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Thermal Modelling of Ultrarelativistic Heavy Ion 
Collisions Conserving Strangeness Exactly 

Mark Marais 

Department of Physics, University of Cape Town 
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Abstract 

Thermal modelling of particle production in ultrarelativistic heavy­
ion collisions incorporating appropriate conservation principles 
with respect to the relevant quantum numbers, has been highly 
successful in determining chemical freeze-out conditions across a 
wide range of beam energies. This is done for heavy-ion collisions 
in the broad range of energy from SIS/GS! through AGS/BNL up 
to BPS/CERN and RHIC/BNL, assuming that particles can be 
described by a hadron gas in thermal and chemical equilibrium. 
The role of strangeness conservation and strangeness equilibra­
tion is a central feature in our considerations. Fits to the data 
from collaborations at the above facilities, and, comparisons with 
analysis done by other authors, are made. Energy dependence of 
the chemical freeze-out parameters is studied and, recently pro­
posed criteria for freeze-out in terms of energy per particle and 
total baryon density are investigated. The chemical freeze-out tra­
jectory is compared with the phase boundary between the hadron 
gas phase and the quark-gluon plasma in the temperature versus 
baryochemical potential plane. 

Research supported by The National Research Foundation (NRF) 



There is no excellent beauty 
that hath not some strangeness 

in the proportion. 
Francis Bacon 

Essays "Of Beauty" 
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Preface 

The material presented divides naturally into three components. The first part, Chapters 1 to 3, 

presents the conceptual and theoretical framework of high-energy collisions and the hadron gas 

model, assuming thermal and chemical equilibrium. Formulations of the partition function are 
. 

developed in Chapter 3 to include exact conservation of strangeness. Expressions for particle 

number calculations are obtained from the partition functions for all particles in the hadronic 

spectrum. In Chapter 4 results from the model are discussed and compared to results from 

other groups. Chapter 5 incorporates the idea of exact strangeness conservation into a (bag) 

model used to construct phase transition curves which are compared with the chemical freeze­

out points in terms of the temperature, T, and, a baryochemical potential, µB. In the final 

part, Chapter 6, selected topics; freeze-out and hadronization, are reviewed. 

Chapter 1 introduces us to the quark-gluon plasma; from conception to creation in ultrarela­

tivistic, heavy-ion collisions, to detection. A review and conceptual perspective is given of the 

development of a thermodynamical picture of high-energy collisions. The basic assumptions of 

a thermal model are presented and the different formulisms which are available for describing 

such a model are discussed. Signatures for the detection of the plasma are discussed. The 

chapter closes with a brief look at current and future experimental programmes. 

Chapter 2 reviews the current status of strangeness and strangeness enhancement in the com­

position of secondaries as a possible signal for quark-gluon plasma formation. 

Chapter 3 develops a thermal model based on the grand canonical approach but, with strangeness 

being treated exactly. Exact strangeness conservation in heavy-ion collisions is discussed in de­

tail. Partition functions for the full hadronic spectrum are explicitly constructed. Expressions 

for particle number production, (N), are derived from the partition functions using well estab­

lished techniques. Model parameters are defined and (minimization) procedures to be used in 

the next chapter are discussed. 

The fourth chapter presents the results of the model calculations applied to recent heavy-ion 
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experiments at the SIS, AGS, SPS and RHIC. The effect of different mass cut-offs as well as a 

strangeness equilibration factor, 'Ys, introduced in the previous chapter, is e.xamined in detail. 

Comparisons are made with analysis done by other groups of the results obtained for ( chemical) 

freez&out in terms of the model parameters and a chisquared value, x2 • Special emphasis is 

placed on plotting the freez&out points in the T - µs plane, and, comparing it to freez&out 

curves satisfying recently proposed criteria in terms of the energy per particle, and also, the 

total baryon density. 

In Chapter 5 the chemical freez&out points and theoretical freez&out curves discussed in the 

previous chapter, are compared with phase transition curves obtained by developing a model 

based on ideas of the M.I.T.-bag model. Perturbative QCD corrections are included. 

Chapter 6 briefly reviews freez&out and hadronization in conjunction with final remarks reit­

erating some of the salient features investigated in earlier chapters. 

Appendix A deals with canonical corrections to the grand-canonical formulism in its pure form. 

This is discussed in the case of a free point-like p, p gas as well as in the case of heavy-ion 

collisions. The limits in whic~ the canonical and grand canonical formulisms become equivalent 

are discussed. 

Appendix B presents a geometrical.model for calculating the baryon number, B, and charge, Q, 

in the case of a central collision between two nuclei of different sizes where the smaller nucleus 

burrows a hole through the larger. 

And, finally, Appendix C derives the form of the singl&particle partition function taking reso­

nance widths or, lifetimes, into account. 
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Chapter 1 

The Fireball: A Quark-Gluon Plasma? 

" The structures that can be formed from the interaction of elementary quarks and gluons are, 

at this time, the most fundamental and represent the frontier of challenges to the human 

understanding of nature. " [1] 

1.1 Introduction 

The exciting possibility of producing a completely new form of matter and probing key chal­

lenges in physics and the evolution of the early universe, has driven the quest to explore nuclear 

matter under extreme high conditions of energy density and temperature in relativistic high­

energy, heavy-ion collisions. 

The aim is to create this new state of matter, namely, a quark-gluon plasma (QGP), in the 

laboratory and thereby recreate the scenario which, according to present theory, occurred in 

the first few microseconds in the cosmic fireball created in the big-bang. 

Hadrons, particles subject to strong nuclear forces, such as protons and neutrons in the nuclei 

of atoms, are made up of quarks and gluons. By compressing nuclei so that their individual 

protons and neutrons fuse or overlap, releasing their quark and gluon content, an enormous 

amount of energy is dumped into a very small volume and it should be possible to create a 

much greater volume, compared to typical hadron volumes, in which we find a completely new 

form of matter, namely, a "soup" or plasma of free quarks and gluons. The short time during 

which this would occur is on the scale of a fermi (3.3 x 10-24 seconds). 

The deconfinement or, release of the quarks and gluons and, thus, the phase transition from 

hadronic matter to a plasma state, is an almost inevitable consequence of quantum chromo-

2 
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Figure 1.1: A diagrammatic reprsentation of the phase transition from hadrons to quarks /2}. 

dynamics (QCD), the theory of strong interactions which describes the interactions between 

quarks and gluons. QCD predicts that strongly interacting matter will form a hadron gas at 

low temperatures and a plasma of quarks and gluons at high temperatures (3]-(6]. Between 

these two phases is a transition or intermediate phase where colour becomes deconfined and 

chiral symmetry is restored. The quarks become massless in the final plasma phase. 

The QGP, if created, will expand rapidly in an explosive fireball and simultaneously cool before 

"freezing" or condensing back into confined hadron states like protons and neutrons and a host 

of many others. The process whereby the quarks and gluons clump or group together into 

hadrons is known as hadronization. 

The normal nucleon density (p0 ) and energy density (co) of a nucleus is; p0 :::::: 0.14 nu~r:fns and 

co :::::: 130 t;', and, taking the radius of a proton to be :::::: 0.8 fm, the energy density of a proton 

is cp:::::: 440 MeV/fm3 • When a nucleus is put into a state where the nucleon density becomes 

10 to 15 times greater than p0 and the energy density becomes 15 to 20 times greater than co 

or, in a state in which the temperature exceeds a certain critical value (Tc), a phase transition 

to a QG P is expected to occur [7]. 
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Figure 1.2: Phase diagram of hadronic matter depicting the transition from hadrons to quarks 
/8}. 

The only way we have today of reaching such extreme conditions in the laboratory or, of 

exceeding the temperatures governing the early universe 40 microseconds after its birth [9), is 

with ultrarelativistic nucleus-nucleus collisions [7] using larger atomic nuclei such as gold or 

lead nuclei. Large amounts of beam energy are directed into a very compact collision zone [10] 

by colliding two beams of projectile particles head-on or, by directing a relativistic beam at a 

solid target. Under the extreme high conditions of energy density and/or temperature created 

in the collision, the hadronic matter in the ensuing fireball could undergo the phase transition 

to a QGP (a weakly interacting Fermi and Bose gas [11]). 

Experiments performed at accelerators, such as at Brookhaven (New York), CERN (European 

Organization for Nuclear Research - Geneva) and GSI (Gesellschaft fiir Schwerionenforschnng 

- Darmstadt), yield information about particle numbers produced at certain projectile energies 

and targets. 

The conditions necessary for the existence of the plasma are possibly satisfied in the core of 

neutron stars where the energy density may be as high as 10-20 times that of ordinary nuclear 

matter [12]. A schematic representation depicting the different phases of hadronic matter is 

shown in Figure 1.2. Shown in the figure is the phase boundary between the QGP and the 
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hadron gas phase (HG) in terms of temperature and baryon density. 

In the quest for the QGP key issues of fundamental importance in making, identifying and prob­

ing the QGP in the laboratory include: the mechanism whereby quarks are confined in hadrons, 

understanding the nature of the phase transition, chiral symmetry breaking/restoration, the 

process of hadronization and, testing the predictions of (lattice) QCD. 

1.2 Existence of Fireballs 

The idea of a "fireball" - a region in space where, after a collision, the energy of the longitudinal 

motion is largely transferred to transverse degrees of freedom [11] or, a cluster of highly excited 

hadronic matter sticking together for a very short period of time and where the hadron gas 

phases move with collective motion (13, 14], had begun with Heisenberg's claim in 1936 [15] 

that a single elementary hadron-hadron collision can give rise to multiple secondary particle 

production ( eleven years before the discovery of the pion!). The first Hydrogen bubble chamber 

pictures proved Heisenberg correct. Thus, in a single nucleus-nucleus collision a domain in space 

will arise from which many secondary particles will emanate. This region of production can be 

thought of as the ''fireball". 

The fireball can be characterized by the following physical variables: 

• energy density, 

• baryon number density and, 

• total volume. 

1.3 Relativistic Collisions 

In a nucleus-nucleus collision in the centre-of-mass (c.m.) system the two colliding nuclei 

approaching each other with relativistic velocities are highly Lorentz contracted ( "pancake­

shaped"). They overlap either partially as in a peripheral collision or, totally as in a central 

collision. 
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Figure 1.3: The spatial evolution of a heavy-ion collision in a) a peripheral and b) a central 
collision (7). 

a) 

b) 

A 
12 381 

A A' 

A' 
12 381 

5> 

y 

-

9a»9o.µ/T»1 

9
6

=0. µ/T :::0 

-
~/"} I \. \\" 

9a»9o · µ/T-1 

Figure 1.4: The spatial e7Jolution of a heavy-ion collision in a) the stopping regime and b) the 
transparent regime (1 O}. 
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Figure 1.4 illustrates the difference between a peripheral collision and a central collision. In 

the former, the nuclei overlap partially with an impact parameter, b (the distance between the 

centres of the nuclei in the collisions), which can be about as large as the sum of both their 

transverse radii. Some nucleons of both nuclei do not participate in the collision and are known 

as spectator nucleons [7]. In central collisions spectator nucleons arise when one of the colliding 

nuclei is smaller than the other. The smaller nucleus burrows a hole through the larger one and 

the nucleons at the outer edges of the larger nucleus which do not participate in the collision 

are, thus, spectator nucleons. An example of this is the collision between a gold nucleus and a 

smaller silicon nucleus. 

Peripheral and central collisions can be distinguished experimentally by measuring the energy 

released in the collision or the multiplicity of the secondary particles or, both. Both the 

average energy released and the average multiplicity of the produced particles in the collision 

are proportional to the number of participating nucleons [7]. 

It is also important to distinguish between coherent collisions, in which each nucleus interacts 

as a whole and there is a collective effect of the nucleons, and incoherent collisions, in which 

there is no collective effect and the collision is a succession of nucleon-nucleon interactions. For 

the same beam energy the amount of energy in the centre-of-mass frame depends on the degree 

of coherence in the collision. The greater this is, the greater the energy will be. 

Coherent collisions are modelled using either thermodynamics or hycirody'1amics whereas in­

coherent collisions are modelled mainly with the Lund model [16] or the Dual Parton model 

[17, 18]. 

In the c.m. frame for the collision between two nuclei they are either stopped completely, 

thereby using up all the kinetic energy, or, for extremely high-energy ultrarelativistic collisions; 

the two nuclei now much more Lorentz contracted, essentially pass through each other - a 

feature known as nuclear transparency which is expected to show its first effects around c.m. 

energies above 5 GeV /nucleon [19]. In the latter a central region opens up between the target 

and projectile fragmentation regions (Figure 1.3b). The baryon number from the target and 

projectile nuclei flows strongly into the backward and forward directions rather than getting 

stopped in the c.m. frame [10] and consequently, the central region contains nearly no net 

baryon number, consisting mainly of mesons with equal amounts of quarks and antiquarks. 
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1.4 Thermal Models 

In [20] Schukraft notes that in order to reach the QGP, or even to use macroscopic concepts (such 

as 'phase' transition) and the language and variables of thermodynamics (such as 'temperature' 

or 'density') , the system has to be extended, i.e., its dimensions ought to be much larger than 

the typical scale of strong interactions - it has to be in ( or near) equilibrium, i.e., its lifetime 

has to be larger than the relevant relaxation times - and the energy density, €, has to exceed 

the critical threshold for QGP formation. Size, lifetime and density thus being important 

parameters. 

Statistical or thermal modelling of particle production assumes that the particles produced in 

the fireball have interacted sufficiently so that a common temperature may be used to describe 

all species in the gas. Comparison of measured particle transverse energy (Et) distributions 

with calculations using different event generators, one including scattering ( the VENUS code 

[21]) and one without scattering (the FRITIOF code [22]) for the 158 GeV per nucleon lead 

beam at CERN's Super Proton Synchrotron (SPS), clearly indicates that a considerable amount 

of rescattering does take place. 

Two-particle correlations (or, HBT - Hanbury-Brown and Twiss correlation), which can tell us 

about the lifetime and size of the particle source, also support this conclusion [23]. 

One of the most important phenomenological indications of the 'thermal behaviour' of strong 

interactions and the thermal-like multihadron production in hadron-hadron collisions, is the 

'universal' 'soft '-Pt (transverse momentum) distribution plotted as a function of transverse mass, 

mt = ✓Pl+ m2 , which, in a purely thermal system, will be independent of the particle mass 

and, with a common slope for all part:.cles which is inversely proportional to the temperature, 

T , i.e., 

(1.1) 

With the momentum distribution thus plotted, all particles from a thermalized emitter would 

show the same universal exponential behaviour ( "mt scaling"). Although the systematic devia­

tion from a purely exponential mt at low values of Pt ( "low Pt anomaly") can be quantitatively 

explained by the steeper mt spectra of resonance decays, hard scattering phenomena - charac­

terized by a power-like tail in the transverse momenta at higher energies and, by an increase 
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Figure 1.5: Transverse mass spectra (left) and inverse slope parameters (right) of pions, kaons 
and protons near midrapidity from NA44 {20}, 

in (Pt) for higher multiplicity events - cannot, however, be explained within the Statistical 

Bootstrap Model (SBM) phenomenological framework promulgated by Hagedorn in 1964 which 

contains an exponentially increasing mass spectrum as its most prominent feature. 

The right plot of Figure 1.5 shows the inverse mrslopes for p- p, S - Sand Pb- Pb colliding 

systems at comparable energies ( Js ~ 20 GeV). We see the slope parameter increasing with 

the particle mass of the colliding system or, with system size for the heavier reacting systems. 

In these cases the freeze-out temperature exceeds the Hagedorn limiting temperature, the max­

imum temperature of a thermalized hadron gas [24]. This picture becomes consistent if, in the 

expanding system, there is a collective radial flow, mass dependent component ih addition to 

the thermal contribution to the mt distribution. The sum of these two components can account 

for the higher than expected freeze-out temperatures obtained. The collective flow component 

blue-shifts the momentum spectra with a common transverse velocity, f3t, with f3t ~ 0.4c de­

scribing the data well with freeze-out temperatures of 160 MeV for the NA44 S-S and Pb-Pb 

data, and, 140 MeV for the AGS Si - Au data [20, 25]. 

The abundance of particle species in equilibrium hadronic matter can be fully described by only 

two independent parameters, namely; the temperature, T, and the barochemical potential, µ 8 , 

(as it is usually shown on a phase diagram) which, together with f3t, can fully determine a 



10 CHAPTER 1. THE FIREBALL: A QUARK-GLUON PLASMA? 

hadron gas in thermal (momentum) and chemical (particle abundance) equlibrium. 

Production rates of the different hadronic species in the fireball provide a good probe of locally 

thermalized sources in hadronic collisions since, being a Lorentz invariant quantity, it is not 

affected by collective motions of the gas (26]. All the thermal manifestations in nuclei-nuclei 

collisions can be thought of as the outcome of a single fundamental property of strong inter­

actions, namely, that they have an exponential mass spectrum p (m) ~ exp (m/To) where T0 

is the singular phase transition temperature (14]. It is now understood that this is a conse­

quence of quark confinement and that T0 is related to QCD string tension. However, it is not 

clear what the physical mechanisms are that underlie the assumption of local thermodynamical 

equilibrium. 

A statistical description of particle production provides us with several formulisms which can 

be used to describe events following a collision. The most often used ones are the:-

• Canonical 

• Grand Canonical and, 

• Mixed Canonical 

descriptions. At relativistic energies particles can be created from kinetic energy, therefore, 

the canonical description for fixed particle number, N, cannot be used. Thus, with respect to 

particle number, we are forced in the relativistic scenario to use the grand canonical description. 

However, with respect to conservation laws which do impose constraints on particle number 

production, a choice between the different formulisms above becomes evident. Hagedorn pointed 

out in 1968 that the canonical formulism would be more appropriate to use in high energy 

proton-proton collisions because of small particle numbers and small interaction volumes, and, 

showed that the production of anti-H e3 is wrong by seven orders of magnitude when the grand 

canonical formulism is applied in its standard form (13]. This theme has since been considerably 

developed and expanded in the literature (27]-(32]. It is also found (Reference (33]) that for 

large interaction volumes a description using the grand canonical ensemble can be justified but, 

for smaller systems such as in a p - p collision, corrections arising solely from exact strangeness 
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and baryon number conservation cannot be neglected. This is shown in Appendix A (also (34]) 

where the effect of imposing exact baryon number conservation in the statistical description of 

hadronic gas models is investigated for a free point-like proton-antiproton gas and the results 

compared to the grand canonical ensemble where baryon number holds only as an average over 

many ensembles. 

In the Boltzmann approximation the number of particles of type i, (i = ,r+, K ... etc.), Ni, is 

given by 

(1.2) 

where gi is the spin degeneracy factor, p the momentum, E the total energy, and V is the 

volume of the system. 

The corresponding particle density will be given by 

(1.3) 

Since the model uses statistical weight factors very few parameters are needed to describe the 

freeze-out stage of the produced system. 

At freeze-out all the hadronic resonances decay into the known branching ratios, e.g., for ,r+ 

we have 

The expression for the particle numbers and densities applies to inside a fireball at rest having 

a temperature, T, and, particle i having a chemical potential, µi. 

For a system in chemical equilibrium, the possible values of µi are determined by the overall 

chemical potentials for: 

baryon number - µB 

strangeness - µs 

charge - µQ. (1.5) 
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1.5 Equilibrium Stages in the Evolution of the Fireball 

We sketch a brief overview in the QGP scenario of the transition from "cold" nuclear matter 

to a quark-gluon plasma and its eventual condensation into hadrons. 

Time scales involved are the equilibration time, ro, the delay due to a possible first order phase 

transition, the conversion rate from one phase to the other, the expansion rate and, the freeze­

out time (35]. The total time for the "little bang", as mentioned before, is of the order of a 

fermi. 

Temperature scales that should be noted are the the initial temperature at which local thermal 

equilibrium occurs, the transition temperature, possible values of super heating/ supercooling 

effects and, the decoupling (freeze-out) temperature (35]. 

Thermal freeze-out occurs when elastic collisions between hadrons cease. 

After the initial interpenetration of the projectile and target lasting~ 1.5 fm/c and, probably 

also corresponding to the time required to reach chemical equilibrium of gluons and light non­

strange quarks (36], a time period (~ 5 fm/c) during which the production and equilibration 

of strange quarks takes place, follows. The fireball expands at constant specific entropy per 

baryon. 

A region between the phase transition and chemical freeze-out, namely; an interacting ther­

malized hadron gas in which reactions between hadrons are in chemical equlibrium, forms an 

intermediate phase between the breaj{-up, or hadronization, of the expanding QGP fireball and, 

the temperature at which chemical interactions cease and particle abundances are fixed. 

1.6 Experimental Observables 

Experimental observables from collisions can be divided into two categories. These are: 

• global hadronic observables ( e.g., particle multiplicity, transverse energy, ET, charged 

particle distributions, PT distributions, particle production cross-sections and two-particle 

correlations). 

They provide information about the system at freeze-out such as energy density and size. 
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• signature observables, i.e., observables which could serve as possible signals for the phase 

transition to a QGP ( e.g., dileptons, direct photons, J /'1/J suppression, strangeness en­

hancement). 

Signals can be classed into two groups, namely; those providing information about the 

early stages of the system directly after the collision such as direct photons, and, those 

pertaining to the_ late stages in the evolution of the system such as strangeness enhance­

ment. 

A brief description of a few proposed signatures for the QGP follows. 

1.7 Signatures of the QGP 

Direct Photons 

A photon produced in the QGP will leave the plasma with a probability much smaller than 

that of hadrons to interact and, would retain the memory of the plasma temperature. This 

makes it a good signature of the QGP provided it can be distinguished from photons produced 

by hadronic decays, e.g., 1r0 --+ 21 and rJ --+ 31r0 --+ 61 . Since the pions are mainly radiated 

off the surface and photons are produced throughout the fireball, very heavy-ion collisions may 

result in a fairly large n ... rfn1r ratio (~ 0.2 for, e.g., uranium). Also, since photon production 

through the interaction of quarks and gluons resembles Compton scattering of a photon off a 

charged particle, the photon production rate and the photon momentum distribution depend 

on the momentum distribution of the quarks and gluons at the time of the photon production, 

which means that the photon spectrum tells us about the thermodynamic state of the system 

at a very early stage [38]. 

Charmonium Suppression 

Charmonium particles (J/'1/J, X, w') consist of the heavy charm quark and antiquark (c and c) 

bound together. Since the charm quarks are about ten times heavier than the strange quarks, cc 
pairs can only be formed during the very early stages of the collision when the nuclei penetrate 

each other. However, if a QGP is formed the gluons in the plasma will interact with the charm 

quarks in such a way that hinders their binding [9]. 
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Figure 1.6: A schematic representation of the J / 't/J suppression mechanism /37}. 
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Figure 1.7: Energy density dependency of charmonium and bottonium survival probabilities as 
expected from melting in a deconfined medium and from the comover model. The precision 
of the measurement with the muon spectrometer after one month of operationat the densities 
expected with light and heavy ions is shown as 1 O' error bands (taken from /38}}. 
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Jj'ljJ production in the plasma can be detected via its decay into muon pairs, i.e., J /'l/J -+ 

µ+ + µ-. Muons, like photons, have no strong interactions and, thus, if they are produced 

in the QGP, leave without interacting. The muons will also carry with them the memory of 

conditions in the plasma such as temperature. 

The suppression of J /'l/J production had been predicted by Matsui and Satz [39] prior to any 

experimental data and relies on a Debye screening mechanism which renders colour interactions 

short range in a dense medium [20]. The formation of a QGP would have a strong colour field 

thereby inhibiting the attractive potential necessary for c and c quarks to bind. 

Experimental results from the NA38 and NA50 experiments at CERN confirmed this predic­

tion but alternative interpretations have been forwarded. Interpretations broadly fall into two 

categories, namely; those which assume a QGP has been formed, and, those which attribute 

the suppression to inelastic collisions of the J /'l/J with extremely dense hadronic matter created 

in the collision. 

In order to distinguish between suppression as a result of QGP formation and other models, 

a sufficiently large energy-density region will be covered by the ALICE detector's dimuon arm 

under construction for the Large Hadron Collider (LHC) at CERN by taking measurements 

using light- and heavy-ion collisions. 

Studying the energy dependence of the survival probability, threshold behaviour for melting 

would show whether or not the the suppression is due to the formation of a QGP [38]. 

Strangeness Enhancement 

The amount of strange particles produced in collisions is a promising signal for deconfinement 

- an increase in the number of strange particles produced in heavy-ion collisions compared 

to their production in hadon-hadron or hadron-nucleus collisions, such as proton-proton or 

proton-nucleus collisions, was one of the first proposed signatures for QGP formation [40]. As 

pointed out in [35] however, it is not necessary to have a theorertical explanation in terms of a 

short-lived QGP since rescattering processes in hot hadronic matter can also change the ratios 

in the same direction. Enhancement has been observed in nucleus-nucleus collisions relative 

top - p collisions at beam energies in which the temperature is too low to form a QGP, for 

example, the number of kaons per pion produced in Au - Au collisons at Brookhaven's AGS 
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accelerator is much higher when compared. with p - p collisions at the same energy. This can 

be explained in terms of the fact that kaons are singly strange and easily produced in the final 

stage expanding hadron gas in which the hadrons react with one another [41]. 

Therefore, of great interest in resolving the question of strangeness enhancement as a signature 

for the QGP is the focus on the amount of multistrange particles, that is, particles having 

two or three strange quarks, produced in a heavy-ion collision, since the enhancement effect is 

expected. to be more pronounced. These particles are less likely to be produced in reactions in 

the hot hadron gas for key reasons outlined below. 

The enhancement of strange particles, particularly strange antibaryon production, in a QGP 

phase as opposed to in a hadron gas phase, hinges on the fact that the rate of strange pair ( ss) 

production in the QGP via gluon fusion is faster than by hadronic processes in the hadron gas 

(a few fm/c as opposed to a few 10 to 100 fm/c) since the mass of the strange quark is of the 

order of the phase transition temperature. Strange phase space saturation thus proceeds much 

faster in the QGP. 

Another distinguishing feature between a QGP and a hadron gas as far as strangeness neutrality 

goes is that strangeness conservation in a QGP requires a vanishing strange quark chemical 

potential, i.e., µ8 = 0, independent of temperature or baryon chemical potential, µB, while in 

a hadron gas strangeness neutrality depends on a variety of strange mesons and baryons all of 

whose abundances depend on µB [42]. 

1.8 Relativistic Nuclear Beams and the making of the 
QGP 

Today, the main experimental programmes dedicated to the study of matter under extreme 

conditions of temperature and energy density in relativistic heavy-ion collisions happen at the 

following facilities: 

• the AGS (Alternating Gradient Synchrotron) at Brookhaven - accelerating silicon and 

gold nuclei at beam energies of 14.6 and 2.0 - 11.6 GeV per nucleon respectively and 

centre-of-mass energies per nucleon-nucleon collision (...jsii;) of 5.4 and 2.2 - 4.8 GeV 

respectively. 
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• the SIS accelerator at GSI - accelerating nickel and gold at a beam energy of 0.8 - 1.9 

GeV per nucleon and ,/sim of 1.5-2.1 GeV. 

• the SPS accelerator at CERN - fixed target experiment accelerating sulphur and oxygen 

nuclei, beam energy of 200 GeV and ,/sim of 19 GeV, and lead nuclei, beam energy of 

158 GeV and ,/sim of 17 GeV. 

• RHIC (Relativistic Heavy Ion Collider) at Brookhaven- colliding beam experiment where 

gold nuclei are made to collide with beam energies of 30-100 GeV, about 100 times their 

rest mass, and ,/sim of 60 - 200 Ge V. 

The first results from RHIC show a greater symmetry between matter and antimatter 

with a collision energy 7.5 times the SPS energy and the energy density 60% greater. 

Beyond RHIC we look forward to the completion of ALICE (A Large Ion Collider Experiment), 

a colliding beam experiment and dedicated heavy-ion experiment at the Large Hadron Collider 

(LHC) at CERN, due for completion by 2006. ALICE will operate with a beam energy of 3500 

GeV per nucleon and,/sim of 3000 GeV, that is, about 30 times more than at RHIC and with 

400 times more energy available than ~t the SPS. 

ALICE represents the future of ultrarelativistic heavy-ion experiments and will bring us closer 

than ever before in successfully answering crucial questions in our search for the quark-gluon 

plasma. 



Chapter 2 

Perspectives on Strangeness 
Enhancement (?) 

We extend our overview with a review of strangeness enhancement, 

including strange antibaryon to baryon ratios. 

2.1 Theoretical Perspectives 

Following arguments that, in the case of QGP formation, the dominant process for ss pair 

formation is via the interaction of two gluons because of the high gluon density and lower 

formation energy threshold than in a hadron gas, the enhancement of strange and multistrange 

mesons and (anti) baryons has long been predicted in the prescence of a QGP compared to 

a hadron gas at the same temperature, and, thus, suggested as a possible signal for quark 

deconfinement in heavy-ion collisions (40, 43, 44, 45]. Strangeness equilibration times will also 

be much faster in a QGP but, as noted by Bass et al., not necessarily sufficiently rapid to cause 

a saturation in the production of strange hadrons before QGP freeze-out [46]. It has also been 

shown by Greiner that multimesonic reactions could produce antihyperons on very short time 

scales [47] while Brown has proposed another mechanism for strangeness equilibration at lower 

energies involving in-medium modifications of hadron properties (48, 49]. 

In Reference [50] Redlich discusses what, in experimental terms, based on QGP characteristics, 

are commonly quoted as signals for deconfinement. 

18 
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We briefly outline these following his discussion: 

1) global strangeness enhancement where the strangeness enhancement of secondaries should 

increase from p - p to p - A through to A - A collisions, 

2) enhancement of multistrange baryons relative to proton induced reactions should follow 

deconfinement and, 

3) chemical equilibration of secondaries where hadronic constituents produced from a hadroniz­

ing QGP near chemical equilibrium should in general be driven towards chemical equilibrium 

after the phase transition. 

2.2 Experimental Status and Implications 

A synopsis of some relevant experimental results and their implications follows: 

• Heavy-ion collisions at CERN's SPS reports a global strangeness enhancement from p - p 

andp-A through to A-A collisions [51] - for instance, full phase data for (K +K)/ < 1r > 

from NA35 and NA49 show an increase by about a factor of two when going from p- p 

to A - A collisions. 

• An enhancement of the K/1r ratio has been measured at both the AGS and SPS [52]. In 

Figure 2.2a experimental 41r yields of the K+ /1r+ ratio increases as a function of vs from 

SIS to AGS energies, reaching a maximum at vs~ 6-8 GeV, and dropping at SPS [53]. 

For midrapidity results (Figure 2.2b) the drop at SPS disappears. The suppression of the 

K+ / 1r+ ratio seen for the 41r data has been pedicted by Gazdzicki et al. as a possible 

signal for deconfinement [50, 54]. 

• K+ / K-, A/ A and p/p production have also been measured at the AGS [55]. 

• Enhanced production of (anti)hyperon yields have been measured at the SPS [56]-[63]. 

• The WA94 collaboration, for instance, finds a smooth increase in 3/ A in going from p - p 

through p- A to A- A collisions [64]. 

• A hierarchy in the enhancement of multistrange baryons is obtained for Pb - Pb relative 

top- Pb collisions in measurements by the WA97 and NA57 collaborations [65, 66]. 
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• n > 2 >Aas seen in Figure 2.1, which shows the yield per participant. The enhancement 

pattern of the (anti)hyperons increases with strangeness content of the particle until 

saturation at about Nwounded > 100. 

• Results for NA57 and NA52, however, show an abrupt change in the anticascade enhance- , 

ment and the K+ yield respectively for lower centrality (50). 

In the case of WA97 the statistical model with exact conservation of strangeness repro­

duces the basic enhancement and saturation patterns consistent with the data - assuming 

that thermal parameters are independent of A,,articipant in Figure 2.3. 

• The appearance of a maximum in the relative strange/non-strange particle ratios as a 

function of ./s, already seen in the K+ /1r+ ratio, is found to be more pronounced for 

strange baryon/meson ratios which are more sensitive to the baryon chemical potential 

as seen for A/1r+ ands- /1r+ in Figure 2.4. This is related to the sharper decrease of µs 

compared to only moderate changes in T with increasing incident energies above AGS. 

There is a shift of the maximum to higher energies with increasing strangeness - the higher 

strangeness content suppressing the dependence of the ratio on µs [68, 69). 
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Figure 2.6: OJh- and 0/2 ratios as a function y's of at the SPS and RHIC {71}. 

• The appearance of the maximum is also reflected in the Wroblewski factor (As, discussed 

in Chapter 4) as seen in Figure 2.5 where lines of constant As are plotted in the T - µB 

plane together with the chemical freeze-out curve. As rises with increasing T for a fixed µB 

from SIS to GSI, signalling an increase in the strange/nonstrange particle ratios reaching 

a maximum then, decrea;sing, signalling a decrease in the ratios with the strange baryons 

being affected more than the strange mesons as µB decreases [68, 69]. 

• Preliminary results for the n / h- and n /2 ratios are shown in Figure 2.6 ( a and b). 

The errors shown are statistical only and, although there are hints at systematic trends 

toward a multistrange excitation function, for instance, an increase of the OJh- ratio 

with temperature, more statistics are needed for the study of these ratios as emphasized 

by J-P Coffin [71]. 

2.2.1 Quo vadit Strangeness? 

The observed strangeness enhancement from p - p through p - A to A - A collisions as an 

appropriate signal for deconfinement has come under review [50]. Enhancement already appears 

in some form in p- A collisions [72]; in p- Pb collisions by NA49 measuring (K+) / (-rr+) in the 

forward hemisphere, the ratio shows an increase with the number of collisions due to secondary 
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production. Also, more than 50% of the the enhancement of the ( K + K) / ( 1r) ratio is already 

accounted for in going from p- p top - A [50, 73]. Redlich proposes that in order to search 

for QGP formation through the strangeness composition of secondaries, we should rather be 

looking for non-monotonic behaviour of strange particle yields versus centrality or collision 

energy [50]. 

Blaizot reminds us that statistical models which are so well able to describe freeze-out transi­

tions and which involve constraints on the volume over which matter can be equlibrated, to­

gether with the need to conserve quantum numbers exactly in small systems, leads to a change 

in perspective: "what is usually regarded as strangeness enhancement in nucleus-nucleus col­

lisions should perhaps better be viewed as strangeness suppression in proton-proton collisions" 

[48). 

The abrupt enhancement of strange particles reported by the NA57 collaboration [66] as well as 

inconsistencies between the NA52 and WA97 data may well signal the onset of new dynamics 

and, as pointed out by Redlich [50], more study experimentally and theoretically is still required 

here, for instance, it is not clear what the role of centrality dependence is, for example, regarding 

Sand S. 



Chapter 3 

Exact Strangeness Conservation in 
Heavy Ion Collisions 

"In relativistic theory chemical potentials regulate not particle numbers but the value of 

conserved charges ... strangeness is conserved as we neglect "slow" weak interactions." [74] 

Relativistic heavy-ion collisions analysed in the framework of a grand-canonical formulism with 

respect to quantum number conservation, is justified on the basis of the high energies obtained 

in these collisions and the large number of hadrons present in the final state hadron gas [75]. 

It is also expected that some of the protons and neutrons in the colliding system will not 

participate in the thermalized hadron gas giving rise to a heat bath of baryons which can thus 

be treated grand-canonically [76]. 

In the volume of hot hadronic matter created in a nucleus-nucleus collision, matter is created 

consisting of a central region containing few baryons, and, two highly excited baryon-rich 

fragmentation regions so that baryon density varies strongly with respect to rapidity region. 

A baryochemical potential, µB, is thus introduced to regulate the conserved baryon quantum 

number, B, which holds only as an average over many ensembles. 

The number of charged particles in the final state is always large thus, charge is also treated 

grand-canonically. A charge chemical potential, µQ, is introduced to regulate the conserved 

charge quantum number, Q, regulating charge conservation on average. The value of µQ is 

fixed by giving the neutron surplus, B /2Q, and forcing this to be equal in the hadron gas and 

the colliding system of protons and neutrons. 

25 
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Since 

and 

!!B.. ~ p (Xe+ T + T 

where p and n are the number of protons and neutrons respectively, it follows that 

n µQ - = exp(--). 
P T 

When the number of initial state protons and neutrons are equal, µQ = 0. 

This is the case for S - S. For Pb - Pb, n > p therefore µQ is small and negative. 

(3.1) 

(3.2) 

(3.3) 

The exact conservation of strangeness ( that is, the canonical approach to strangeness· conser­

vation) within this framework must, however, be considered [77]-[79] (also, [27]) in cases where 

the number of strange particles in the final state of the hadron gas is very small, for example, 

data from GSI SIS, where the temperature is very low [75] or, if a relatively small system size 

is considered as with the AGS Si - Au data [70]. 

In heavy-ion collisions we also require the overall strangeness of the system (strange and anti­

strange particles) to be zero since the strangeness quantum number, S, is conserved with respect 

to strong interactions [80]. That is, 

(3.4) 

where n 8 and n:, are the number of strange and antistrange particles respectively. 

In the first section which follows, we develop the formulism for the partition function with 

exact strangeness conservation for a hadron gas composed of all particles and resonances at 

chemical freeze-out for the three cases, namely; a gas containing particles of strangeness 0 and 

±1;±2;±3. 

The effect of different mass cut-offs is examined in the next chapter in which we use the model 

to analyse data from Brookhaven's RHIC and AGS, CERN's SPS and the GSI SIS experiments. 

Expressions for particle number production are obtained from the partition functions in the 

second section. 

In the third section the model parameters on which the overall multiplicities of hadrons in the 

final state of the hadron gas depends, are discussed. 
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In the final section of this chapter we briefly look at the method of fit to the experimental data 

which is used to find the model parameters at freeze-out. 

3.1 The Hadron Gas Partition Function 

3.1.1 Case 1: Strangeness = 0, ±1 

This case includes the hyperons, Y(qqs) and Y(qqs), comprising the isosinglet lambda A(uds) 

and the isotriplet sigma E(i.e., E0, E±) particles. The valence quark content is indicated in 

parenthesis. For a survey of the strange particle properties, decays and prototype detection 

methods, see reference [36). 

Starting with the following projection [81), i.e., 

Zn = 2~ fo21r d</Je-incp Z ( </>) , (3.5) 

we apply this to restrict the ensemble summation to a fixed value of the strangeness, S, 

1 /o21r ·s,i.. Zs= -
2 

d</Je-' 'I' Z (T, AB, As, AQ), 
. 7r 0 

(3.6) 

where the fugacity As has been replaced by 

(3.7) 

and Z ( </>) is the generating function for all restricted partition functions: 

(3.8) 

The partition function for a gas containing particles of strangeness O and ±1 can be thus be 

written in the following way [31], [32]: 

(3.9) 

here K+I stands for the sum of all single-particle partition functions with strangeness plus one: 

(3.10) 

and K_ 1 stands for the sum of all single-particle functions with strangeness minus one: 

(3.11) 
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Ko stands for all non-strange particles. 

For vanishing overall strangeness, S = 0, Equation 3.9 becomes 

. 1 2 

· Z}=o = 
2

1r lo 1r d</>exp (Ko+ K+ii"' + K_1e-i"'). (3.12) 

We can clearly see that baryon number is being treated grand-canonically by looking at the 

explicit form of, say, Z1i.: assuming Boltzmann statistics, 

. 2V 21r 3 

Z1i. = (21r)3 lo d pexp ((-E1i. + µ8 ) /T). (3.13) 

The above form of Equation 3.12 is not convenient for numerical analysis as the integrand is 

a strongly oscillating function. The </> integration can, however, be done exactly as we show 

below. 

Equation 3.12 can be rewritten as 

Z1-o = 
2
~ expKo f d,j,exp ( jK+1K-1 [J?§e"' + /ge-;•]). (3.14) 

Using the following Bessel function representation, 

(3.15) 

where Im is the modified Bessel function, Equation 3.14 becomes 

1 lo211' 00 

Z}=o = 2 exp Ko d<peim<f, L Im (x1) yf, 
7r O m=-oo 

(3.16) 

with 

p 
JK+1K-1 -

2 
p - 2JK+1K-1 

t v'?§"' - e 
1 

X1 - p 

YI - J?§. (3.17) 
1 

Performing the integration over </> imposes the condition that eim<f, = 1, implying that m = 0, 

and, one obtains in closed form free of oscillating terms, 

(3.18) 
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3.1.2 Case 2: Strangeness= 0, ±1, ±2 

29 

In this case one includes the doubly strange cascade baryons and antibaryons, the B0(ssu) and 

B( ssd) particles, which have strangeness =F2 respectively. 

The partition function can thus be extended in the following way: 

zi=o = 
2
~ fo2

1r d¢exp (Ko+ K+iei<I> + K_1e-i<I> + K+2e2i<I> + K_2e-i2<1>), (3.19) 

here K+2 stands for th~ sum of all single-particle partition functions with strangeness plus two: 

(3.20) 

and K_2 stands for the sum of all single-particle functions with strangeness minus two: 

K_2 = z~ + z~ +.. .. (3.21) 
.::. .::. 

Equation 3.19 can be rewritten as 

z~=O ~ 2~ exp Ko .c· d4'exp ( JK+1K-1 [~, .. + ~·-;·] 

+ JK+2K-2 [ ffi!;•"• + JE•-"•]). {3.22) 

Using the Bessel function representation in Equation 3.15, with 

X2 - 2JK+2K-2 

Y2 - {fi!; · 
and x1 and y1 as before, Equation 3.22 can be written as 

(3.23) 

. 1 21r 00 00 

zi=o = 2expKo lo d<j)eim<J>e2in<J, L L Im(x1)yfin(x2)Y2· (3.24) 
~ 0 m=-oon=-oo 

Therefore, after integrating over ¢, which imposes the condition that m + 2n = 0, so m = -2n, 

Equation 3.24 can be written in closed form as 
00 

zi=o = exp Ko L In (x2) Y2L2n (xi) y:;2n (3.25) 
n=-oo 

or, 
00 

zi=o = exp Ko L In (x2) I2n (xi) Y2Y12n, (3.26) 
n=-oo 

since 

(3.27) 
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3.1.3 Case 3: Strangeness = 0, ±1, ±2, ±3 

In the final case we include the omegas, n- ( sss) and n ( sss), which have strangeness ±3 

respectively. 

Extending the partition function to include the omegas, we obtain: 

Z~=o = 
2
~ fo2

1r d¢>exp (Ko+ K+1ei<I> + K_1e-i<I> + K+2e2i</> + K_2e-i2<1> + K+3e3i<I> + K_3e-3i<t>), 

(3.28) 

here K+3 stands for: 

and K _3 stands for: 

X3 - 2JK+3K_3 

Ya - !1fi!;, 
Equation 3.31 can be written as 

00 

1 fo27r 00 

Z3 = - exp Ki d,1,.eim<f> e2in<f> e3irxf> ~ ~ 
S=O 2 0 'f' L.., L.., 

7r O m=-oo n=-oo 

(3.29) 

(3.32) 

00 

L Im (x1) yf In (x2) Y2 Ip (x3) Ya, 
p=-oo 

(3.33) 

so, by imposing the condition that m + 2n + 3p = 0 => m = -2n - 3p, 

00 00 

z~=O = exp Ko L L In (x2) Ip (x3) I2n+3p (xi) Y2YaY12n-3p. (3.34) 
n=-oo p=-oo 

Relatively rapid convergence is shown in Figure 3.1, the sums converging within~ 7 terms. 
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Figure 3.1: Convergence shown by µ8 (top) and K+ (bottom) as a function of the number of 
terms taken in the bessel function sums (CERNS's NA49 Pb-Pb experiment). 
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3.2 Particle Numbers 

Particle multiplicities can be calculated from the expressions for the partition functions in 

the usual way of introducing an additional (fictitious) chemical potential for the conserved 

quantity (in our case strangeness) and projecting out the particle numbers using the standard 

grand canonical method, namely; 

(3.35) 

or, 

(3.36) 

where ,\ = eµ/T. 

The µ~s are set to zero afterwards to keep within the canonical formulism for the conserved 

quantity. 

The differentiation of the partition functions leads to an increase or decrease of the index of 

!index ( x1), and, a corresponding decrease or increase of the exponent of Y1 by 1, 2 or 3 for 

!strangeness! = 1, 2, 3 respectively, for the expressions in closed form. 

This is shown below where the results of carrying out this procedure follows. 

3.2.1 Case 1: Strangeness = 0, ±1 

Differentiating Equation 3.18 for particles of strangeness= ±1, we proceed as follows: 

( N/±) and z/± are the particle abundance and single particle partition function respectively, 

of species ±i with I strangeness I = j. 

3.2.2 Case 2: Strangeness = 0, ±1, ±2 

(N l ) Zl± exp Ko ~ l ( ) J, ( ) n -2n=i=l 
i± = z2 L...., n X2 2n±l X1 Y2 Y1 • 

S=O n=-oo 
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3.2.3 Case 3: Strangeness = 0, ±1, ±2, ±3 

p=-oo 

p=-oo 

00 

L · In (x2) Ip (x3) I2n+3p±3 (xi) Y2'ifaY12
n-

3
P=F

3
_ 

p=-oo 
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(3.37) 

(3.38) 

Since the above expressions can be shown to strongly suppress (multi)strange particles relative 

to its grand-canonical value in the limit of small Xi and, to coincide with the grand-canonical 

result in the limit of large Xi, they are applicable both where a small number of strange particles 

are produced per event (such as at SIS energies where the number of strange particles is as small 

as 10-2) and, at the higher energies of SPS or RHIC where over a hundred strange particles 

are produced on average in each event (69). 

3.3 Model Parameters 

Relatively few parameters are required in the hadron gas model, which makes use of statistical 

weight factors, to describe the freeze-out stage in the produced system in ultrarelativistic heavy­

ion collisions [82). 

The free parameters in our model, which are determined by a fit to the data, are: temperature, 

T, baryon chemical potential µB, radius, R, and an additional strange quark (suppression) 

factor, 'Ys, to account for the fact that the system at freeze-out may not be in perfect strangeness 

equilibrium bs = 1). 

The volume, V, is taken to be 41r R3 /3, and, since strangeness is conserved exactly, multiplicities 

or ratios involving strange particles are not independent of V which should be seen as the volume 

in which we find vanishing strangeness [70). 

The multiplicities of neutral hadrons with a fraction f of ss content will be modified by the 

multiplicative factor -y~f. All other (strange) hadron multiplicities will be modified according 

to their strangeness by -yistranoenessl. 
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We also investigate a light quark pair (abundance) factor, "fq, to parameterize the deviation of 

light quarks from perfect chemical equilibrium [44, 83, 84] where the deviation will be more 

pronounced if hadronization is a sudden process on the scale of chemical quark equilibration. 

This scenario involves the sudden break-up of a quark-gluon plasma fireball [85]. 

In the investigation of the factor "fq, the multiplicities of hadrons with nq light quarks will be 

modified by the multiplicative factor "(;9 • 

3.4 Fit to the Experimental Data 

In our model we have parameters for which the values are not known for the event in question. 

We thus need some way of determining the parameter values for the best fit of model gener­

ated multiplicities/ratios to the experimental data. The chisquare (x2
) function utilized by a 

minimization routine (in our case the CERN function minimization and error analysis routine, 

Minuit) fulfills this criteria by allowing us to find parameter values for the best fit to the data 

or, lowest chisquare. 

Minuit computes the best values of the set of parameters ( and their uncertainties) where "best" 

is defined as those values whic4 minimize a given function, in our case a chisquare function 

which is given by 
2 -t (Model value - Experimental value)2 

X -i=I (Experimental Uncertainty) 2 (3.39) 

For example, 

2 ( N!od el - N!_p erimental) 
2 

( N :f10d el - N ~ erimental) 
2 

X = 2 + 2 + · · ·. 
( l1 pions) ( O"kaons) 

(3.40) 

The measurement errors are intrinsic is this procedure and is required by Minuit to yield 

meaningful parameter errors which will be proportional to the uncertainty in the data [86]. A 

variable-metric method with inexact line search relying heavily on first derivatives is used by 

Minuit to carry out the minimization procedure. The x2 value is quoted as x2 per degrees of 

freedom where the number of degrees of freedom is given by 

d.o.f. = number of input values - number of parameters. (3.41) 

The above technique will be utilized in the chapter which follows to analyse data from heavy-ion 

collisions done at RHIC, SPS, AGS and SIS. 



Chapter 4 

Results obtained using Model 
Calculations 

We analyse data from Brookhaven, CERN and GSI in terms of our model in which 

strangeness is conserved exactly. Comparisons with analysis done 

by other authors are also made. 

A purely statistical-thermal model analysis of experimental particle yields without any consid­

eration of dynamical effects may, as stated in [70] (see also [75]), apply only to data obtained 

from fully integrated phase space ( or 41r) multiplicity measurements. Conservation laws that 

apply to the collisions are only valid 'for global measurements, not locally [87]. 

The requirement of vanishing overall strangeness therefore necessitates full phase space mea­

surements as strangeness need not be conserved in a limited rapidity window. 

A major consideration when choosing and discussing data will thus be, whether it was measured 

over full phase space or, in the absence of this, whether spectra measured in a limited rapidity 

window have been extrapolated to full phase space. 

In the first section we consider and describe the data set to be used. 

The effect of different mass cut-offs is discussed in the second section as this becomes a major 

consideration in thermal models especially at higher temperatures (~ 200 MeV). 

In the third section strangeness equilibration in terms of the strangeness equilibration factor, 

'Ys, and its effect on the fit to the data in terms of x2 , is discussed. 

In the final section we present the best-fit results obtained from our model calculations with 

special emphasis on the plot obtained in the T-µ8 plane at freeze-out for the various collisions. 

35 



36 CHAPTER 4. RESULTS OBTAINED USING MODEL CALCULATIONS 

4.1 The Data Set 

The general rule th~t we follow in using recently available data is to concentrate on fully 

integrated particle yields. 

A synopsis of the collisions in the data set from which the particle multiplicities and ratios are 

obtained, is given below. 

Pb- Pb Collisions at CERN's SPS - NA49 Collaboration 

Central Pb - Pb collisions (5% centrality) with beam momentum of 158 GeV /c per nucleon 

. on a fixed target (see [88] for example) are considered here. The following 411" experimentally 

measured/extrapolated particle multiplicities are used: (11"+ + 11"-)/2, K+, K-, K2, p, p, </>, 

s-, s- and, the A/ A ratio. It has been found in two independent thermal model analysis in 

[70] that the temperature is significantly affected by the multiplicity of the heaviest particles 

namely, ¢ and 3, as they are almost entirely directly produced thus providing a major lever 

arm on the slope of the production versus mass function. However, it is found in the same 

reference that the exclusion of these particles does not significantly affect '"Ys· 

Au - Au Collisions at GSl's SIS 

In central Au - Au collisions with beam momentum of 1.7 A GeV /c (see [89] for example), the 

following ( 411") particle ratios are used in the fit: 11"+ Ip, K+ I 11"+' 11"-I 11"+' ,,., I 11"0• Because of the 

small number of available data points the radius will be fixed at 35.5 Gev-1 or, 7 fm (assuming 

a volume given by 411"r3 /3). '"Ys will be fixed at one, the value for full strangenes~ equilibration 

in a hadron gas. 

Si-Au Collisions at Brookhaven's AGS 

With Si-:- Au collisions, beam momentum of 14.6A GeV /c (see [55, 90] for example), we make 

an exception to the rule of having only 411" particle yields or particle ratios by using the A/ A 

and p/ K ratios [90, 91] which are not available in full phase space. The reason for the exception 

is that the above ratios are the only recent measurements available involving antibaryons for 

Si-Au; antibaryons playing an effective role in fixing µ 8 . The other (411") particle multiplicities 

and ratios used in the fit are: 11"+, 11"- /11"+, K+ /11"+, K- /11"- and¢. The total number of parti-
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Table 4.1: Table showing beam energies, centre-of-mass energies per nucleon-nucleon collision, 
ytsiiii, B and Q for the various colliding systems. 

Colliding System Accelerator Beam Energy ( Ge V) ✓sNN (GeV) B Q 
Au-Au SIS 1.7 2.2 197.0 79 
Si-Au ·AGS 14.6 5.4 102.7 44 
Pb-Pb SPS (NA49) 158 17 207.2 82 
Pb-Pb SPS (WA97) 158 17 207.2 82 
Au-Au . RHIC 8992 130 197.0 79 

cipating baryons are also included. 

B/2Q (for Si - Au) has been calculated by calculating B and Q using a geometrical model 

(see Appendix B). 

Au - Au Collisions at Brookhaven's RHIC 

RHIC data is only available in a very limited kinematical window; pseudo-rapidity coverage 

limited to the central region, -0.5 < TJ < 0.5 ([92]). However, if the energy is sufficiently 

high such that the data exhibits boost-invariant rapidity plateaus, an analysis in a limited 

region around midrapidity using particle ratios may still be possible within a statistical-thermal 

approach which relies on full phase space measurements since, the influence of dynamical effects 

( e.g., hydrodynamical flow) should have a smaller influence [92, 93]. The average multiplicity 

per rapidity interval, dN / dy, is approximately flat over a large enough interval on either side of 

midrapidity. The current energy at RHIC seems close to this regime [92]. The experimentally 

obtained ratios used in the fit are: 1r-/1r+, p/1r-, K-/K+, K-;1r-, K0/h-, K0/h-, p/p, 

A/A and 3/3 from the STAR [94]-[97], PHENIX [98], PHOBOS [99] and BRAHMS [100, 101] 

collaborations. 

Pb - Pb Collisions at CERN's SPS - WA97 Collaboration 

The WA97 experiment, using the same beam and fixed target as in NA49, has been designed 

for the systematic study of the production of the multistrange hadrons, A, A, 3, 3, n and n in 

Pb - Pb interactions at SPS energy [102, 103]. Only a limited kinematical region is available, 

about one unit of rapidity centred at midrapidity. 
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The strange particles decay via weak decays, e.g.: 

A -+ p+1r-+c.c. 

3- -+ A+ 7r-

L p+1r- +c.c. 

n- -+ A+K-

L p+1r-+c.c. 

Residual feeding from S decays into A and A are estimated to be < 5% and < 10% respectively 

[102, 104]. The following experimentally obtained particle multiplicities are used in the fit: h­

(1r- + K- + P + :::- + ... ), K2, A, A,:::-, s+, n- + n+. 

Mainly 41r data will be considered for the plot in the T - µ8 plane with the only exception 

being the Au - Au RHIC data because of the considerations discussed earlier. 

The data set in the foregoing discussion forms the main focus of analysis to follow. 

Additional data, used primarily as a supplement to the main focus points for the plot in the 

T - µ8 plane, are given below. 

Ni - Ni Collisions at GSl's SIS 

Ni - Ni collisions are analysed analogously to the Au - Au SIS data discussed earlier because 

of the small number of experimentally obtained ratios available, i.e., by fixing 'Ys to one and 

the radius, in this case, to 20 Gev-1 • 

• Ni - Ni (0.8 A GeV) - Ratios from central collisions: 1r+ /p and K+ /1r+ [105]. 

• Ni - Ni (1.0 A GeV) - Ratios from central collisions: 1r+ /p, K+ /1r+, d/p [105]. 

• Ni- Ni (1.8 A GeV) - Ratios from central collisions: 1r+ /p, K+ /1r+, d/p, K+ /K- [105]. 

• Ni - Ni (1.93 A GeV) - In this case we left 'Ys as a free parameter in the system. The 

following experimentally obtained ratios are: K+ / K-, K+ /1r+, ¢/ K-, 1r+ /1r-, 1r+ /p, 

1r0 
/ B, d/p [106]. 
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Pb- Pb (40A GeV) Collisions at CERN's SPS 

Preliminary NA49 data with beam momentum of 40 A GeV corresponding to a nucleon-nucleon 

centre-of-mass energy of 8.7 GeV, is analysed using the following particle abundances: 1r+, 1r-, 

K+, K-, A,A, Np (107]. 

4.2 Effect of Mass Cut-offs 

A major problem inherent in thermal models is where to stop the summation over hadronic 

resonances when determining the overall abundances of hadrons of any type, i, by using 

ni = nfimary + E Br(j -+ i)ni, when taking into account the contribution from decays of 

heavier resonances. With increasing mass our knowledge of the hadronic spectrum becomes 

less accurate as masses and widths are not well determined. The contribution from possible 

missing states ( starting from about 1. 7 Ge V) are expected to play an important role for tem­

peratures~ 200 MeV (see (70] in which two independent analysis using different mass cut-offs 

of 1.8 and 2.4 GeV have been performed). 

In this section we investigate the sensitivity of our model to mass cut-offs as this would influence 

the reliability of results if the dependence was too strong. 

By introducing a low mass cut-off, heavier resonances as well as their decay products from 

decays into lighter, more stable particles, such as pions and kaons, are eliminated. One thus 

expects fewer pions and kaons in the final state hadron gas for example. 

In order to keep the same (experimental) number for the lighter particles and thus, to compen­

sate for the low mass cut-off, the temperature would have to increase. 

Figure 4.1 shows how the (freeze-out) temperature varies as a function of mass cut-off. 

From the graph we see a sharp decrease until a cut-off mass of~ 1.7 GeV. Beyond this the 

temperature begins to level out. The temperature stabilizes around 2.0 GeV reaching a constant 

value of 157.1 MeV (at ~ 2.6 GeV). The values of µB, "'Is and the volume, V, also stabilize 

around 2.0 GeV and remain stable from~ 2.6 GeV onwards 

This stabilisation occurs even though a fictitious ('D.') particle with mass 2.5 GeV and degen­

eracy, g=lO0, has been introduced in the table for this plot. 

The masses, widths and branching ratios, Br(j -+ i), have been taken mainly from the 1998 

issue of the Particle Data Table (108]. Modifications to the single-particle partition function 
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taking into acount the width of resonance masses is given in Appendix C. 

4.3 The x2 Contour Surface and , s 

The three dimensional plots shown in Figure 4.3 of T - µ8 - x2 for the Pb - Pb NA49 data, 

show the effect on x2 of fixing 'Ys, the factor measuring the deviation from perfect strangeness 

equilibrium in the hadron gas, at different values (0.700, 0.799, 0.850, 0.900). We notice an 

increasing sharpness and depth in the x2 minimum of the contour surface as 'Y s nears the 

optimal value of 0.799 (the optimal values for the parameters are discussed in the next section) 

and greater flattening as it moves away. The flatter the descent and the shallower the x2 

. minimum of the surface, the more difficult the convergence. The shape of the contour around 

the minimum gives information about the uncertainty in the best parameter values ( of T and 

µB in the case of Figure 4.3). A decrease in temperature is observed as 'Ys is increased towards 

one. The degree of strangeness equilibration in percentage in terms of 'Y 8 is given by 

SEqv.libraticm = 'Ys X 100. (4.1) 
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Table 4.2: Summary of fit results. The free-fit parameters as well as the minimum x2's are given. 

Parameters at freeze-out Values obtained from model Average values from [70] 
Au - Aul.7A GeV /c 

T (MeV) 49 5-t-l.u 
. -1.2 49.6±2.5 

µB (MeV) 821+24 
-17 813±23 

'Ys 1 (fixed) 1 (fixed) 
V (fm3) 1437(fixed) 1437 (fixed) 
x2/dof 6.1/2 14.9/2 and 15.1/2 

Si-Au 14.6A GeV 
T (MeV) 141.52:s:~ 135.4±4.3 
µB (MeV) 571:j~ 581±32 

'Ys 0 759+0-082 
· -0.071 0.845±0.101 

Radius (Gev-1) 19 2+2-9 
· -3.0 

VT3 exp(-0.7GeV/T) 0.534±0.130 
x2/dof 12.9/4 14.3/4 and 11.6/4 

Pb- Pb 158A GeV 
T (MeV) 156.l~J~ 158±3.2 
µB (MeV) 228+12 

-12 238±13 
'Ys 0 799+0.038 · -0.036 0. 789±0.052 

Radius (Gev-1) 49 5+2-1 
• -2.1 

VT3 exp(-0.7GeV/T) 21.7±2.6 
x"'"/dof 17.9/6 14.4/6 and 22.6/6 
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4.4 Fit Results and Discussion 

4.4.1 Main Fit Results 

45 

Table 4.2 summarizes fit results obtained by applying our model to the data set discussed in 

the first section. The results are compared with (average) results obtained in [70]. While (70] 

uses a grand-canonical approach for the SPS Pb - Pb data, we have used exact strangeness 

conservation throughout. 

Table 4.3 summarizes the fit results for Au -Au collisions at RHIC and compares it with recent 

analysis in (87), [92], and [109]. 

Table 4.3: Summary of fit results for RlilC Au - Au collisions. 

From model From [92] From [109] From (87] 
T (MeV} 11s.3~~~l 175±7 165±7 190±20 
µB (MeV) 47+s -6 51±6 41±5 45±15 

"'ts 1 0373+0•149 
• -0.131 

Radius (Gev-1) 27 0+14.0 
• -19.5 

x2 /dof 12.8/5 5.7/7 

A fit using only the most recently available STAR results will also be done in the following 

section. 

The temperature and the baryon chemical potential vary considerably between the lowest col­

liding energy at SIS for Au-Au, .js = 2.3 GeV, and the highest colliding energy at RHIC for 

Au - Au, .js = 130 GeV. The variation in T and µB is opposite, that is, as T increases µB 

decreases. The values of µB and Tat different collision energies are shown in Figure 4.4. The 

energy dependence has been parametrized phenomenologically in [110) as 

a 
µB(s) = (1 + .js/b} ' (4.2) 

where a'.:::: 1.27 GeV and b '.:::: 4.3 GeV, together with the freeze-out condition of a fixed energy 

per hadron [111) of 

(E) / (N) '.::: 1 GeV. (4.3) 

At higher beam energies greater transparency is expected as the two colliding nuclei, now much 

more Lorentz contracted, essentially pass through each other giving rise to a central region 
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which contains a low net baryon number content, i.e., it is more symmetrical in quarks and 

antiquarks. The baryon number from the target and projectile nuclei flows strongly into the 

forward and backward directions [10). The decrease in µBis thus expected as we move to higher 

colliding energies and higher freeze-out temperatures. For Au - Au collisions at RHIC we see a 

much lower µB(= 47 MeV) when compared with µB(= 228 MeV) for Pb- Pb collisions at the 

SPS. This is a strong indication that at RHIC, with y'SNN = 130 GeV, a medium is created 

with a lower net baryon density. This is also shown by a dramatic increase in the p / p ratio 

(~ 10 times) going from SPS (p/p = 0.062) to RHIC (p/p = 0.617) (see Table 4.4). 

With the change in T and µB being opposite, we find that the energy per particle is approxi­

mately constant (~ 1.0 GeV) across the various colliding systems (Table 4.5). 

"Is is around 0.7 - 0.8 in cases for the main fit results where it has been kept as a free-fit 

parameter except for Au - Au at RHIC ( "Is = l.0373~8J:~) where the system comes the closest 

to perfect strangeness equilibrium. 

Table 4.4 c.ompares the measured and fitted particle multiplicities and ratios. It shows the con­

tribution of the individual values in the fit to the chisquare value. The individual contributions 

are calculated using: 

C 
.bu . (Model value - Experimental value)2 

ontri tion = 2 (Experimental Uncertainty) 
(4.4) 
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Table 4.4: Measured and model particle and ratio values along with thefr contribution to x2• 

Multiplicities and ratios Reference Measured Model Values Contribution to x2 
Au-Au 1.7A GeV/c 

7r+ /p [70, 105) 0.052±0.013 0.0527 0.003 
K+ /1r+ [70, 105) 0.003±0.00075 0.00301 0.0003 
1r-;1r+ [70, 105) 2.05±0.51 2.004 0.008 
TJ/7r0 [70, 105) 0.018±0.007 0.00072 6.096 

x:.i 6.1 
Si -Au 14.6A GeV 

Participants [55) 115±10 96.16 3.551 
7r+ [55) 33±3 35.54 0.714 

1r-;1r+ [55) 1.09±0.13 1.160 0.251 
K+ /1r+ [90) 0.18±0.02 0.1558 1.462 
K-/1r- [90) 0.034±0.004 0.0277 2.482 
p/K- [91) 0.018±0.0034 0.0158 0.409 
A/A [90) 0.003±0.0015 0.00313 0.007 

<P [90) 0.09±0.04 0.1699 3.991 
x2 12.9 

Pb- Pb 158A GeV 
(1r+ + 7r-)/2 [72) 600±30 555.1 2.241 

K+ [72) 95±10 95.60 0.004 
K- [72) 50±5 59.49 3.604 
Ko s [72) 60±12 77.26 2.069 
p [72)" 140±12 151.7 0.961 
p [72) 10±1.7 9.422 0.116 

<P [112) 7.6±1.1 7.460 0.016 -- [112) 4.42±0.31 3.860 3.278 -..... 
s- [112) 0.74±0.04 0.7580 0.203 
A/A [72) 0.2±0.04 0.1072 5.382 
x~ 17.9 

-Au-Au 8992A GeV 
1r-/1r+ [99, 100, ~09)* 0.995±0.014 1.014 1.898 
p/1r- [94] 0.08±0.01 0.0803 0.0008 

K-/K+ [95, 98, 99, 109]" 0.87±0.04 0.8996 0.549 
K-/1r- [95, 109]* 0.15±0.02 0.1730 1.323 

K*/hmin [95, 961* 0.060±0.012 0.0384 3.239 
K•/hmin [95, 96}* 0.058±0.012 0.0329 4.382 

p/p [94, 98, 99, 100, 109] • 0.59±0.04 0.6172 0.463 
A/A [95] 0.73±0.03 0.7049 0.698 ,=;;- [95] 0.82±0.08 0.8559 0.201 - -.......... 
xi . = average taken 12.8 
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Figure 4.6: The deviation of the model values from the experimental values i.e. from x2 = 0.0 
for a) RHIC {Au-Au) and b) NA49 {Pb-Pb). 
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For Au - Au collisions at SIS we see that the dominant contribution to x2 is from the 77 / 1r
0 

ratio (99.8%) due to an underestimation of this value. 

The discrepency of the thermal model on the level of 7J production still remains an unsolved 

problem. Discussions surrounding this include the possibility of a sequential freeze-out of 

different particle species where 77's are produced at an earlier time and with higher temperature 

but, this line of argument applied to the other particle ratios presents a problem when one 

considers how well they are described by the model without invoking a sequential freeze-out 

scenario [105]. 

The hidden strangeness content of 7J mesons could possibly be a crucial factor in how it is 

considered in a thermal model; being treated as a non-strange particle means that the 7J yield 

is not subject to corrections due to canonical strangeness suppression, which, conceivably, it 

should be. However, as pointed out in [105], it is not clear as to how this could be included 

in a consistent way. Also, the 7J yield is possibly of dynamical origin and a priori, not in the 

scope of explanation of a thermal model. It is noteworthy to mention that transport-model 

calculations reproduce the measured 7J and 1r0 spectra [113]. 

For Si - Au at AGS we find the highest contribution coming from an overestimation of </> 

( contributing 31.0%) using the main fit results in Table 4.2. 

The dominant contribution to x2 for Pb - Pb collisions at the SPS comes from an underes­

timation of the A/A ratio, contributing 30.1%, followed by an overestimation of K- which 

contributes 20.2%. 

At RHIC, for Au - Au, the highest contribution comes from an underestimation of K0/hmin 

(contributing 34.4%) followed by K0/hmin with a contribution of 25.4%. 

Investigation of the x2 contour surface in the region of the optimum values for the thermal 

parameters at RHIC, obtained by fitting the data using the minimization routine, Minuit, 

reveals interesting features and marked differences with those obtained for Pb - Pb collisions 

at the SPS's NA49 experiment. The most notable feature in Figure 4.9 is the asymmetry in 

the surface and contour plots along the T and µ8 axes compared to NA49. 

From the shape of the contours for RHIC we can see that there is more freedom for variation 
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in terms of T. This is also evident from the error bars in Table 4.3 and Figure 4.20. 

µBis more constrained as we see from the narrower x2 surface along this axis. 

With the "Is - Radius plane in Figure 4.10, the question of whether there is a slight volume 

dependence and whether the grand canonical limit is reached, comes to the fore. There is 

less than a 7% difference in x2 between the lowest and highest contour plot i.e., not a strong 

variation in x2 at all. The difference in a pure proton-proton gas between the exact and grand 

canonical cases at a radius of 10 fm is :::::: 1 %. In the full system this difference is amplified to 

~ 7% for a radius >- 10 Gev-1 . Thus one can see that the canonical formulation approaches 

the grand canonical limit. 

A problem highlighted by the alm~st feartureless ''wall" at a radius:::::: 41 Gev-1 , constraining 

the upper limit on the radius, is the numerically computable contraints on the bessel functions. 

In the limit of x > > n, 

l ( ) 
exp(x) 

nX---+ to-:::= 
v21rx 

(4.5) 

Clearly, if x is large, then the exp( x) will be very large and cause an "overflow" - a number 

larger than the largest representable number on the computer will arise. For example: 

if R - 40 Gev-1 then x = 554, 

if R - 45 Gev-1 then x = 788. 

(4.6) 

We find that reliable results are obtained up till about x = 700. Larger than this one gets 

infinity for the result. 

From Figure 4.8 we see that at large x the result is approaching the asymptotic limit to within 

2 parts in 104. 
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Also listed in Table 4.5 we see the Wrobelowski factor, As, measuring the number of newly 

created primary valence ss pairs compared to the newly created non-strange primary valence 

quark pairs - quark pairs being found before particle decays take place, i.e., we take the primary 

multiplicities of all hadron species and exclude all quarks that were present in the target and 

projectile; 

As.= 2 (ss) _ . 
(uu) + (dd) (4.9) 

The behaviour of µQ, As, and (t;:,_~°!!{ as a function of vs is shown in figures 4.12 to 4.14. 

The average energy per particle for the various colliding systems will be discussed in the last 

section. 
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4 4 3 
, (entropy} d (energy} 

• • µQ, µs, As, {baryon) an (particle) 

Table 4.5: Table showing the chemical potentials, µQ and µs, the Wroblewski factor (>.s), the entropy 
per baryon and, the energy per particle for each colliding system. 

Au-Au (SIS) Si-Au (AGS) Pb-Pb (SPS) Au-Au (RHIC) 
Snn (GeV} 2.2 5.4 17 130 

µQ (GeV) -0.0168_0_ -0.011 -0.002 
µs (GeV) 

. 0.02 0.15 0.01 
As 0.00 0.7 0.50 

(GeV} 5.4-o.6 9.5_1.0 • -2.7 127. -30.3 
(GeV) 0.960_0.014 1.154_0.049 1.042_0_046 l.lOO_o.129 

In Table 4.5 the strangeness chemical potential, µ 8 , although not a parameter in our model in 

which strangeness is conserved exactly, is calculated following the method used in (128]. We 

first define the strangeness chemical factor, Cs, where 

(4.5} 

Zs_1(T, V} is the factor taken from the first of the expressions labelled 3.38 (in the previous 

chapter} for particle number obtained by differentiating the total partition function, Zs=o(T, V), 

z1 Ki oo oo 
(N/+) = ;:=OO n~oo ~-oo In (x2} Ip {x3} hn+3P+l (x1) Y;'lf3Y12

n-3p-l . { 4.6} 
Zs-1(T,V) 

(Nl+) and Zl+ are the particle abundance and single particle partition function respectively, 

of species +i with strangeness = 1. 

In the grand-canonical limit one gets 

lim Cs= strangeness fugacity = exp(µT8
}, 

V-+oo 
(4.7} 

from which µ 8 can be calculated, i.e., 

µs = Tln ( Zs;;~~ V}). (4.8} 

The value of µQ, as we discussed in the previous chapter, is fixed by giving the neutron surplus, 

B/2Q, and forcing this to be equal in the hadron gas and the colliding system of protons and 

neutrons. 
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• K0/ K0 = 0.92 ± 0.14(stat.) - obtained from central events, the ratio is consistent with 

other particle to antiparticle ratios measured at RHIC [121)-[123]. 

• Kol h- = 0.042 ± 0.004(stat.) ± 0.Ol(syst.) - for the top 14% most central collisions. 

• ¢>/ K0 = 0.49 ± 0.059(stat.) ± 0.12(syst.) - for the 14% most central collisions. This 

ratio is greater than in elementary collisions and, as stated in [114), may be indicative 

of strangeness enhancement and/or additional effects such as rescattering or coalescence 

[119]. 

Antibaryon to baryon ratios used are: 

• A/A= 0.69 ± 0.Ol(stat.) ± 0.03(syst.) [71] - 11% most central, feed-down corrected. 

• 2/3- = 0.83 ± 0.03(stat.) ± 0.05(syst.) [124, 71)- 11% most central, feed-down corrected. 

• n;n- = 0.95 ± 0.15(stat.) ± 0.05(syst.) [71]- 11% most central, feed-down corrected. 

Ratios used in the first analysis and that are used again without any change are: 

• p/1r- = 0.08 ± 0.01 [94). 

• K- / K+ = 0.88 ± 0.05 [95). 

• p/p = 0.61 ± 0.07 [94). 
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4.4.2 Fit of Recent STAR Results 

An updated analysis of Au - Au collisions at RHIC, based on most recently available STAR 

results, follows. We first make a few brief remarks about the latest particle ratios, different to 

those for STAR used in our analysis presented earlier. 

The results of our STAR fit follows in Figure 4.12. 

K0(892) [114] 

The first measurements of K0(892) and K0(892) for relativistic heavy-ion collisions from STAR 

are discussed. K0 and K0 are strongly decaying resonant states and the dominant resonances 

in the K1r system [114]. 

These resonances have relatively short lifetimes, comparable with the time-scale for the evolu­

tion of the dense matter created in a collision. 

Thus expected, is that characteristic properties of the resonances such as width, branching 

ratios, yield, and transverse momentum spectra, will be sensitive to the dynamics and chiral 

properties of the produced high energy-density medium [115, 116]. It is found at STAR that 

the measured yield for K0, dN/dy = 10.0 ± 0.9(stat.) + 2.5(syst.), is relatively high compared 

to elementary collisions and thermal model predictions especially considering the short lifetime 

and expected losses due to rescattering of the daughter particles in the dense medium [114]. 

Two possible scenarios for which this would be consistent are put forward in [114], namely; (1) 

a sudden freeze-out scenario where there is a short time duration between chemical and kinetic 

freeze-out (hence a shorter time for the rescattering phase between these two freeze-out stages) 

or, (2) a relatively long period of expansion (t 20 fm/c) characterized by high hadron density 

and significant K0 regeneration via elastic processes like 1rK--+ K0--+ 1rK [114]. 

Together with</> measurements, a novel avenue becomes available to distinguish between dif­

ferent hadronic expansion and freeze-out scenarios [117, 118, 119]. 

The strange quark content of the K0 also makes it interesting in terms of strangeness enhance­

ment as a signature for the QGP. 

The K0 yields from STAR represent the average value from the combined spectra of K0 and 

K0. The ratios from STAR involving K0(892) that we use are: K0/ K0, K0/h- and</>/ K0. The 

latest results follows [114, 120]: 
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4.4.4 Introducing a Light Quark Pair Abundance Factor, "'/q 

The effect of introd~1cing a light quark pair (abundance) factor, 1q, as a free-fit parameter to 

parameterize the deviation of light quarks from perfect chemical equilibrium (see Chapter 2), 

is seen in Table 4.6. The results for the freeze-out parameters of Pb - Pb collisions at SPS 

(NA49) with 1q fixed and, 1q free, are shown. 

Table 4.6: Summary of fit results for Pb - Pb (NA49) with rq fixed to one and, as a free parameter. 

Parameters at freeze-out Wth 1q fixed With 1q free 
T (MeV) 156.l!t~ 144.O!g:~ 

µB (MeV) 228+12 
-12 207+45 

-33 
/S 0 799+0.038 · -0.036 1 132+1.324 

· -0.534 
/q 1 1 349+o.044 

· -0.038 
Radius (Gev-1

) 49.5!~:i 48.O!t~ 
x2/dof 17.9/6 17.6/5 

According to the model presented in [83] and [84] this scenario involves the sudden break­

up of a quark-gluon plasma fireball - the non-equilibrium of light non-strange quarks being 

more pronounced if hadronization is a sudden process on the time-scale of chemical quark 

equlibration. 

In Figure 4.16b, taken ove. a larger chisquare range than Figure 4.16a, we see that the con­

vergence to a minimum is very sharp , as would be expected for a sudden process. This is also 

shown in the insert plot in Figure 4.16b in which the chisquared value is plotted as a function 

of rq· 
From the table we see a significant lowering of the freeze-out temperature from the main fit 

result in Table 4.2 although, with much larger error bars. 

Comparing the ratio ~ for both fits we find; ~ = 0.592 with 1q free and, ~ = 0.799 with 1q 
7q 7q 7q 

fixed to one. 

The overabundance of the light phase space occupancy, rq > l, could arise due to the effect of 

gluon fragmentation and early chemical equilibration in a QGP phase. According to (84], this 

is expected from a high entropy phase and high value for \~:~a;:} (= 16.1 GeV for our analysis). 
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4.4.5 Comparing Multiplicities from a Hadron Gas containing Strange 
Particles up to ±1, ±2, ±3 respectively 

Table 4. 7 compares the fit results for SPS Pb - Pb collisions for a hadron gas containing 

lstrangenessl = 1, 2, 3 respectively. Table 4.8 compares the fitted multiplicities for the three 

cases. 

Table 4.7: Sutnmary of fit results for Pb- Pb (NA49) for jstrangenessl = 0, 1, 2, 3. 

Parameters at freeze-out With S up to ±1 With S up to ±2 With S up to ±3 
T (MeV) 157.3~:S:g 156.3~t~ 156.l~t~ 
µB (MeV) 209+14 

-13 228+12 
-12 228+12 

-12 
'Ys 0 702+0.056 · -0.054 o 801+0.001 · -0.036 0.799~8:~ 

Radius (Gev-1) 49.~U 49 4+2-1 
· -2.1 49 5+2-1 

· -2.1 
x'''fdof 11.3/3 17.8/6 17.9/6 

<entropy> Ge V 34.4 30.5 30.5 
~baryon~ 

1.1 1.0 1.0 energy GeV 
(narticle) 

Table 4.8: Particle multiplicities for Pb - Pb (NA49) for jstrangenessl = 0, 1, 2, 3. 

Multiplicities With Sup to ±1 With S up to ±2 With Sup to ±3 
(7r+ + 7r-)/2 569.4 555.3 555.1 

K+ 85.96 95.21 95.60 
K- 57.42 59.40 59.49 ' 

Kj 71.30 77.18 77.26 
p 144.1 151.7 151.8 
p 11.63 9.518 9.422 

<P 6.232 7.523 7.460 
~- 3.863 3.859 -.... 
=- 0.7573 0.7580 .... 
A/A 0.1225 0.1058 0.1072 
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While there is very little difference in the best-fit parameters and the x2 value between S = ±2 

and S = ±3, differences with S = ±1 are more pronounced. In particular we note the higher 

freeze-out temperature and the lower µB for S = ±1. Practically consistent across all three 

cases are the values for (energy)/ (particle) ~ 1.0 GeV and (entrO'J)'J)) / (baryon) ~ 30.1 GeV 

(average value). 

Notable observations in Table 4.8 are: 

• the lower kaon and </> values and, 

• the higher p and A/ A values obtained for S = ±1, 

• a slight increase in the K+ / 1r+ ratio going from left to right across the table. 

4.4.6 Parameters at Freeze-out for WA97 Pb-Pb 

Table 4.9 shows the fitted results obtained by model calculations for the WA97 collaboration 

for Pb-: Pb collisions. As mentioned, the WA97 experiment uses the same beam and fixed 

target as in NA49. However, only a limited kinematical region is available, about one unit of 

rapidity centred at midrapidity. The results are compared with those obtained in [70]. 

By fixing T and µB to the values obtained for Pb - Pb (NA49) in Table 4.2 and, adjusting 

'Ys and V, we are essentially using 'Ys and V as an overall normalizing combination keeping in 

mind that 'Ys is the factor measuring the deviation from complete strangeness equilibrium in a 

volume, V, in which strangeness is conserved. A x2 /dof = 27.8/5 is obtained. This compares 

well with the result in [70] in which T, µB, and 'Ys have been fixed to the values obtained for 

their NA49 fit while only V has been adjusted (i.e., an overall normalizing volume). The x2 

result obtained for the latter is x2/dof = 28.9/6. 

The greatest contributions (29.7% and 26.4%} to the x2 value in our fit comes from A and A 

respectively. 

The high value of the x2 strengthens the contention that a statistical-thermal analysis is not 

able to reproduce data in a limited kinematical window and in full phase space at the same 

time without resorting to a more detailed dynamical model (see [70]}. 
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Table 4.9: Comparison between measured particle multiplicities in central Pb- Pb collisions, WA97, 
and model calculations. The particle contributions to x2 are also shown. 

Multiplicities Measured [126] Calculated Contribution to x2 Calculated in [70] 
h- 178±22 197.5 0.86 207.9 
K~ 21.9±2.4 27.87 4.74 23.66 
A 13.7±0.9 11.11 6.38 15.58 
A 1.8±0.2 1.259 8.08 1.543 

=- . 1.5±0.1 1.645 2.22 1.251 ..... 
s+ 0.37±0.06 0.3449 0.17 0.2354 

n-+n+ 0.41±0.08 0.2731 2.76 0.1662 
x2/dof 27.8/5 28-.9/6 

<entr=> GeV 29.1 
~baryon~ 

0.98 energy GeV 
foarticle} 

4.4. 7 p to p Ratio at the SPS and RHIC 

Antibaryon to baryon ratios provide a very sensitive measurement of the net baryon density at 

midrapidity. The reaction mechanism between heavy ions at high energies as a function of .js 

is expected to evolve in the following way: 1) complete stopping for lower ../s - baryons from 

the colliding nuclei are shifted from beam to midrapidity where a significant baryon density is 

found- through to the other extreme, namely; 2) full transparency, the Bjorken limit, at higher 

.js - baryons froin the colliding nuclei are shifted from beam rapidity but midrapidity is devoid 

of primordial baryons [100]. A central region consisting of almost zero net baryon density but 

high energy density opens between the colliding fragments. 

For central Au - Au collisions at RHIC it is estimated that about 2/3 of midrapidity protons 

come from baryon creation via string fragmentation, and about 1/3 come from baryon transport 

processes whereby the initial baryons from the colliding nuclei are transported over 5 units of 

rapidity to the midrapidity region [97]. A dramatic increase in the p/p ratio is observed in 

going from SPS ( ../s = 17 Gev) to RHIC ( ../s = 130 GeV). Our model calculations yield the 

following results for p/p: 

p/p (SPS) - 0.062 

p/p (RHIC) - 0.617. 

(4.12) 
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Figure 4.16: Midrapidity p/p ratios measured in central heavy-ion coilisions (filled symbols) 
and p + p collisions (open symbols) {90}. 

The dependence of the p/p ratio as a function of vs is shown in Figure 4.17. The limiting 

value for a baryon free region is p / p = 1. 

Although significantly below unity, the ratio at RHIC is much higher than the ratio at the SPS 

or the AGS. This indicates that, at RHIC, a system with a much lower net baryon density 

is created at midrapidity. Gluon dynamics are expected to dominate particle production for 

central rapidity at RHIC [97]. 

The rapidity dependence of the p/p ratio for Au-Au collisions at RHIC - indicating the balance 

between baryon number transport to the central region and antibaryon pair production - has 

been shown in the BRAHMS collaboration where it decreases from mid to forward rapidity, 

suggesting that there is still a significant contribution from participant baryons over the entire 

rapidity range and the full transparency of the Bjorken model has not yet been achieved [100]. 

Also reported by the BRAHMS collaboration is the 1r- j1r+ ratio which is found to be close to 

unity over the same rapidity range as the p/p ratio [100]. 

It is shown in [97, 100] that there is no significant dependence of antibaryon to baryon ratios 

on transverse momentum or centrality for Au - Au collisions at RHIC. 
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4.4.8 Improved A/ A Ratio for NA49 

We present an improved estimate for the A/ A ratio based on recent results in [127, 128] from 

the NA49 experiment at CERN's SPS for Pb - Pb collisions of 158 GeV /c per nucleon. 

The A multiplicity has been calculated by finding the area under the Gaussian in Figure 4.18. 

The A multiplicity has been found from Figure 4.19. 

·A/A (previous estimate [72]) - 0.2 ± 0.040. 

A/ A (new estimate) - 0.130 ± 0.016. (4.13) 

A fit using our new estimate yields the freeze-out parameters given in Table 4.10. 

Table 4.10: Fit results at the SPS for Pb - Pb collisions using previous and new estimate of A/ A. 

Parameters at freeze-out Previous fit New fit 
T (MeV) 156.l~t~ 156.2~2:4 
µB (MeV) 228+12 

-12 226+11 
-10 

"Is 0 799+0.038 · -0.036 0 794+0.036 · -0.035 
Radius (Gev-1) 49 5+2-1 

· -2.1 49 5+2-1 
· -2.1 

(ene~gy} { Ge V) 
(narticle} 1.04 1.04 

x2/dof 17.9/6 14.4/6 

From the table we see a significant lowering of the chisquared value but, very small or no 

changes to the parameters from our previous fit. 

The increase in A/ A from SPS to RHIC, as with p/p, reinforces what has been stated earlier, 

namely; at RHIC (A/A= 0.73 ± 0.03) we have a region of lower net baryon number than at 

the SPS. 

It is also found that the A/ A ratio is higher than the p/p ratio by about 8% in central collisions 

and by about 20% in very peripheral collisions at RHIC [97]. 
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4.4.9 Chemical Freeze-out in the T- µs plane 

The points in Figure 4.20 are the chemical freeze-out points plotted in the T - µB plane, i.e., 

when the number-changing inelastic collisions cease and the particle abundancies are frozen in. 

The strangeness neutrality condition, (S) = 0, shown to be appropriate in heavy-ion colli­

sions, has been used to eliminate the dependence of the thermodynamical observables on the 

strangeness chemical potential. A lower µB indicates a lower net baryon number (the central 

region consisting mainly of mesons) hence a greater symmetry between quarks and anti quarks. 

From the figure we that a lower µBis accompanied by a higher temperature, i.e., a lower baryon 

number in the central region corresponds to greater energy. 

Results for SIS Ni - Ni and SPS Pb- Pb 40A GeV are given below. 

~ bl 4 11 S a e ummarv o f fit resu s or i- i co SlOilS. lt £ SIS N. N. lli . 

Ni- Ni (SIS) 
AGeV 0.8 1.0 1.8 1.93 

T (MeV) 47 ffrl-U . -1.1 53 o-rl.~ 
·-1.4 66 5-t-l-4 

. -1.6 
71 2;-0.U 

• -6.1 

µB (MeV) 821::'.:16 800::'.:fs 735-t-0 -4 733+n -10 

'Ys 1 1 1 0.645 
Radius (Gev-1) 20 20 20 20 

x~ 1.3E-7 2.2E-lU 1.6 3.5 

Table 4.12: Summary of fit results for SPS Pb- Pb 40A GeV. 

Pb- Pb 40A GeV Preliminary (SPS) 
This Analysis without A From [107] 

T (MeV) 156.3~~:g 156.3~t~ 149.3±2.4 
µB (MeV) 379+11 

-10 
361 -rl1.4 

-8.8 µB/T = 2.637 ± 0.068 
"( 8 0.872::'.:ci:~ o. 122::'.:0:M¥ 0.822±0.058 

Radius (Gev-1) 35.3::'.:i:~ 37.0~t~ 
x2 /dof 65.1/3 22.3/3 13.5/3 

For Pb - Pb 40A GeV we see that the x2 
/ dof is higher than that obtained in [107] and drops 

substantially with the exclusion of A without a great change in the parameter values. The data 

is preliminary and more stable parameter values with a lower x2 and greater consistency across 

different thermal model analyses is expected later. 
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Figure 4.20: Fitted temperatures and baryon chemical potentials plotted together with a curve 
of constant energy per hadron and of constant total baryon density. 

4.4.10 Universal freeze-out conditions 

Two independent suggestions for a unified description or interpretation of the chemical freeze­

out trajectory in the T - µ 13 plai,~ proposed. in recent times, are discussed. here. 

The first (reference [129)) suggests that the particle freeze-out occurs at a fixed energy per parti­

cle, (E) / (N) ~ 1 GeV, while the other (reference [130)) differs significantly in its interpretation 

by suggesting that the total baryon plus antibaryon density nb = 0.12/fm3. 

Energy per Particle at Freeze-out 

We see from the phenomenological (E) / (N) curve in Figure 4.20 that the energy per particle at 

chemical freeze-out remains practically constant which strengthens the conjecture that hadrons 

freeze out with an energy of approximately 1.0 GeV. This is also seen in Table 4.5. The 

ratio (E) / (N) depends on only two thermal parameters; the temperature, T, and the baryon 

chemical potential, µB. 

At low T (T ~ 50 MeV), too low for the prescence of pions, and with the system consisting 
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only of nucleons, a theoretical prediction can be made for SIS energies. We find in what is 

essentially a non-relativistic regime that 

lim (E) -
T--+0 (N) ffiN + .._.,.,, 

mass of nucleon 

3 
- mN + 2T 

KE .._,,,..,. 
kinetic energy of an ideal gas 

- 940 MeV + (~ x 50) MeV 

- 1015 MeV 

- 1.015 GeV (4.14) 

From the model we obtain (E) / (N) = 0.960~8:8~! at a freeze-out temperature of 49.6:!:}g MeV 

for Au - Au 1. 7 A Ge V collisions at SIS. 

(E) / (N) :::::: 1 is found to be a fairly robust and model independent condition. 

Constant Total Baryon Density 

The interpretation of the freeze-out trajectory taking place at constant total baryon density 

implies the following physical picture: chemical freeze-out takes place at a critical baryon 

density through baryon-baryon and baryon-meson interactions. 

The actual value of nb = 0.12/fm3 depends on the fact that in [131] excluded volume corrections 

'll"e introduced based on repulsive hadron-hadron interaction:., 

In the next chapter we compare the chemical freeze-out trajectory obtained via our model 

calculations to a phase boundary curve obtained from calculations using a bag model. 



Chapter 5 

The Phase Transition and Chemical 
Freeze-Out 

"The central assumption of the quark-bag approach is that inside a hadron 

where quarks are found, the true vacuum is displaced or destroyed and 

coloured particles propagate easily. One can turn this point around: 

quarks can only propagate in domains of space in which the true 

vacuum structure is absent." [132] 

"Bag" models offer a schematic yet attractive way of incorporating quark confinement, whereby 

quarks (and more generally, all coloured particles) are confined to small regions of space, into 

hadronic structure calculations since QCD is too complicated from which to obtain simple 

analytical solutions [133). 

A variety of bag models have been developed and discussed in the literature (for example, see 

[134]). 

In this chapter we apply ideas based on the M.I.T.-bag model [135), [136] to compare the phase 

transition from a quark-gluon plasma to a hadron gas in heavy-ion collisions, to a chemical 

freeze-out curve obtained by using a model which conserves strangeness exactly for results in 

central Au - Au, Pb- Pb and Si - Au collisions presented in the preceding chapter. We look 

at both the phase boundary and chemical freeze-out in the T - µ B plane. 

The M.I.T.-bag model is based in a simple way on two fundamental features of QCD namely; 

aymptotic freedom and, confinement. In the model, hadrons are bubbles in the vacuum in 

73 
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Figure 5.1: Schematic presentation of the {M.I. T.} Bag Model. 

which freely moving quarks are confined and interactions are neglected or treated to lowest 

order perturbation theory. Outside the bag, quarks or gluons (single colour charges) cannot 

exist as free particles [137). 

The motion of the quarks in the bag gives rise to a Fermi pressure [138) which would cause the 

bag to expand. To counteract this, the vacuum would have to exert an external pressure on the 

bag. A constant vacuum (or "bag") pressure, B, with units of energy density is introduced to 

parametrize confinement effects. That is, B guarantees confinement. Limits on the value of B 

have been estimated phenomenologically usually from fits to the hadronic mass spectrum such 

as in [139)-(141) or, from sum rule considerations [142). 

To find the phase boundary between the hadron gas and the quark-gluon plasma, we first need 

to consider conditions necessary to maintain a state of equilibrium between the phases. 
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5.1 Criteria for Phase Equilibrium 

Stability of the bag depends on maintaining equilibrium between the pressures inside and, 

outside the bag. The Gibbs coexistence criteria prescribes the equilibrium conditions for two 

phases consisting of identical particles. These are; the equalities of pressure and temperature 

between both phasess '[143]. 

In the case of a quark gluon-plasma (QGP) and hadron gas (HG) which are in equilibrium: 

PQGP - Pna (Mechanical Equlibrium) 

TQGP - Tna (Thermal Equilibrium} (5.1) 

We consider the baryon content of the system which consists partly of quarks and partly of 

nucleons. The number, NB, of baryons from the quark-gluon component is 

B 1( Q Q\ NQGP = 3 N - N ) ' 

where NQ and NQ are the number of quarks and antiquarks respectively. 

The number of baryons from the hadron gas component is 

N}:G =I: NiBaryons = (NB - N°B). 
i 

The conservation of total baryon number implies that in the mixed phase 

Therefore, 

so that, 

!d (NQ - NQ)= -d (NB - N8 ) 
3 ________... ________... 

QGP HG 

or, 

a baryon consisting of three quarks. 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

(5.7) 
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To find a relationship between the chemical potentials of the quarks and baryons at phase 

equilibrium, we start by substituting the first law of thermodynamics, 

dE = TdS - PdV + µdN, (5.8) 

into the Gibbs free energy, 

G(T,P,N) = E-TS+PV, (5.9) 

thus, obtaining: 

(5.10) 

By minimizing the Gibbs free energy at fixed temperature and pressure, we derive the condition 

that 

QGPdNB HGdNB o 
µB QGP + µB HG = (5.11) 

which, with equation 5. 7 from the condition that baryon number is conserved in the mixed 

phase, we obtain: 

3 QGPdNB HGdNB 
- µB HG + µB HG = Q. (5.12) 

Therefore, 

µ
QGP _ !µHG 
B - B 3 

(5.13) 

The condition for mechanical equilibrium can thus be written as 

(5.14) 

In plotting the T - µ8 phase boundary, Twill be calculated by fixing µB and using the above 

condition for pressures. 

Before this, however, we examine expressions for pQGP and pHG in closer detail, including the 

addition of the bag constant, B. 

5.2 Pressures in the Two Phases 

5.2.1 Pressure of the Quark-Gluon Plasma 

The pressure of an ideal Fermi or Bose gas is given by 

T 
P= VlnZ. (5.15) 
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In the bag model an additional term, containing B, is added to describe the ground state shift 

from the physical vacuum into the perturbative QCD vacuum inside the bag and is written as 

ln Zvacuum = - BV /T (5.16) 

or, 
T 
V 1n Zvacu.um = - B • (5.17) 

Since we are treating ·quarks and gluons as ultra-relativistic ideal Fermi and Bose gases respec­

tively, the pressure of the quark-gluon plasma is therefore 

T 
PQGP = V lnZQGP - B. (5.18) 

. i lnZ can be calculated exactly (see [138]) and written in closed form (restricting ourselves 

first to non-strange quarks) as 

T 1r
2 

rTi4 1 ( 7 2 4 2 2 1 4) V lnZQGP = 
45

Ngl - + 6NcNq 
30

1r T + µqT + 
2

7r2 µq , 

where 

Ng - Number of gluons 

Ne - Number of colours 

Nq - Number of light quark flavours 

µq non-strange quarks µB - µb =-
3 

so that, 

With 

Ng - N!lours - 1 = 8 (for SU (3)) 

the pressure can be written as 

81r2 T4 
45 ........_...., 

gluon contribution 

Nq l 7 4 15 ( )2 1 4)] + - - (1rT) + - µ (1rT + -µ 151r2 4 2 q 2 q 

re th;;::;;;;;r;;;;;ribution finite density contribution 

non-strange quark contribution 

(5.19) 

(5.20) 

(5.21) 

(5.22) 

-B. (5.23) 
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Strange quarks may be added in a similar way to yield: 

(5.24) 

where NS = l for the number of strange quarks flavours and, µs = 0 for exact strangeness 

conservation (s = s). 

Perturbative Corrections to PQGP 

In this section we consider as order thermal QCD corrections. This can be introduced into 

equation 5.24 as c1 , c2 and ca in the following way, [144], [145], and following the notation in 

[146]: 

(5.25) 

where 

15as 
C1 - 1--+··· 

471' 
50as 

C2 - 1--+··· 
2171' 
2as 

(5.26) C3 - 1--+···. 
7l' 

The QCD coupling constant, as (µ), is given by 

L = In ( M 2 
/ A 2) , (5.27) 

A=QCD Scale Parameter 

for the two-loop approximation and, by 

2 
as~---=, 

boL 
(5.28) 

for the one-loop approximation, 



5.2. PRESSURES IN THE TWO PHASES 

where 

bo -
11 - 2N1/3 

21r 
51-19N1/3 

47r2 
, Ni= number of flavours. 
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(5.29) 

Choosing an energy or momentum scale, since, in QCD with the introduction of loop ap­

proximations, the coupling constant becomes scale dependent and the whole idea would be to 

minimise this or subsume it into the scale parameters, we set the scale (based on the Matsubara 

frequency), M [145], [146], by 

to relate the QCD scale to the temperature. 

Mass Correction due to Strange Quark Mass 

Starting with the expression for the pressure of a fermion, 

where 

we differentiate P to obtain, 

P' (T, µ; 0) 

making, 
dt t = 1 + e-Y±µ/T => In (t - 1) = -Y ± µ => dY = ---

t - 1 

(5.30) 

(5.32) 

(5.34) 
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Therefore, 

where f(x) in 5.35 is the Spence Dilogarithm function as defined in [147] i.e., 

I
x Int 

f(x) = - -dt. 
t-l 

I 

with (among other) the following identities: 

so that, 

P' (T,µ; 0) 

1 
f(x) + !(-) 

X 

f (x) + f(l - x) 

(5.36) 

(5.37) 

(5.38) 
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Therefore, 

for one colour, order m 2 corrections. 

Energy Density of the Quark-Gluon Plasma 

The pressure of the QGP has the form 

while the energy density of the QGP has the form 

Therefore, 

a a 
f.q - -Pq +T 8TPq + µ

0
µPq 

- -aT4 
- bT2µ2 

- cµ4 + B 

+4aT4 + 2bT2µ 2 

+2bT2µ2 + 4cµ- 1 . 

f.q = 3aT4 + 3bT2µ 2 + 3cµ4 + B. 

If a= a(T, µ), b = b(T, µ) and c = c(T, µ), then 

f.q = [ 3a + ( T ;; + µ :: ) ] T
4 

+ [ 3b + ( T: + µ !! ) l T2 
µ

2 

~ [ 3c + ( T: + µ :: ) ] µ
4 + B 

For comparison with lattice results we setµ= 0. With a= a(a8 (T, µ)) 

(T!_ + µ.i_) a 
8T 8µ 
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(5.39) 

(5.40) 

(5.41) 

(5.42) 

(5.43) 
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(for the two-loop case) 

from renormalization group 

(for the one-loop case). (5.44) 

(5.45) 

· Therefore, 

aa 8 15 nq 7 50 ns 7 50 
-------------
80.s 4571" 4 1571" 4 21 1571" 4 21 

(5.46) 

Comparison with lattice results for both PQ/T4 and €Q/T4 are shown in Figure 5.2. As can be 

seen from the plots, the quark side pressure, which is used to establish the equilibrium condition 

in the construction of the phase boundary, follows the trend of the lattice points well, whereas 

with the quark side energy density it is well known that perturbation theory does not do a good 

job near the critical temperature (see for example [150]) and this is the case in the €Q/T4 plot. 

Quasi-Particle Models (for example, [148]) do a better job with €Q but, are basically restricted 

to, and not successful in extending it significantly away from µ8 = 0. Consequently, they are 

not successful in determining the phase boundary. 
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Figure 5.2: Comparison of model plots u·ith lattice points (from (149] and {150/ respectively) for 
P/T4 and t/T4 (3 flavours). 
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5.2.2 Pressure of the Hadron Gas 

The hadron gas is c~nsidered here as an ideal gas of pions, nucleons and antinucleons, taking 

into. account all resonance decays and particle widths. 

The pressurP of a species in a weakly interacting gas with g internal degrees of freedom and 

chemical pot3ntial, µ, can be expressed in terms of its phase space distribution (or occupancy) 

function, f (p) [151], as: 

p 9 J IPI f(---+)d3 = (21r-)3 3E P P, (5.47) 

where E 2 = IPI + m 2 and f(p) is given by 

f (p) = [exp ((E - µ) /T) ± 1r1
, (5.48) 

that is, by the Fermi-Dirac (+1) or Bose-Einstein (-1) distributions for the species in thermal 

equilibrium. 

The total pressure of all species in equilibrium in a hadron gas can be expressed in terms of 

the temperature, T, at chemical freeze-out as 

(5.49) 

Inclusion of Interactions in the Hadron Gas 

In Figure 5.3 we see the results of balancing the pressures for the hadron gas and the quark gluon 

plasma in the T - µB plane for different values of the bag constant. For higher temperatures 

we see the contours curling up, contrary to expectation. This clearly shows that what we have 

in terms of the (hadron) pressure is not sufficient to construct a phase boundary curve, and 

that our initial assumptions will have to be re-examined. 

To unravel the issues concerning the hadron gas pressure we first assume: 

( i) non-relativistic kinematics, 

(ii) statistics in the limit of Maxwell-Boltzmann, 

( iii) the baryons and mesons can in some average sense be represented by a particle of mass (M 

for baryons and m for mesons in the equations which follow) with degeneracy ( G for baryons 

and g for mesons overleaf). 
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So for an ideal hadron gas we have that 

PHo (T, µ) =PMo (T) + PBo (T, µ) (5.50) . ,..____., ...._,.-, 
Mescm.s Barycm.s 

where 

PMo (T) - Tg (;;) 
312 

e-m/T, and 

PBo (T,µ) - TG ( ~:f12 
e-M/T [eµ/T + e-µ/T]. (5.51) 

We see that with T fixed, increasingµ increases PBo• Moreover, the growth is exponential. 

Since the quark-gluon plasma pressure, PQaP(T, µ), is only polynomial in T andµ there will 

be no phase transition beyond a certain µ contrary to the expectation that, even at T = 0, one 

can compress nuclear matter so much that nucleons lose their identity and a QGP forms. 

What suggests itself is, that as µ increases, the neglect of interactions is no longer justified. 

To see how interactions can be included so as to achieve the expected behaviour, we follow the 

prescription of Olive [152]. In our interpretation we start with a potential based on the grand 

canonical potential, but including interactions, by writing it as 

(MT) 312 
1 n (T, µ; n) = TG 21r e-(M+Kn)/T [eµ/T + e-µ/T] + 2Kn2 (5.52) 

where Kn is an additional repulsive mean field interaction term proportional to the density, 

added so that the density, and therefore _the pressure, does not rise as fast. Davidson and Miller 

et al [153] have also done work including the Kn term based on the mean-field approach in 

[152] and [154]. 

If one starts with the generalised two-body potential 

(5.53) 

and the potential due to all other particles in the system 

(5.54) 

and, if n ("1) = n, i.e., the system is homogeneous, then 
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- Kn. (5.55) 

Equation 5.52 will be consistent with the thermodynamic identities, e.g. 

(5.56) 

if f 

an= 0 
8n ' (5.57) 

i.e. 

Ps (T, µ) = n (T, µ; n)lextremised (5.58) 

with 

: = K [n -TG ( ~:)'!' e-(M+K•)/T [eµfT + e-µfT] l. (5.59) 

Therefore, n is a solution of the self-consistent equation ( after setting Equation 5.59 equal to 

zero) 

(5.60) 

where n0 is the ideal gas number density. 

To see the effect we can write the self consistent equation as 

!!_ = exp (- ( K no) !!_) , 
no T no 

(5.61) 

or, 

x = e-yx (5.62) 
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Figure 5.3: Phase Boundary Curves for different values of B but, with no interaction terms in 
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but not including QCD corrections. 
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A comparison of the phase transition curve with the chemical freeze-out curve will reveal 

whether chemical freeze-out, when the particle abundances are fixed, occurs in the quark-gluon 

plasma or the hadron gas. It will therefore tell us which phase the freeze-out parameters are 

conveying information about. 

Figure 5. 7 shows the phase boundary obtained by using the preceding arguments including 

QCD corrections to PQGP· 

For the phase boundary Tc (µBcriticat) in the T- µB plane, the critical value for the temperature, 

Tcr (µ8 = 0) = 166 MeV, was chosen around T = 160 MeV (which corresponds to the universal 

slope parameter governing transverse momentum spectra in hadronic reactions [24], [156]). 

As we see in Figure 5. 7, the phase boundary is clearly above the freeze-out curves discussed in 

Chapter 3, until about the Pb - Pb SPS point. In the region between the phase transition and 

chemical freeze-out, we find the interacting thermalized hadron gas in which reactions between 

hadrons are in chemical equilibrium. This forms an intermediate phase between the break­

up, or hadronization, of the expanding QGP fireball and, the temperature at which chemical 
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interactions cease and particle abundances are fixed. 

At higher temperature and lower µ 8 (that is, lower baryon density) the intermediate region 

becomes smaller. There is a smaller difference in temperature between hadronization and 

chemical freeze-out since chemical interactions between hadrons cease faster because of their 

lower density. 

On the plot the Au - Au RHIC points fall in the QGP as well as (within error) on the energy 

density curve of 1.0 GeV per nucleon and, the total baryon plus antibaryon density curve of 

nb = 0.12/ fm3. In the regime that the chemical freeze-out curve lies above the phase boundary 

curve, freeze-out happens in the QG P and freeze-out parameters obtained give us information 

about the plasma phase. 

In this scenario equilibrated chemical reactions take place in the expanding QGP fireball as long 

as their reaction rates exceed the expansion rate. When the expansion rate becomes greater, 

chemical equilibrium ceases and chemical freeze-out occurs. Kinetic interactions continue in 

equilibrium. When the temperature cools below the critical temperature, the fireball undergoes 

hadronization. 

Different mechanisms for hadronization after the QGP cools below critical temperature have 

been suggested by various authors (for example, see [157], [158]). 

5.4 Conclusion 

Phase transition curves obtained based on the M.I.T.-bag model including QCD corrections 

and using exact strangeness conservation, compared to chemical freeze-out discussed previously, 

has shown that, in the high temperature low µB regime of Pb - Pb collisions at SPS energies 

and beyond, the possibility of producing a QGP and, of chemical freeze-out happening in the 

plasma phase. Freeze-out parameters obtained in this case using a statistical-thermal model 

will therefore convey information directly about the quark-gluon plasma phase. 



Chapter 6 

Summary Review: Perspectives on 
Particle Production 

A summary and review of freeze-out and hadronization 

in the context of our thermal model follows. 

Thermal modelling of particle production has been very successful in reproducing particle ratios 

in nucleus-nucleus collisions [159]. Since thermal models use statistical weight factors very few 

parameters are needed to describe the freeze-out stages of the produced system. 

In high-energy collisions the interactions of the produced particles in the final state hadron 

gas determine the dynamical evolution of the system [161]. So, for elementary collisions, few 

particles are produced compared with A - A collisions, and, therefore, not many final state 

interactions between the produced particles are likely. The particles decouple or "freeze-out" 

from the system soon after being produced, whereas for A-A collisions the density of produced 

particles is sufficiently large over an extended region of space-time such that their mean free 

path length decreases. The result is that many final state interactions occur which drive 

the system towards local thermodynamic equilibrium, i.e., thermal, mechanical and chemical 

equilibrium, with freeze-out occurring when microscopic interaction rates become smaller than 

the macroscopic expansion rate of the system [161]. 

As pointed out, for example, by Heinz [160] and Rischke [161], at CERN SPS energies and 

above, it is found that the chemical freeze-out temperature is higher than the kinetic freeze-out 

temperature. If one considers that chemical equilibrium involves frequent inelastic collisions 

and freeze-out occurs when these collisions cease and particle abundances are "frozen in", we 
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ratios/abundances determine the temperature at chemical freeze-out. This occurs earlier, i.e., 

at a higher temperature than kinetic equilibrium which only involves elastic collisions - kinetic 

freeze-out occurring when these collisions cease. The extraction of a temperature from singl&­

inclusive spectra assumes only kinetic equilibrium (158]. 

For a system in chemical equilibrium the possible values of µi are determined by the overall 

chemical potentials for: baryon number (µB), strangeness (µ8 ), and charge (µq). 

Global conservation of baryon number, strangeness and charge impose additional constraints -

the isospin asymmetry in the initial state fixes µq and strangeness neutrality eliminates µ 8 [68]. 

The abundance of particle species in equilibrium hadronic matter can thus be fully described 

by only two independent parameters, namely; the temperature, T, and the baryochemical 

potential, µ8 • Values for T and µ8 are extracted from a thermal model using a x2 analysis. 

Additional parameters which depend on particular strategies of various authors to perform such 

an analysis, such as; hard-core repulsion between hadrons [159, 160], relaxing the assumption 

of strangeness equilibration [161, 44], exact strangeness conservation in a canonical ensemble 

(105] - can be introduced without fundamentally changing the underlying assumptions (158]. 

At chemical freez&-out all the hadronic resonances decay into the known branching ratios, 

Ni+ = E NP Br ( i -+ j+), and we have to take into account hadronic resonance masses and 

decay widths. 

An interesting question, though, is the possible influence of in-medium effects on hadronic 

properties as most fits assume tha~ the hadronic masses and decay widths at chemical freez&­

out are the same as in a vacuum. Modifications of mass due to in-medium effects have been 

studied in the context of a chiral model for Pb - Pb collisions at the SPS where it was found 

that masses generally decrease at high temperature and density (162]. 

In the broad range of energy from SIS/GSI through AGS/BNL up to SPS/CERN and RHIC/BNL, 

experimental data on particle yields in nucleus-nucleus collisions are well described within the 

statistical approach taken in this work. We point out, however, that following convergence 

difficulties similar to those encountered in [70], we were unable to resolve an additional point, 

namely, the AGS Au - Au 11.6A GeV point within reasonable bounds. Freez&-out param­

eters were eventually found in [70] (T = 121.2 ± 6.3, µB = 558 ± 21 and T = 130.6 ± 9.4, 

µ8 = 594 ± 56)MeV from two different analyses. 
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A common feature to all theses points for all combinations of T and µB, as noted by Cleymans 

and Redlich, is that the average energy/particle~ l GeV [110]. 

This can be intuitively understood as setting the energy scale below which inelastic collisions 

cease and chemical equilibration becomes impossible [158]. 

An alternative to this description of the freeze-out trajectory has been given in terms of a con­

stant total baryon plus antibaryon density (nb = 0.12/ fm3) by Braun-Munzinger and Stachel 

[130]. In this pictur~ chemical freeze-out occurs at a critical density through baryon-baryon 

and baryon-meson interactions. 

Both the above descriptions have been investigated in Chapter 4 and compared with results 

from our model calculations. This is shown in Figure 4.20 and again in Figure 5.7. 

In Chapter 5 we have shown that, in the high temperature low µB regime of Pb-Pb collisions at 

SPS energies and beyond, the possibility of chemical freeze-out happening in the plasma phase 

using bag model calculations incorporating QCD corrections. Chemical freeze-out parame­

ters obtained in this scenario from statistical-thermal modelling will thus convey information 

directly about the quark-gluon plasma. 



Appendix A 

Exact versus Grand Canonical 
Treatment 

The overestimation of anti-H e3 by seven orders of magnitude in proton-proton collisions when 

using the grand canonical ensemble in its standard form, pointed out by Hagedorn in 1968 

[163], is due to the fact that, because of the small volume and small number of particles, one 

has to take into account the production of three accompanying nucleons with energy, EN, in 

order to conserve the baryon number. Instead of the particle abundance being proportional to 

the usual Boltzmann factor, i.e., 

N- ~ exp (-"7i;a) 
. He3 T ' (A.l) 

it is proportional to 

NH a~ exp (-"7i;a) [v/ d
3

p e-!!,JL]
3 

e T (21r)3 (A.2) 

Thus, one obtains a cubic volume dependence and a suppression of the production. 

In what follows, similar treatments are considered for a p, p gas in order to demonstrate the 

conditions under which the grand canonical approach can be used in its standard form. The 

same is then considered for heavy-ion collisions at the SIS, AGS, and the SPS. 

A.1 In a p, p Gas 

The effect of imposing exact baryon number conservation in the statistical description of a 

free point-like proton-antiproton gas is investigated and the results compared with a grand 

canonical treatment where baryon number holds only as an average over many ensembles. 
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We begin by constructing partition functions, which tell us how the particles in the gas are 

partitioned or split between the different energy levels, for the two cases above. 

A.1.1 Partition function for the Exact case 

The partition function with total baryon number, B, can be written as 

ZB = 
2
~ fo2

1r d'I/J~-iB1/J exp { Zf ei1/J + Zf e-i1/J} (for example, see, (33], [76], (164]). (A.3) 

For vanishing overall baryon number (baryans - antibaryans), B = 0, equation A.3 becomes 

1 /27r { . - . } 
Z B=O = 

2
,r lo d'I/J exp Zf e'1P + Zf e-,1/J . 

where Z1 (T, V) = V f cg:ya e-~ is the single-particle partition function. 

We can expand each factor in a power series using 

oo An oo Bm 
exp{A+B}=I:-1 1:-

1
, 

n=O n. m=O m. 

and write the partition function (Equation A.3) more explicitly as 

21r oo p n oo ZP . ( -)m 
ZB = _..!:_ [ d'I/Je-iB1/J L (Z1/ L I I ein1/Je-im1/J, 

2,r lo n=O n. m=O m. 

or, integrating over 1/J 

oo .zr oo zP 
Z = L -f L --\8cn.m+B) , 

n=O n. m=O m. 

where 

8cn.m+B) = 2~ fo27r ei(n-m-B),pd'I/J. 

Applying this, Equation A. 7 becomes, in terms of the anti proton number, 

z = 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 
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Comparing Equation A.6 with the following Bessel function: 

1 II 00 (¼z2t 
I,, (z) = (2z) E k!r (v + k + 1) (A.IO) 

or, 

(
z)B oo (¼z2t 

IB (z) = 2 ]; k! (k + B)! ' (A.11) 

allows us to equate the following: 

k - m (A.12) 

1 2 -

4z - ZfZf. 

We thus obtain: 

(A.13) 

and, 

(z)B ( -)f 
2 = ZfZf . (A.14) 

Making the assumption that Zf = Zf, 

(A.15) 

Therefore, 

z:xact = 1B (2Zf) . (A.16) 

More generally, if Zf =/ Zf, 

1B (2JZfzf) z:xact = (Zf)8 B 

( Jzrzr) 
(A.17) 

A.1.2 Partition function for the Grand Canonical case 

In the grand canonical case we include the baryonic chemical potentials, µP and /lp, and write 

the partition function in the following way: 

zGC (T V) = exp {v I d
3
p e-~+11} . exp {v I d

3
p e-~+1} . 

' (21r)3 (21r)3 
(A.18) 

proton part ( Zf e f,/-) antiproton part ( zf e ~) 
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A.1.3 Particle Number expressions from zExact and zGc 

We find particle abundances by introducing a fictitious chemical potential· for the conserved 

quantum number and projecting out numbers using the standard grand canonical method, 

namely; 
(N.-) = T az (T, V) 

' Z(T, V) 8~ 
(A.19) 

In the exact case we obtain the following for the number of protons by using Equation A.16: 

For B = 0, 

8/s (2Zf /1) T 

8µp Zs 

zrls+1 (2Zf) 
-

1 Is (2Zf) 

11 (2Zf) 
(Np) = Zf Io (2Zf) . 

(A.20) 

(A.21) 

In the grand canonical case, considering only the proton part and differentiating with respect 

to µp, we obtain 

(A.22) 

Therefore, 

(A.23) 

The expressions for the number of antiprotons can be similarly found. 

In the thermodynamic limit the exact and the grand canonical formulations are equivalent. 

However, for a small system the difference becomes more pronounced. This can be seen in 

Figure A. l where N Exact/ Nee ~ 1 as the radius of the interaction volume of the gas increases. 

We can also see this in the large and small volume limits of the factor, ~: ::~ , which, in the 

exact case, measures the deviation of particle multiplicities from the grand-canonical result. 

As V ~ oo the argument of the Bessel function z ~ oo so that 

li /1 (2Zf) 1 
m '71)) ~ ' v ..... oo 10 (2Lli 

(A.24) 
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and Equation A.21 tends to the grand canonical case, Equation A.23. 

In the limit of a small volume, V --+ 0, we have 

• lim Ii {2Zf) --+ 2Zf (T, V) = Zf (T, V) . 
V-+O / 0 (2Zf) 2 , 

Therefore, 

(A.25) 

(A.26) 

From this we can see that, at fixed temperature and chemical potential, the volume dependence 

in the exact and grand canonical ensembles of the number of particles is as follows: 

N. { V: Vi---+ oo (GC) 
( p) ~ V 2 : Vi---+ 0 (Exact). · (A.27) 

From the foregoing discussion we can see that in the large volume limit both descriptions are 

identical and a detailed investigation of small volumes shows that if the radius of the interaction 

volume of the gas is larger than about 5 fm and/ or the baryon number is larger than about 50, 

finite volume corrections are negligible and it is justified to use the grand canonical ensemble 

(see Figure A.l). 

A.2 In Heavy Ion Collisions 

The exact conservation of strangeness can be taken into account analogously to baryon number 

conservation. 

The effect of the (canonical suppression) factor, ~~~;~, has been investigated in heavy-ion col­

lisions in [105] assuming S = 0, including particles up to lstrangenessl = 1 and, taking into 

account all resonance decays. The suppression factor, measuring the deviation of particle mul­

tiplicities from their grand canonical result, is written as 

(A.28) 

where the argument of the Bessel function, x, is given by 

(A.29) 
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Figure A.I: a} N:zact / Nie ratio and, b} Nfzact / Nj0 ratio as a function of the radius 
of the interaction volume of a proton-antiproton gas with exact baryon number 
conservation for different cases of B. 
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Figure A.2: Canonical Strangeness Suppression factor /108}. 

and K+l stands for the sum of all single-particle partition functions with strangeness plus one: 

(A.30) 

while K_1 stands for the sum of all single-particle partition functions with strangeness minus 

one: . 

(A.31) 

The initial volume of the system has been related to the number of participants using the 

approximate relation V ~ l.911"Apart. Figure A.2 shows the canonical suppression factor, Fs, as 

a function of the argument, x, where x has been calculated at SIS, AGS and SPS energies using 

baryochemical potentials and temperatures extracted from the measured particle multiplicity 

ratios. 

From the figure we see that, at SIS energies, Fs plays a significant role compared with AGS and 

SPS energies where the suppression becomes less relevant and the grand canonical formulism 

suffices. 

For small systems there will always be corrections due to size. 



Appendix B 

Geometrical Model for calculating B 
and Q 

In collisions of two nuclei of different sizes, where the smaller of the two burrows its way through 

the larger, we need some way of calculating B and Q in order to fix the value of the charge 

chemical potential, µQ, by giving the neutron surplus, B/2Q. 

We start by considering Figure B.1 which models the target and projectile by two spheres, and, 

define the following: 

RT - radius of target 

Rp - radius of projectile 

L - length of cylindrical interaction region. 

For a central collision the interaction region is taken to be a cylinder of length, L, plus two 

spherical segments at the ends of the cylinder where 

{B.2) 

as illustrated in Figure B.1. 

In order to calculate the baryon number contained in the cylindrical path of the projectile 

through the target, we begin by calculating the volume contained in the cylindrical path. 

The method we follow is to place a (projectile) sphere at the centre of the target sphere which 

fits exactly into the cylinder. Half the sphere and half the cylinder from the centre, and, in the 

direction of the cylindrical path, are then considered. 

103 
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TARGET 

Figure B.1: Geometrical model of a Projectile nucleus through a larger Target nucleus in a 
central collision. 
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To find the volume of the cylinder we find: a) the volume of the sphere at the centre, by 

integrating over half the sphere and doubling it, b) the volume of the cylinder minus the volume 

of the sphere at the centre, by integrating over half this and doubling it, and c) adding the two 

integrated parts together. 

For the sphere, r is integrated over the limits from zero to Rp, and, for the cylinder minus the 

sphere, from Rp to RT. 

We note that, for r >: Rp, 

to remain in the interaction volume. 

The procedure is carried out below. 

cos(J > 

> 

Rp 1 

✓r2-Ri 
r2 n 

V = 2.21r j r2dr. j dcos(J 
0 0 

volume of sphere at centre 

RT I 

' 

+ 2.21r / r2dr j dcos(J. 
Rp Cil-f 

y1-7 
cylinder-sphere at centre 

(B.3) 

(B.4) 
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The final result of can be related to the mass number, A, by the following relationship: 

where 

1 
R = r0Aa, 

ro = 1.07 fm [165]. 

Therefore 

The total number of participating nucleons or, baryon number, B, can thus be taken as 

and similarly, with the· atomic number 

Z ex R3, 

so that the total charge in the interaction region can be taken as 

(B.5) 

(B.6) 

(B.7) 

(B.8) 

(B.9) 

(B.10) 



·Appendix C 

Resonance Widths 

The usual single-particle partition function, 

assumes stable particles. 

To take lifetimes into account we note that 

J d3pe<-E+µs)/T 

- J d3pe(-✓-r+m2+µs )IT 

- j dsb (s - m2) j d3pe(-v'if+s2+µs )IT_ 

and the representation of the delta function 

l: ( 2) li mr /1r u s-m - m 
- mI'-+0 (s - m2)2 + m2r2 

Relaxing the limit r ~ 0, Z (T, V) becomes 

where n is the normalization such that 

b 

J mr/1r 
n-

1 ds ( 2)2 2 2 = 1 for r =/ 0. 
a s-m +mr 
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(C.l) 

(C.2) 

(C.3) 

(C.5) 
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Figure C.l: Shape of the Breit-Wigner resonance curve. 
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Chapter 1 

The Fireball: A Quark-Gluon Plasma? 

" The structures that can be formed from the interaction of elementary quarks and gluons are, 

at this time, the most fundamental and represent the frontier of challenges to the human 

understanding of nature." [1] 

1.1 Introduction 

The exciting possibility of producing a completely new form of matter and probing key chal­

lenges in physics and the evolution of the early universe, has driven the quest to explore nuclear 

matter under extreme high conditions of energy density and temperature in relativistic high­

energy, heavy-ion collisions. 

The aim is to create this new state of matter, namely, a quark-gluon plasma (QGP), in the 

laboratory and thereby recreate the scenario which, according to present theory, occurred in 

the first few microseconds in the cosmic fireball created in the big-bang. 

Hadrons, particles subject to strong nuclear forces, such as protons and neutrons in the nuclei 

of atoms, are made up of quarks and gluons. By compressing nuclei so that their individual 

protons and neutrons fuse or overlap, releasing their quark and gluon content, an enormous 

amount of energy is dumped into a very small volume and it should be possible to create a 

much greater volume, compared to typical hadron volumes, in which we find a completely new 

form of matter, namely, a "soup" or plasma of free quarks and gluons. The short time during 

which this would occur is on the scale of a fermi (3.3 x 10-24 seconds). 

The deconfinement or, release of the quarks and gluons and, thus, the phase transition from 

hadronic matter to a plasma state, is an almost inevitable consequence of quantum chroma-

2 



1.2. EXISTENCE OF FIREBALLS 5 

hadron gas phase (HG) in terms of temperature and baryon density. 

In the quest for the QGP key issues of fundamental importance in making, identifying and prob­

ing the QGP in the laboratory include: the mechanism whereby quarks are confined in hadrons, 

understanding the nature of the phase transition, chiral symmetry breaking/restoration, the 

process of hadronization and, testing the predictions of (lattice) QCD. 

1. 2 Existence of Fire balls 

The idea of a "fireball" - a region in space where, after a collision, the energy of the longitudinal 

motion is largely transferred to transverse degrees of freedom [11] or, a cluster of highly excited 

hadronic matter sticking together for a very short period of time and where the hadron gas 

phases move with collective motion [13, 14], had begun with Heisenberg's claim in 1936 [15] 

that a single elementary hadron-hadron collision can give rise to multiple secondary particle 

production ( eleven years before the discovery of the pion!). The first Hydrogen bubble chamber 

pictures proved Heisenberg correct. Thus, in a single nucleus-nucleus collision a domain in space 

will arise from which many secondary particles will emanate. This region of production can be 

thought of as the "fireball". 

The fireball can be characterized by the following physical variables: 

• energy density, 

• baryon number density and, 

• total volume. 

1.3 Relativistic Collisions 

In a nucleus-nucleus collision in the centre-of-mass ( c.m.) system the two colliding nuclei 

approaching each other with relativistic velocities are highly Lorentz contracted ( "pancake­

shaped"). They overlap either partially as in a peripheral collision or, totally as in a central 

collision. 




