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Figure 1.3: Left panel: comparison of background, Drell-Yan and open charm 
decays with p+ Wand S+ W Helios-3 dimuon data. Middle panel: mesonic 
reactions contributing to lepton pair final states are shown. Right panel: the 
background, total secondary contributions, and their sum are shown with the 
data from central S+ W collisions [8J. 
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Figure 1.4: Comparison with the NASO intermediate mass dimuon data. The 
left and right panels correspond to calculations with different assumptions of 
plasma lifetime, and initial temperature. The right panel includes a thermal 
QGP component [8J. 
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1.3. SIGNALS OF QGP FORMATION 15 

Figure 1.10: Strange quark equilibration time T as a function of the tem­
perature, for gluon - gluon (long dashes), and quark - quark (short dashes) 
processes. The solid line considers both processes [6]. 

Strange Meson Enhancement 

Greater enhancement of the K+ /,rr+ ratio than the K-/rr- ratio has been 
observed by the Brookhaven National Laboratory E802 collaboration [6, 35] 
at the beginning of the last decade, as shown in Figure 1.11. 

Alternative explanations of this phenomenon due to hadronic interactions 
include [35, 36, 37]. Ref. [36] explains the factor of 4 enhancement of the 
K+ to n+ ratio above it's expected extrapolation from p+p data, while the 
K- to n- remains as predicted, as an effect due to the large number of pions 
formed in the interaction region which subsequently decay to kaon, anti-kaon 
pairs. The anti-kaons K- are then absorbed by pion producing collisions in 
the nuclear medium (K- N HAn). 

It is important to remember that in a baryon-rich interaction region, 
nucleon - nucleon and pion - nucleon reactions will produce lambda's and 
KO or K+ particles. In addition to this, K+ particles are created by pair 
production, which is the only means of production of K- particles. At the 
same time, K- and KO particles interact exothermically with nucleons to 
form lambda particles and pions. 

More recently the E866 and E895 collaborations at the AGS have detected 
K+ and K- yields in Au+Au collisions which are under-predicted by Hadron-
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Figure l.11: Ratios of (a) K+ /rr+ and (b) K- /7r- as a function of rapidity 
at 14.6 A GeV. Data from the E802 collaboration at Brookhaven National 
Laboratory [34]. 
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Figure 1.12: K/7r ratio in Au+Au collisions as a function of energy [39]. 

String-Dynamics [38]. There is, in addition, an enhancement of the K+ to 7r+ 

ratio which is observed to increase with energy and again is not described by 
Hadron String Dynamics. This has led Cassing [38] to postulate the presence 
of non-hadronic degrees of freedom at 4 A GeV in central Au+Au collisions. 

E866 and E917 preliminary data at mid-rapidity have also been well de­
scribed by RQMD [39] calculations (Figure 1.12). 

Cleymans, Oeschler, and Redlich [37] have shown that canonical effects 
in the thermal model, based on free particle masses, are sufficient to explain 
the E802 data, by sufficiently reproducing the K+ and K- yields. 

The NA44 collaboration [40], in Figllre 1.14, analyses the K to 7r ratio 
over a range of energies. The K - to 7r- ratio is considered to be reasonably 
well described by the extrapolation from p + p collisions which under-predict 
the K+ to 7r+ ratio , RQMD8 (Figure 1.15) predictions over-predict the K+ 
to 7r+ ratio in symmetric collisions at mid-rapidity, leading the collaboration 
to end on the highly informative note that; 'Deconfinement scenarios of the 
K+ /7r+ enhancement cannot, however, be ruled out or proven by these data 
alone. ' 

Braun-Munzinger et al. [41] have shown (Figure 1.13) that mid-rapidity 
K+ /7r+ ratios over a range of energies are well described by fully integrated 

Bexp\ained in Chapter2 
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Figure l.13: K+ /rr+ at mid-rapidity as a function of energy. The full line 
shows the results of a statistical model in complete equilibrium [41]. 
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Figure 1.14: K/n at mid-rapidity in symmetric systems. The full line shows 
extrapolation from p-p data [40]. 
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Figure 1.15: Comparison of mid-rapidity K+ /n+ data from symmetric colli­
sions as a function of the product of mid-rapidity n+ and proton yields, with 
RQMD predictions, with (dashed line) and without (solid line) re-scattering 
[40]. 
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Figure 1.16: Predicted strange antibaryon yields at mid-rapidity as a function 
of collision centrality [42]. 

particle ratios from a statistical model in complete equilibrium. 

Strange (Anti)Baryon Enhancement 

The production of anti-hyperons (A, 1:, 2, n) is expected to be enhanced, 
compared to hadron gas expectations, if the plasma phase is reached in the 
transparent region9 , where quark and anti-quark densities are equal, since 
anti-hyperon production in hadronic collisions is suppressed by the Schwinger 
factor [6], due to string tension and the strong colour electric field. 

The unexplained enhancement of the A to p ratio at mid-rapidity with 
the number of participants (Figure 1.16), as detected at the AGS [42], raises 
questions of our understanding of strange anti-baryon production. While the 
anti-proton yield behaves as expected and increases to a saturation multiplic­
ity value due to the high absorption of anti-baryons in a baryon-rich nuclear 
medium, the anti-lambda yield is seen to continually increase. A large (> 1) 
anti-lambda to anti-proton ratio has been measured at CERN NA49 and is 
reproduced by Rafelski and Letessier [43] by assuming sudden hadronisation 
from a deconfined phase. Rohrich [44] suggests an enhancement of this ratio 

9See Appendix Al for a definition of the transparent region. 
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Figure 2.1: The CERN WA97 data - Particle ratios at mid-rapidity per event 
per wounded nucleon relative to the p+Be yields [62]. 
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Figure 2.2: WA97 detector set-up [62]. 
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Figure 2.3: Wounded Nucleon Model fit to the multiplicity distribution. The 
four multiplicity classes used in the data analysis of the Pb+Pb collisions are 
indicated [58]. 

the interacticn length [55]. Except for the multi-strange particle data2 , the 
PT-spectra are consistent with the idea of a thermal system with large-scale 
transverse flow, as shown in Figure 2.4, and described in Appendix A.4. The 
centrality of the collision has been determined by calculating the number 
of wounded nucleons in each collision. According to the wounded nucleon 
model, the more central an event, the higher the number of wounded nucleons 
is expected to be [42, 58]. 

2.1.1 Determination of the Number of Wounded Nu­
cleons 

The number of wounded nucleons has been determined within the frame­
work of the Glauber model [42]; a simple model assuming that the projectile 
nucleons pass through the target nucleus in a straight line with the abil­
ity to undergo several collisions with the nucleons of the target [58]. The 
Glauber model also assumes that the cross section of a projectile and target 
nucleon colliding is constant and identical to that of a single nucleon (i.e. 
p+A collisions). 

The Wounded Nucleon Model assumes, in addition to the Glauber model, 
that the average multiplicity in a collision is proportional to the number of 
nucleons having suffered at least one inelastic collision (the wounded nude-

2 Especially the n 
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Figure 2.4: Mass dependence of the inverse slopes for the most central Pb+Pb 
events measured by CERN WA97 [55]. The y-axis corresponds to Teff in 
Equation A.9. 

ons). The only free parameter3 here is the proportionality constant between 
the charge particle multiplicity and the number of wounded nucleons [58]. 
The fit to the inelastic cross-section as a function of the number of charged 
particles is shown in Figure 2.3. As one can see, the model is accurate for 
charged particle multiplicities in excess of 300. The four centrality classes for 
the Pb+Pb collisions have been chosen to include approximately the same 
number of events. 

For the p+A collisions, the minimum bias Glauber model has been used 
to determine the number of wounded nucleons. 

2.1.2 Transverse Mass Spectra 

The inverse slopes for singly strange and non-strange particles follow a linear 
trend, as expected for the case of collective radial flow according to Equation 
A.9: 

cf2N 
drnrdy = f(y)mTexp-mT/T (2.1) 

where the rapidity distribution f(y) is assumed to be a constant plateau in 
the acceptance region of the experiment. The inverse slope parameters (Fig­
ure 2.4 for non-strange and singly-strange particles show evidence for flow, 

3For other parameters used see [58] 
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sured by CERN WA97 [55]. 
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Figure 2.6: Comparison of Venus, and RQMD calculations with CERN WA97 
data for p+P') (left) and the most cental Pb+Pb (right) systems [59]. 

multiplicity distributions from these models are both accurate until the high 
multiplicity regions (BIN IV), where they overpredict the charged particle 
multiplicity. 

While both models predict an enhancement of the number of strange 
particles with strangeness content of the particle [63] for Pb+Pb collisions 
with respect to p+ Pb collisions, and are reasonably accurate otherwise, both 
fail to reproduce the magnitude of the enhancement of the omega and anti­
omega particles. 

Figure 2.6 shows the comparison of these models with the WA97 data. 
VENUS overpredicts the particle multiplicities of the higher mass particles 
of both the p+ Pb and Pb+ Pb collisions. The RQMD model gives good 
agreement with the p+Pb data, but underpredicts the Pb+Pb data for higher 
mass particles. 

UrQMD 

Ultra-relativistic Quantum Molecular Dynamics (UrQMD) [68, 69] is an N­
body transport model treating binary elastic and inelastic collisions, many­
body resonance and string decays. Experimental hadron cross sections and 
resonance decay widths are used where available. Otherwise, the additive 

J quark model is used to estimate cross sections. The model includes explicit 
isospin-projected states with masses up to 2.5 GeV. This model differs from 
the RQMD model in two major ways. The first is that UrQMD does not 
include the mechanism of colour rope formation - strings fragment according 
to the Field-Feynman procedure, independantly, from both ends [69]. The 
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Figure 2.7: Comparison of the UrQMD model with the CERN WA97 data 
[68]. Stars indicate the data, while shaded symbols represent UrQMD calcu­
lations with an increased string tension. 

second difference is that while, in RQMD, the time-orderring of collisions 
may not be frame independant, UrQMD minizes this effect by the choice of 
collision criterion [69]. 

The UrQMD model predictions are shown in Figure 2.7. We see that with 
an increased string tension, the agreement of the model with experimental 
data is good. The increased tension is analogous to the reduction of quark 
masses, as expected if deconfinement is achieved. 

2.2.2 String Fusion Model 

The String FUsion Model [70] is a Monte Carlo simulation based on the Quark 
Gluon string model and assumes that strings fuse when their transverse posi­
tions come within a certain interaction distance. Collisions are assumed to be 
between two clouds of partons - where the parton - parton interaction leads 
to the creation of two colour strings. The partons are allowed to interact 
several times, with the quantum numbers of the fused strings determined by 
that of the interacting partons, and the energy-momentum of a string being 
the sum of that of its ancestor strings. FUsed strings show an increased string 
tension giving rise to heavy flavour in the breaking of these strings. Although 
fusion may take place between multiple strings, Ref. [70J considers only the 
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Figure 2.8: Comparison of the String Fusion Model with CERN WA97 data 
[70]. Dashed lines include re-scattering. 

fusion of two strings. The authors have accounted for this by increasing the 
fusion cross section of the two strings. The model used also accounts for 
mini-jet production and re-scattering of secondaries. The comparison of the 
model with CERN WA97 is shown below in Figure 2.8. When including 
fusion and re-scattering, the data are well reproduced, with the exception of 
the anti-lambda and omega particles. The model overpredicts particle yields 
for small systems. 

2.2.3 String Fragmentation (L UCIAE) 

LUCIAE [71] is a Monte Carlo event generator based on the FRITIOF [72] 
string model of inelastic hadron - hadron collisions, with the addition of final 
state interactions. A hadron is assumed to behave as a massless relativistic 
string, and a hadron - hadron collision may be seen as the multi-scattering 
of the partons of the colliding hadrons. To describe hadron - nucleus and 
nucleus - nucleus collisions, a superposition of binary hadron - hadron colli­
sions is considered. The string - string collective interaction is accounted for 



Univ
ers

ity
 of

 C
ap

e T
ow

n

34 

1 i:,-

-1 
10 

(b) 
Full Symbols 

- Expr D('J'oo 

Open Symbols 

- LUCl~E Model 

--a-«:ta 

p+Pb 

"I 

10 

CHAPTER 2. CERN WA97 

Pb+Pb 

,I ,I 

? 
10

3 10-

< Npart> 

Figure 2.9: LUCIAE simulation predictions, compared to CERN WA97 data 
[71]. 

by assuming that several strings produced will interact in a collective way 
within a cluster, according to the Firecracker model [73]. The production 
of mini-jets (gluons) in an h + h collision will increase the effective string 
tension, enhancing the production of strange quark pairs in the string frag­
mentation region. The enhancement is due to the existence of gluons on the 
string which give it a fractal structure leading to a higher energy density, 
which in turn increases the string tension. The agreement of the LUCIAE 
model with the data is shown in Figure 2.9. The LUCIAE model reproduces 
the behaviour of the CERN WA97 data. The model slightly underpredicts 
the yield of mult:-strange particles in more central collisions - with the mag­
nitude of the underprediction proportional to the strangeness of the particle. 
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Figure 2.10: Comparison of the Improved Dual Parton Model and CERN 
WA97 data [74]. 

2.2.4 Improved Dual Parton Model 

The Improved Dual Parton Model [74] is based on the dissociation of the pp 
cross-section into diquark breaking, and diquark preserving pieces, in order 
to enhance the increased stopping present in heavy ion collisions compared to 
pp collisions. The diquark breaking interactions are seen to be responsible for 
most of the baryon stopping in a heavy ion collision. The increased baryon 
stopping is proposed as the reason for increased strangeness production seen 
at CERN WA97. The agreement with experimental data is shown in Figure 
2.10. In this model it is evident that the enhancement has not reached 
saturation. At high < Npart > the model is only able to describe the omega 
yields. 

A description of the Dual Parton Model may be found in [75]. 

2.2.5 HIJING BB 

The HIJING BB [76] model extends the valence baryon junction exchange 
mechanism [77, 78] by including junction - anti-junction loops. In a highly 
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Figure 2.11: HIJING BB predictions compared with CERN WA97 data [76J , 

excited state, the junction - anti-junction three string configuration frag­
ments to enhance the strangeness content of bayons and anti-baryons. The 
comparison with experimental data is shown in Figure 2.11. The model still 
underpredicts the yields of omega and anti-omega particles. It is important 
to note that the model as implemented does not include final state inter­
actions, and is more accurate than its predecessors (HIJING, and HIJING 
B). 

2.2.6 Thermal Models 

An implementation of the mixed canonical formalism5 with grand canonical 
conservation of charge and baryon number, and canonical conservation of 
strangeness, has been investigated by Hamieh et aI. [50], and Keranen and 
Becattini [79J. These models have reproduced the observed enhancement of 
strange particle yields with number of wounded nucleons, with the degree 
of enhancement increasing with the strangeness of the particle, and reaching 
saturation at some stage. Hamieh et al. [50] assume that in addition to the 
normal volume parameter, which describes the system size at freeze-out, an 

5 A description of the thermal model is given in the next chapter 
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Figure 2.12: Strange particle yields with increasing number of participating 
nucleons by Becattini, and Keranen [79]. 

interaction volume is required, which is involved in controlling the particle 
densities of the strange particles. The effect of this interaction volume is 
analogous to a strangeness suppression factor (r) in other thermal models, 
and is proportional to the number of wounded nucleons in the projectile. 
This assumption is used to describe the p+Pb data and will be described in 
detail in Chapter 3. The application by Keranen and Becattini [79] merely 
reproduces be observed behaviour of the data as seen in Figure 2.12 - no fit 
has been presented. 

The analysis by Hamieh et al. assumes a constant freeze-out temperature 
for all bins, and J.LB = 150 MeV for the p+Be system and 266 MeV for the 
Pb+ Pb system. The radius of the system is assumed to be of the form 
R rv 1.2(Apurt/2)1/3. The variation of particle multiplicities with system si~e 
at fixed T and J.LB from this analysis are shown in Figure 2.13, normalised 
to a system of radius 1.2 fm/c. The ability of this model to reproduce the 
Pb-Pb data is shown in Figure 2.14. 
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Figure 2.13: Strange particle yields normalised to p+Be predicted by the 
thermal model with canonical strangeness enhancement [50]. 
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Figure 2.14: Comparison of the thermal model with Pb+Pb data from CERN 
WA97 [50]. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2. 



Univ
ers

ity
 of

 C
ap

e T
ow

n.1 

are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

are CO]D.ServEld 

1.1 

sum over all ",.,.n,,,,,.r,,,'" states from which the m~l.Cros(:op>ic variables may be 
derived 



Univ
ers

ity
 of

 C
ap

e T
ow

n
< >= 

1 

1 00 

I-x 
n=O 

1 

1 
1 

- e X ---=--:-

the co-efficient of J1. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3. 

00 

- X 

k=O 
00 

k=l 

=< >= 

"'Hl1"nnTTl of the Boltzmann T"I>llrT.,T,rm function 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

1 

I is sum 

a S 0 as: 

we shall see that it does not 



Univ
ers

ity
 of

 C
ap

e T
ow

n

sum over j momentum: 

) 

conserved ex<tctly /LA -+ + 



Univ
ers

ity
 of

 C
ap

e T
ow

n

m=oo 

m=-oo 

sums 

r 

r + o 
or 

-2q-3p 

< >= + 



Univ
ers

ity
 of

 C
ap

e T
ow

n

now 

< >-

< > 

< >= 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

50 CHAPTER 3. A MIXED CANONICAL ENSEMBLE 

o 50 100 150 100 

N;1i.H 
150 3lll 35U 4{XJ 

Figure 3.1: Cs - the correction factor to the grand canonical particle num­
ber expression, for exact baryon number (B), strangeness (S), and charge 
(Q) conservation, and exact strangeness conservation (S), for particles of 
strangeness one [79]. See Equation 3.30 for a definition of Cs . 

parameter. For a 471" integrated Pb + Pb system, J.LQ is expected to be small 
and negative, but at mid-rapidity the approximation J.LQ = 0 is acceptable as 
the system may show partial nuclear transparency. 

The applicability of this model to the small p+Be system may be in doubt, 
as one may expect that a full canonical treatment as in Ref. [49] is required. 
This is not so. It has been shown by Becattini and Keranen [79], that a 
full canonical formalism (i.e. exact baryon number, strangeness, and charge 
conservation) and a mixed canonical formalism are in exact agreement when 
predicting particle numbers from heavy ion collisions, as shown in Figure 3.1 
using the variable Cs defined in the last chapter. 

3.2.1 Analysis A 

When fitting the data, it has already been mentioned that particle ratios 
were used. Unfortunately if I made use of only the particle to anti-particle 
ratios I would have had only two data points per system. In a model with at 
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Figure A.I: Net proton distributions with (solid line) and without (dashed 
line) stopping [93]. 
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Figure A.2: A schematic representation of a collision. As b increases, the 
collision beco:rnes more peripheral. The most central collision will be at b=O 
[58]. 

that of the number of participants in the collision. With the heavier nuclei 
(like Pb, S, and Si), a collision may not be central (i.e. the collision may 
be glancing rather than head-on). The number of participants refers to the 
number of nucleons from either nucleus which interact with at least one 
nucleon of the other nucleus involved in the collision. In the most central 
collisions of symmetric systems (i.e. Pb+ Pb, S+S), the maximal number of 
participants is twice the atomic number of the projectile / target. The most 
peripheral collisions will then have only two participants. There are various 
ways of estimating the number of wounded nucleons in an experiment and, 
hence, the ceLtrality. The WA97 and NA57 experiments at CERN made use 
of the Wounded Nucleon Model [94] for Pb+Pb collisions [95]. For the p+Be 
and p+Pb collisions the number of wounded nucleons was calculated within 
the framework of the Glauber model [6, 96]. The more central a collision, the 
higher the proportion of initial longitudinal kinetic energy that is deposited 
in the interaction region. 

A.3 Rapidity and Pseudorapidity 

A.3.1 Rapidity 

A useful variable when analysing data from a collision system is the rapidity, • 
defined as: 

y = ~ In (E + P L ) 
2 E -PL 

(A.I) 
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Figure A.3: Comparison of expected rapidity distributions, with (solid lines) 
and without (dashed lines) longitudinal flow to experimental data [89]. 

Where E is the energy of the particle and PL is the particle's momentum 
along the direction of the beam axis. Particle numbers (multiplicities) are 
usually represented in rapidity bins, with the number of particles within a 
given rapidity range, or at a given rapidity value, plotted against rapidity 
itself. The higher a particle's rapidity, the greater the portion of it's energy 
attributed to longitudinal motion. The rapidity spectrum of a symmetric col­
lision whose centre-of-mass (c.m.) is stationary in the laboratory frame will 
be centred on y = 0, and will be symmetric about this point. Thus, quite of­
ten only one half of the spectrum is measured. A change in the centre-of-mass 
momentum of the collision system with respect to the lab frame manifests 
itself as a linear shift of the rapidity spectrum, with no change in shape. 
Thus, whatever frame of reference the rapidity spectrum is measured in, it 
may always be tra~1sformed to the centre-of-mass frame by a simple linear 
shift of the centre of the spectrum to y = o. 
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Figure A.4: mT-spectra from CERN WA97 for negatives, and the K~ [55]. 
The K~ shows mr-scaling. The h- only exhibit mr-scaling for mr greater 
than 1 GeV /c2 . 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix B 

The Acceptance Region of 
WA97 for Ph+ Ph collisions 

As an example of the acceptance region of the CERN WA97 experiment, I 
present here the acceptance of the detectors for the Pb-Pb collisions. 
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Figure B.1: T~e CERN WA97 acceptance regions for A, ~, il, KOs; and h­
particles formed by Pb+Pb collisions [55J. 

The shaded areas of Figure B.1 give the acceptance for the various par-

71 
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