115 8312 0.92 0.99

Central Exper. 2754+288 94+1 1.46 0.98

QGSM 4645+359 8412 1.31 0.99

Peripheral Exper. 727+64 79+1 3.88 0.95

QGSM 792+44 74+1 1.91 0.99

Boltzmann Semicentral Exper. 1240+91 86x1 4.41 0.96
function QGSM 2188489 74+1 1.99 0.99

Central Exper. 2346£230 84+2 2.07 0.97

QGSM 3882+293 751 1.69 0.99

Table 4.8 shows rapidity dependence of extracted parameters from fitting the pr 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 y*/n.d.f. and R? in Tables 4.7 and 4.8, that fitting results of pr
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 pr spectra within interval (0.1 to 1.3 GeV/c) for different

rapidity intervals with one temperature Boltzmann and Hagedorn functions.
[ Fitting | Rapidity | Type [ AGeV)' | T(MeV) | /indf [ R? |
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function Interval

v, =—Q3F3  Exper. 1451+133 | 93+2 469 | 0.95
QGSM 3008+157 79+1 1.98 0.99
Hagedorn | |Yem| <O.3 |  Exper. 986+79 105+2 1.01 | 0.99
function QGSM 1423+75 95+1 1.68 0.99
=03 Exper. 2057+186 86+2 1.97 0.98
QGSM 3000+165 79+1 0.805 0.99
Vern =—Q3F  Exper. 12174107 | 83#1 6.14 | 0.93
QGSM 2491+122 71+1 3.31 0.99
Exper. 851+65 93+2 1.47 0.98

Boltzmann | | Yem| =O.3 P
function QGSM 1222460 85+1 1.12 0.99
y. =03 Exper. 1653+144 781 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 pr was found in central rapidity region.
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To check the effect of pr 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 pr spectra in range (0.1 to 0.8 GeV/c) with one temperature Boltzmann and
Hagedorn function. A similar analysis for pr 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 pr spectra in range (0.1 to 0.8 GeV/c) with one

temperature Boltzmann and Hagedorn function in central, semi-central and peripheral collisions.

e COT'S;';” Type | AGeV): | TMev) | A2mdf | R
eripheral |_EXPEr. | 1025%121 | 86:2 228 | 0.98

QGSM | 954%77 831 229 | 0.99

Hagedorn | Semicentral Exper. 1767189 92+2 1.88 0.99
QGSM | 2660150 | 83+l 126 | 0.99

Central Exper. 30321373 9243 1.58 0.98

OGSM | 4841374 | 83+l 161 | 0.99

Peripheral Exper. 867+89 76x1 3.16 0.97

QGSM | 823+47 731 264 | 0.99

Boltzmann | Semicentral Exper. 1487+129 81+1 3.18 0.98
OGSM | 2242498 731 287 | 0.99

Exper. | 2694%204 | 81%2 230 | 0.97

Central - —5GoM | 41412209 | 741 187 | 0.99

From comparison of fitting results of pr 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 pr ( p, >0.8 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< pr < 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 pr 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 pr spectra in range 0.1< pr < 0.8GeV/c with one

temperature Boltzmann and Hagedorn function in different rapidity regions

Fitting function Ilqr?trélr(\j/?( Type AGeV)' | T(MeV) | Fndif. R?
o =—0O.3 | Experiment | 1901+192 8742 4.05 0.97
QGSM 3120+171 78+1 2.64 0.99
Experiment | 1068+101 10242 0.05 0.99
=03
Hagedorn | [ Yer| QGSM 1355480 |  97+1 192 | 099
y. =03 Experiment | 2149+220 85+2 1.53 0.99
QGSM 2883+170 80+1 0.27 0.99
o =—O3 | Experiment | 1591+150 78+2 5.60 0.95
QGSM 2592+132 70+1 4.42 0.99
Experiment 957+83 9042 0.31 0.99
=03
Boltzmann | [Yem| = QGSM 1209+65 | 851 142 | 099
> 03 Experiment | 1795171 76+1 2.46 0.98
em = = QGSM 2413+132 71+1 0.50 0.99

The experimental pr 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 pr spectra in this pr range.
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Figure 4.5. The experimental pr spectra of negative pions in region (0.1 to 0.8 GeV/c) fitted one temperature
Hagedorn functions (shown by solid line).
The pr 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 pr 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 pr 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 7 —mesons in AA interactions

We plan to consider the dependences of negative pions in experimental rapidity spectra
distributions. These n— pions are obtained in d**C, **C**C, and *C'®'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 m —mesons, on the mass numbers of target and projectile
particles, various centralities of collisions and on pr distribution of nm~—mesons [108]. The
extracted experimental data of = 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 = -mesons, pr and the

average values of <y, s> of 7 in d"2C, *2C*2C, and *C'®'Ta collisions in present analysis.

Type <Npart prot.> <n(z)> <pr(z)>, GeVic <Yem>
Exp. 1.95+0.02 0.66+0.01 0.252+0.003 -0.12+0.01
d+'C
QGSM | 1.86+0.01 0.64+0.01 0.222+0.002 -0.17+0.01
Exp. 4.35+0.02 1.45+0.01 0.242+0.001 —0.016%0.005
12C+12C
QGSM | 4.00+0.02 1.59+0.01 0.219+0.001 0.007%0.005
Exp. 13.3+0.2 3.50+0.10 0.217+0.002 —0.34+0.01
12C+181Ta
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 (yen= 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 = 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 n~ in **CTa (m),*?C**C (e), and d**C (o) 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 = - 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.

F(y) =%exp % ————————— (4.)

Where Y is represented by center of Gaussian spectra, A, is the fitting parameter and (o) is the

standard deviation, which presents width of spectra in the present work.

All parameters are obtained from fitting the experimental rapidity distributions of m—- 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 7~—mesons fitted by Gaussian
function and different parameters are extracted in d*?C, **C**C, and 2C**'Ta collisions.

2
Type A, o vo | Taar|

d+22C 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

1204120 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

12041817 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? 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]. ie. 0. =0.75+£0.0land o.. =0.793+£0.003 in present analysis and

Ocira #0.79 and o, ~0.82 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 y, 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 (y,, Within errors) values shown in Table 4.11 in the

present analyzed data. The QGSM shows very nicely the widths and the y,of rapidity

distribution for m —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 *?C+'*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 **'Ta
nuclei (108 neutrons versus 73 protons), whereas number of neutrons is equal to the number of
protons in the incident projectile ?C nuclei. Using the simple model, we estimated the
multiplicity ratio <n(z )>/<n(z")> is about 1.22 in **C+'!Ta collision system. On the basis of
Wounded Nucleon Model (WNM), we obtained the ratio <n(z )>/<n(z")>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(z )>/<n(z")>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(z )>/<n(z")>ratios in central
and semicentral collisions events for Carbon+Tantalum collisions as compared to the calculated
ratio obtained from the model (<n(z )>/<n(z")>~1.22).The main reason behind such suppression
of the ratio <n(z")>/<n(z")> in semicentral and central **C+'*!Ta collisions could be the higher
absorption cross section of the slow negative pions produced on heavy **'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 **'Ta nucleons is expected to increase significantly. Hence,
the suppression of the ratio <n(z )>/<n(z")> should increase with increasing the *C+'®'Ta
collision centrality. The average values of the full momentum distributions and their widths for

the charged pions decreased significantly with an increase in **C+'®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 *®'Ta nuclei increases significantly
with increasing the collision centrality, which results in an increase of the average emission
angle of z* and = 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 pr 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 pr spectra of 7 — 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 pr spectra and both functions give physically acceptable results of the
spectral temperatures, compared to the other two functions. The fitting of the pr 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 T, and To.

It is of great importance to investigate the correlations and characteristic of pions at
intermediate collision energy. Therefore the correlation in the pions (z" and ) 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 pr spectra of 1 — mesons. The experimental pr spectra were
compared systematically with QGSM model calculations. We compared the experimental and
model values of the mean multiplicities and average values of pr 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 pr distributions of the 7 —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 pr spectra. The contribution of the lower
temperatureT;to the total multiplicity of the negative pions was dominant (80 to 85) % while the
contribution of the higher temperatureT,was 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, T,) and their relative contributions (R;, R;) of == — 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 prspectra analyzed by us.
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The pr spectra of the negative pions for three different centralities of “He—C collision system and
also for three different ranges of rapidity were extracted and fitted for pr intervals 0.1 < pr
<1.3GeV/c and 0.1 < pt <0.8GeV/c. The values of the extracted temperatures were found lower
in fitting range 0.1 < p7< 0.8GeV/c in comparison with that of fitting range 0.1 < pr < 1.3GeV/c.
In the range 0.1 < pr < 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 pr spectra were
found quite sensitive to the considered pr fitting range. The extracted spectral temperatures of
n —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 pr 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+°C, C+%C, and *2C+'Ta) at incident
momentum of nuclei of 4.2AGeV/c to study rapidity distributions from negative pions. Using
these systems, we obtained rapidity and pr spectra for 1 — 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 (Y., .= 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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