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Abstract

The CERN WAU9T results display a strong strangeness en-
hancement at mid-rapidity which is dependent on the strangeness
of the particle concerned, and saturates at values of participating
nucleons greater than 120. These results are phenomenologically
described by the mixed canonical ensemble, with canonical (ex-
act) strangeness conservation involving all strange resonances,
and grand canonical conservation of charge and baryon number.
It is shown that the data are well described by an equilibrium
hadron gas. Other explanations of these data are reviewed.



‘Nothing is rich but the inexhaustible
wealth of nature. She shows us only
surfaces, but she is (a) million fathoms

deep.’

— Emerson (1808-1882)
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Chapter 1

The Search for a Quark Gluon
Plasma

1.1 Introduction to Relativistic Heavy lon Col-
lisions

A major goal for physicists since the beginning of scientific exploration has
been the search for the basic building blocks of the universe. To a large
extent this search involves the analysis of a known state of matter until its
constituents may be determined. Along with identifying these basic building
blocks, an understanding of how these objects interact is required.

As new particles have been identified, the process of identifying their
constituents at a fundamental level has evolved. While the discovery of the
electron is attributed to a single person', large research groups now work to
discover new particles at multi-national organisations. The quarks and the
leptons have thus far been identified as the most elementary particles which
constitute matter. As such the properties of these particles are currently the
subject of much research.

In order to probe the realm of elementary particles, the delicate operation
of colliding two bodies at very high energy is performed. The bodies in these
cases range from massless photons to heavy ions such as lead nuclei.

The focus of this work is primarily on Relativistic Heavy Ion Collisions
(RHICs). The aim of such collisions is to study the phase diagram of
strongly interacting matter at high temperatures and densities in the search
for the Quark Gluon Plasma (QGP) [1]. The QGP is a theoretically hy- -
pothesised phase of matter, where quarks and gluons move freely over a

1J.J. Thompson
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Figure 1.1: Space-time diagram of the longitudinal evolution of the Quark
Gluon Plasma [4]. The central plateau of the hydrodynamic phase has no
net baryon number (nuclear transparency), and the net baryon number of
the incident nuclei is found at the longitudinal ends of the system.

large region of space (unlike their usual confinement within hadrons). The
plasma/deconfined phase is expected to have a larger energy density than
the hadronic phase. In addition, it is expected that chiral symmetry is re-
stored in the plasma phase — dropping quark masses to zero. In a RHIC
a large fraction of the energy of the collision is deposited in a small vol-
ume within a short space of time, providing an initial condition of high
energy density as required for deconfinement. Two flavour lattice QCD cal-
culations predict the critical energy density for the phase transition from
hadronic matter to a deconfined Quark Gluon Plasma (QGP) phase to be
¢ ~ 400 — 700 MeV/fm*(T = 155 — 175 MeV) [2]). In comparison, CERN
SPS is expected to achieve an energy density ¢ ~ 3.5 GeV/fm® in the mid-
rapidity region of a symmetric central collision of **Pb nuclei [3].

If the phase transition from hadronic matter to Quark Gluon Plasma is
of first order then, at the transition temperature, a mixed phase of hadron
gas and deconfined plasma is hypothesised to exist. The expected space-time
diagram for the evolution of a RHIC, assuming QGP formation, is shown in
Figure 1.1.

The deconfined plasma phase is also of interest to cosmologists as this
phase is expected to have existed at some time of order 10~ seconds [4] after
the big bang, when conditions were similar to those achieved in RHICs,
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1.2 Thermodynamical Equilibrium

‘A phase transition from an initial colour-deconfined QGP to
a colour-confined hadronic state (as it is supposed to occur in
hadronic collisions) can only be reasonably well defined if the
system under study is in a state of approximate local thermody-
namic equilibrium’ [5].

During the initial collision a large amount of energy is deposited in a small
region in space (the initial central energy density (€) is estimated to be ap-
proximately 1 — 10 GeV/fm® [4].). This is accompanied by the production
of many secondary particles, forming a gas of elementary particles. The hy-
pothesis of local thermodynamic equilibrium within the short lifetime of the
system has been the subject of much discord. The applicability of thermal
models? has been studied in much detail by, for example, Heinz [5] amongst
others, and while no thermal model may ever truly reflect the complex dy-
namics of a RHIC (due to the small system, and strong dynamical evolution
on time scales comparable to the microscopic thermalisation time [5]) and a
deeper understanding of these exact dynamics is sought, thermal models are
able to provide a rough understanding of the basic phenomena observed, and
thus continue to be of use.

Within the postulates inherent in applying a thermal model, the collision
system is thought to reach chemical® and thermal? equilibrium. It subse-
quently, or coincidentally, reaches chemical freeze-out, at which time (7.)
the particle multiplicities are frozen, according to their equilibrium thermal
values (except for resonance decays to more stable states). At this stage, the
assumption of chemical equilibrium ceases to be valid. From chemical to final
freeze-out, the system is considered to be in thermal equilibrium. Once final
freeze-out has been reached, the system ceases to exist and the individual
particles may be detected. The complete evolution of the system may have
a duration ~ 5 — 10 fm/c [4].

The picture of thermal equilibrium presented above holds where ther-
malisation is achieved via kinetic equilibrium (re-scattering). The statistical
occupation of available phase-space has been proposed as a reason for particle
distributions from lepton - lepton and nucleon — nucleon collisions appearing
thermal [5]. In this scenario, particles are produced with the correct prop-
erties to fill the available phase-space, and may be regarded as having been

*Models which require local thermodynamic equilibrium.

3The densities of each species of particle may be described by thermal models with
parameters T, V, and p.

“Particle momentum distributions may be described by thermal models.
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formed already in thermal equilibrium.

1.3 Signals of QGP Formation

‘It is generally recognised that there is no single unique signal
which allows an unequivocal identification of the quark-gluon
plasma phase. What can be achieved may be an accumulative
set of data which taken together may indicate the presence of the
deconfined phase’ [6].

If formed a QGP will not be directly detectable and the best way to
confirm its existence would be to predict differences between the products
of a collision which has formed a QGP before hadronisation takes place and
one which hasn’t. A major problem is that an initial equilibrium hadron gas
will be indistinguishable from a secondary equilibrium hadron gas formed
from an initial QGP phase. A few suggested signals of deconfinement are
described briefly below and discussed with a view to comparing current data
with the initial proposal of the signal.

1.3.1 Direct Photons and Dileptons

Photons and dileptons formed during a heavy ion collision are not expected
to interact with other collision products before being detected. Photons
formed during the earliest times of the collision thus carry information about
the initial conditions of the collision. It is a very difficult task to detect
these initial collision products from the large background of photons and
dileptons formed during the secondary collisions and hadronic decays which
subsequently take place [7]. For a more in-depth look at this signal, see for
example [8, 9].

Dilepton Production

A quark and an anti-quark from the plasma may annihilate to form a vir-
tual photon, which then decays into a dilepton pair according to the pro-
cess shown in Figure 1.2. Once formed, these leptons are required to pass
through the interaction region of high baryon density. Their small cross sec-

2
tion (= (m) [6], where /s is the centre-of-mass energy.) means that the

lepton mean free path is large, and leptons are not expected to experience
collisions with other particles in the interaction region before being detected.
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Figure 1.2: Feynman diagram for the reaction ¢ +¢ — {™ -+ 1~ [6].

If one is able to extract the dilepton distributions in invariant mass and ra-
pidity, it should be possible to determine the initial temperature at which
the QGP was formed [6].

In order to identify leptons formed by QGP, it is essential to understand
other lepton production processes. This enables one to differentiate between
leptons formed during a deconfined phase, and those formed from other in-
teractions.

Leptons from the Drell-Yan process: (This production mechanism is im-

portant for large values of the invariant mass of a dilepton pair [6].)
In nucleus ~ nucleus collisions, the Drell-Yan process arises from a col-
lection of independent nucleon — nucleon interactions. In this process,
a valence quark from a nucleon annihilates with a sea anti-quark from
the other nucleon [6], to form a virtual photon which then decays into
a dilepton. It can be shown from first order QCD calculations, that
the number of dilepton formed due to the Drell-Yan process for the
head-on collision of two identical nuclei is proportional to A3 [10].

Dileptons from Hadrons and Resonances: Hadrons and resonances pro-
duced in the nucleus - nucleus collision may annihilate, or decay thereby
producing dileptons. The decays of hadronic resonances will appear as
sharp peaks in the invariant mass spectrum, with a width indicative of
the lifetime of the resonance, and magnitude depending on the abun-
dance of the resonance [6].

Dilepton Production from Charm Particles: The production of charm
and anti-charm quarks from the QGP via virtual gluons, or a gluon -
gluon interaction, leads to the formation of hadrons containing either
the charm or the anti-charm quark. The decay of a meson containing

a charm quark (D7), and one containing an anti-charm quark (D7)
also gives rise to dileptons via the processes Dt — anti-lepton + K°
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and a neutrino, and D~ — lepton + K® and an anti-neutrino. Lowest
order perturbative QCD cannot fully describe the charm production
process because of the low mass of the charm quark [6], but the partons
participating in charm production must have high momenta, which
means that charm production occurs rarely. The dileptons produced
via charm production exhibit an approximately exponential invariant
mass distribution, and, at SPS Energies, are less than the number
produced by the Drell-Yan process [6].

In order to be observable, the dilepton yield from a QGP must be at
least of comparable magnitude to the yield from non-plasma sources. The
spectrum of dileptons formed during the QGP phase is only expected to be
identified in the invariant mass spectrum in the region where the invariant
mass is greater than 1.5 GeV [6]. Below this region, the invariant mass spec-
trum is dominated by hadronic and charm meson production mechanisms,
as well as the decays from the p,w, and ¢. In the region above 1.5 GeV, the
dileptons from QGP are only expected to be identified if the plasma forms
at an initial temperature in excess of 300 MeV [6]. At high invariant mass
the multiplicity of Drell-Yan dileptons is expected to dominate due to their
high effective temperature (13 - 17 GeV) [6].

The CERN Helios-3 {11] and NA38/NAS50 collaborations [12] have in-
vestigated intermediate mass dileptons, as shown in Figures 1.3 and 1.4 re-
spectively. The Helios-3 data can be satisfactorily explained by hadron gas
interactions. The CERN NAS50 data is best described by assuming a thermal
QGP phase contributes to the dilepton yield [13]. There are, however, a large
number of ambiguities in the theoretical treatment of dimuon spectra, and
much work has still to be done.

Direct Photons

Photons produced in the interaction region of the collision will interact with
other particles only via the electromagnetic interaction. This weak interac-
tion implies that photons will have a long path-length and have a high prob-
ability of reaching the detectors before a secondary interaction takes place.
The photon production rate and momentum distributions depend on the mo-
mentum distributions of the quarks, anti-quarks, and gluons in the plasma.
Photons detected from the plasma thus give information on the thermody-
namical state of the plasma at the time of their production [6]. However,
the signal-to-background ratio of direct photons compared to dileptons, is
smaller by roughly two orders of magnitude in heavy ion collisions [8].

The dominant process for photon production in a deconfined state is the
annihilation of a quark and an anti-quark to form a photon and a gluon.
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This process is 50 times more likely than the annihilation of a quark and an
anti-quark to form two photons [6]. The gluon — quark/anti-quark interac-
tion producing a photon — called the Compton process — is also responsible
for the production of photons in the plasma. In addition to the above first
order effects, a recent QCD calculation of second order Bremsstrahlung [14]
(backward scattering of a quark in the plasma) shows that the multiplicity of
photons produced by this effect is of comparable magnitude to annihilation
and Compton scattering multiplicities, and forms the major basis for expec-
tations of a detectable direct photon signal of deconfinement at sufficiently
high temperatures [15].

Photons are emitted by a hot hadron gas from annihilation between parti-
cle - antiparticle pairs. The hadron and plasma photon distributions are both
exponential distributions of the form e~¥/T. Photons from the plasma are
expected to be characterised by a higher temperature than photons formed
by hadronic interactions. If the temperatures are comparable, lowest order
estimates predict the spectra will be similar to each other at high photon
energies [6].

CERN WAUO9S8 has reported a measurement of direct photons in 2%8Ph 4208
Pb collisions at 158 A GeV [16, 9]. The data along perturbative QCD
(pQCD) estimates, which do not reproduce the data very well, are shown
in Figure 1.5.

The CERN WA98 data show a direct photon signal above the background
for transverse momenta greater than 1.5 GeV /c. The lack of data at the same
centre-of-mass energy with lighter ions makes it difficult to determine if de-
confinement has been achieved. Data at 200 GeV/c for proton induced re-
actions scaled accordingly under-predict the experimentally determined pho-
ton yield, but agree with the pQCD estimates. Hadronic explanations of the
CERN WAS80 data are considered untenable by Srivastava and Sinha [17], not
achieving the required photon production rate. The expected QGP photon
signal is shown by Srivastava and Sinha [17] to be largely independent of the
transition temperature (especially at high momentum). Steffen and Thoma
have recently shown, contrary to Ref. [17], that the existence of a photonic
signal of QGP formation can be neither confirmed nor refuted, as there are
many factors affecting the phase transition which have yet to be determined,
and lead to ambiguities [18]. These include the transition temperature, and
the effect that deconfinement would have on the hydrodynamical evolution
of the system. .

The process of photon production in elementary hadronic collisions is not
yet fully understood, and this is compounded when considering nucleus -
nucleus collisions. According to Gale [8], the theory has to be developed
considerably before the photonic signals may be considered conclusive.
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1.3.2 J/vy Suppression

The suppression of the J/v (¢€) has been initially proposed by Matsui and
Satz [19] as a signature for QGP formation. They argued that, in a QGP,
colour (Debye) screening dissolves® initially created J/v mesons into ¢ and
¢ quarks, which form open charm hadrons when hadronisation takes place.
Thus, a suppression in the J/¢ yield (that is, a weaker A-dependence than
the Drell-Yan lepton pairs) would signal QGP formation. The colour screen-
ing in the plasma modifies the long-range Coulomb-like interaction between
the charm and anti-charm quarks to a short-range Yukawa-type interaction.
Since the Debye screening length® is inversely proportional to the tempera-
ture, at high temperatures it becomes impossible for the J/% to form.

J/v suppression has been observed in oxygen on sulphur collisions at
200 A GeV7 [20]. To account for this — and the slightly weaker A-dependence
of J/+ yields in p+A collisions — new sources of J/i suppression have been
introduced:

Absorption in the target nucleus: This phenomenon takes place in the
mid-rapidity region, where most J/1 particles are produced, when the
beam energy per nucleon is greater than 6.92 GeV [6]. There are two
proposed mechanisms for the absorption of the J/¥ in nuclear matter.
One is the direct absorption of the J/W¥ particle. The other postulate
assumes that even in hadronic matter a produced charm — anti-charm
quark pair does not instantaneously combine to form a J/¥ particle
[21]. These quarks may interact with the nuclear medium to form open
charm hadrons. In order to combine, the charm and anti-charm quarks
should be produced within a distance ~ - fm [21], much less than the
J/¥ diameter.

The absorption on hadronic secondaries (‘comovers’): The term ‘co-
mover’ refers to secondaries whose rapidity variables are close to the
variables of the produced J/v particles. Comovers are typically p or
w mesons. Comoving pions don’t possess the threshold energy for a
reaction with the J/i.

The suppression measured in Pb+Pb collisions at 158 A GeV by the
CERN NAS50 collaboration is greater than any previously measured and can-
not be accounted for by the mechanisms mentioned above [22]. This has
been interpreted [20, 21, 22] as evidence for QGP formation at CERN SPS,

5The Debye screening weakens the interaction between the quarks, while the presence
of the plasma phase ensures that the string tension goes to zero,

SA measure of the range of the Yukawa interaction.

7A system not expected t oform a QGP phase.
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Figure 1.6: Fit of J/U/DY against the energy in the zero degree calorime-
ter, normalised to nuclear absorption (1), assuming two sharp absorption
mechanisms occurring at Ezpe = 27 TeV and for the most central collisions
[19].
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Figure 1.7: The ratio of J/¥ over Drell-Yan from CERN NAS50. The high
Er drop in the yield is not reproduced by this model based purely on nuclear
absorption [21].



12 CHAPTER 1. THE SEARCH FOR A QUARK GLUON PLASMA

B,,0(d/¥)/0(DY)

80 BO 100 120 140 160
Ey [Cev]

Figure 1.8: The ratio of J/¥ over Drell-Yan in a longitudinally, and transver-
sally expanding hadron gas. Again the high transverse energy drop is not
explained by a purely hadronic model [23].

The CERN NAS50 data is shown in Figures 1.6, 1.7, and 1.8. In the first
figure [22], data is presented normalised to the expected values of absorption
from the Glauber model [21], along with the QGP prediction which fits the
data well. The next figure shows the data along with a model accounting
for nuclear absorption of the charm and anti-charm quarks [21]. This model
describes the data better than the Glauber model, but still fails to reproduce
the anomalous J/¥ suppression exhibited in the most central collisions at
CERN NAS50. The final graph shows a further attempt to describe the CERN
NASB0 data without assuming the formation of QGP. The analysis doesn’t
reproduce the data as well as the assumption of QGP in [22], and while it
reproduces the most central suppression, it fails for more peripheral collisions.
The analysis includes assumptions which, when modified, may reproduce the
data by purely hadronic means. Presently the data from NAS50 indicates
the onset of new physics. Whether or not this may be attributed to the
attainment of QGP, is yet to be firmly established.

1.3.3 Pion Interferometry

The phenomenon of space-time / energy-momentum correlation of identical
particles emitted from an extended source is known as the Hanbury-Brown-
Twiss (HBT) effect [24]. This effect is only present for chaotic sources, and
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is a wave interference phenomenon based on the ratio of the probability of
detecting two particles at points A and B coincidentally, to the independent
probabilities of detecting particles at these two points. For coherent sources
this ratio is always one. For non-coherent, or partially coherent sources, the
deviation of this ratio from unity may be used to determine information about
the size of the system emitting these particles. For heavy ion collisions, the
interaction region may be treated as a partially chaotic source. The first pion
interferometry measurement in heavy ion collisions was achieved by Fung et
al. [25] for 1.8 A GeV collisions with an Ar*® Beam at the Lawrence Berkeley
National Laboratory Bevatron on Baly; and Pb3; O3 targets. The variables of
interest which are brought to light by pion interferometry are the dimensions
of the system in the transverse and the longitudinal directions. Pion inter-
ferometry in heavy ion collisions gives a good idea of the interaction volume,
and it has been suggested [26, 27, 28] that an increase in the ratio of the
transverse radius { Ryrens) parallel to the direction of the average momentum
of the detected pions to the ratio of the transverse radius (R ) perpendic-
ular to Rians and the beam axis, will indicate the formation of a QGP. Soff
et al. [29] show that by assuming a first order phase transition including a
prolonged hadronisation time with a mixed phase, and modeling the QGP as
an ideal fluid undergoing isotropic transverse expansion, it is possible to re-
produce the pion interferometry data from CERN SPS at /s = 17.4 A GeV.
Hydrodynamic models predict an increased Ry t0 Foye ratio if a first or-
der phase transition to deconfined matter is achieved. Ref. [29] shows that
up to transverse kinetic energy = 200 MeV, this ratio is independent of the
critical temperature for a phase transition, as shown in Figure 1.9. A pion
interferometry analysis of /s = 130 A GeV Au+Au collisions at the Rela-
tivistic Heavy Ton Collider at Brookhaven National Laboratory [30] shows an
increase in system size with event multiplicity, and a decrease with transverse
momentum. Ref. [30] does not, however, show any significant decrease of
the Rtrans to Rom; ratio.

1.3.4 Strangeness Enhancement

Initially proposed by Rafelski and Miiller [31], strangeness enhancement has
been extensively mentioned in the literature as a signature of QGP formation.
Due to the large mass of the strange (anti)quark (when compared to the
u and d (anti)quarks), the equilibration time for strange particles is large
compared with the lifetime of the system formed in a heavy ion collision. This
phenomencn has been described in an analysis by Koch et al. [32], where
the authors show, due to the large energy threshold for strange hadron pair
production, that temperatures achieved in high energy heavy ion collisions
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Figure 1.9: Predicted Rou/Rsige for RHIC initial conditions as a function of
pr at freeze-out (symbols) and at hadronisation (lines) [29].

were too low to achieve strange hadron equilibrium before the breakup of
the system. Thus, the yield of strange particles detected from an initial
hadronic gas state is expected to have a below-equilibrium yield of all strange
particle species. If a QGP is formed, it is expected that the strange quarks
rapidly equilibrate by s3 pair production in the interaction of two gluons [33]
which is shown to dominate light quark strangeness producing annihilations
[6]. Assuming the time scale of a heavy ion collision to be in the range
of 5 — 10 fm/c, strangeness is not guaranteed to reach equilibrium, even if
the deconfined state is formed. An analysis assuming massless up and down
quarks, and ignoring Pauli exclusion, estimates the strange quark equilibrium
time for a plasma to be ~ 10 fm/c at 200 MeV, decreasing to a few fm/c for
T = 300 MeV [6], as shown in Figure 1.10.

In the baryon stopping region {where the system has a net baryon num-
ber), if the deconfined phase is reached and strangeness reaches equilibrium,
there will be more up and down quarks than strange and anti-strange quarks,
which will in turn be more abundant than anti-up and anti-down quarks.
Anti-strange quarks will then be more likely to combine with up or down
quarks to form mesons (K°(ds), K*(3u)). Strange quarks will most likely
combine with up and down quarks to form hadrons. Thus, experimental
measurements of particle abundances with enhanced anti-strange mesons and
strange baryons will indicate the formation of a QGP.
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Figure 1.10: Strange quark equilibration time 7 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*/x* ratio than the K=/~ 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 ™ 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 « Ar).

It is important to remember that in a baryon-rich interaction region,
nucleon — nucleon and pion - nucleon reactions will produce lambda’s and
K° 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 KV 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 1.11: Ratios of (2) K* /7% and (b) K~ /7~ 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/m ratio in Au+Au collisions as a function of energy [39].

String-Dynamics [38]. There is, in addition, an enhancement of the K+ to
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 Figure 1.14, analyses the K to 7 ratio
over a range of energies. The K~ to 7~ ratio is considered to be reasonably
well described by the extrapolation from p + p collisions which under-predict
the K+ to n* ratio. RQMD?® (Figure 1.15) predictions over-predict the K+
to 7 ratio in symmetric collisions at mid-rapidity, leading the collaboration
to end on the highly informative note that; ‘Deconfinement scenarios of the
K*/nt 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
KT /m* ratios over a range of energies are well described by fully integrated

8explained in Chapter2
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[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, X, =, Q) is expected to be enhanced,
compared to hadron gas expectations, if the plasma phase is reached in the
transparent region®, 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 A1 for a definition of the transparent region.
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as a signal for deconfinement as it is an indication of the 3 to W ratio. This
ratio should reach unity for a plasma formed with no net baryon number,
and could reach higher values in a baryon-rich plasma. However, the same
argument holds for all ratios of anti-baryons with n strange quarks to anti-
baryons with n — 1 strange quarks so that, barring other effects, an isolated
enhanced anti-lambda to anti-proton ratio should not signal deconfinement.
A review of strangeness enhancement is given by Rafelski [45].

The WAIT data shows strange baryon and antibaryon enhancement with
increasing number of participant nucleons. This data is analysed in detail in
Chapters 2 and 3.

According to Sorge [39], ‘It has become clear over the years that strangeness
enhancement is not as clearly linked to a QGP as initially thought.” Accord-
ing to Rafelski [46], ‘strangeness enhancement is today considered to be di-
rectly related to the presence of gluons in QGP.” One can see that the status
of signals of QGP formation is itself not in equilibrium.

1.4 Aims of this Thesis

Recent Results from the WA97 (and NA57) Collaboration at CERN SPS
~ which are described in Chapter 2 — have shown a large enhancement in
strange particle multiplicities (normalised to p+Be) with system size at 158
A GeV. Seen as a signal for deconfinement — a phenomenon only expected
for large systems, this enhancement has stirred the interest of the heavy ion
community, with enhancement of the Q and (1 particles of the order of 16,
The enhancement is seen to increase with the strangeness of the particle, and
to saturate for large systems (a2 50 participants). This behaviour is reminis-
cent of exact strangeness conservation'?, in the vein of Cleymans [47, 48, 49],
Redlich [50, 47, 51], Suhonen [47], Hamieh [50], Tounsi [50], Hagedorn [51],
Muronga [48], Marais [49] and others. I will in Chapter 3, due to the small
number of strange particles produced, make use of the Mixed Canonical En-
semble - with canonical strangeness conservation, and grand canonical charge
and baryon number conservation — to describe the observed enhancement of
strange particles.

In particular, I will show that the WA97 data are in full agreement with
thermal mode! predictions, even for the smaller p+Be system. Although
equilibrium yields of strange particles are a hypothesised signal for QGP,
the ability to describe the p+Be system with equilibrium strangeness yields,
when no phase transition is expected, opposes the conclusion that a QGP

eyxplained in more detail in the chapter 3
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has been formed. As an aside, the dependence of the strange particle yield
predictions as the conservation condition is relaxed to exclude the Q and
particles, and then to include exclusive particles of strangeness =1 is inves-
tigated, in order to evaluate the accuracy of previous canonical formalisms
with partial strangeness conservation.

Other models which describe the observed enhancement will be discussed
in Chapter 2.



Chapter 2
CERN WAG97

2.1 The Data

The CERN WAQ9T experiment was designed to study strange and multi-
strange hadrons at mid-rapidity in p+Be, p+Pb, and Pb+Pb collisions at 158
A GeV/c, specifically to study the production of strangeness as a function
of the collision centrality. This study has been motivated by the assumption
that a QGP may only be formed in large systems. Thus, by studying the
variation of particle yields with system size (multiplicity), a change in the
behaviour of the data, along the lines laid out in Chapter 1, would signal
deconfinement. For a complete description of the CERN WAS97 experimental
set-up (as shown in Fig 2.2), see for example [52, 53]. A Pixel Tracking
Charmber (PTC) silicon telescope was used to detect particles in the range
of approximately one unit of rapidity centred at mid-rapidity (—0.5 < Yem <
0.5, 2.41 < Yz < 3.41) and medium transverse momentum for most strange
particles?.

The symmetry of the Pb+Pb collisions has been exploited as the detected
multiplicities could be reflected about mid-rapidity, as shown in Appendix
B. Scintillator petal detectors, covering the pseudorapidity region 1 <7 <2
behind the target, provided an interaction trigger selecting the most central
(~> 40% most central) [55] of the Pb+PDb collisions, and two planes of micro-
strip multiplicity detectors covered all pr-values in the pseudorapidity region
2 < n < 3and3 < g < 4 respectively [55], with a total azimuthal
acceptance of about 30% [58]. For the Pb+Pb Collisions, a 158 A GeV Pb*®
beam was incident on a Pb*® target of thickness corresponding to 1% of

'The pr and rapidity acceptance of CERN WAQ7 for Pb+Pb collisions are shown in
Appendix B. The acceptance for p+Be collisions was similar and may be found in Ref
[58, B7].

23
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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: WAQ7 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+PDb collisions are
indicated [58].

the interacticn length [55]. Except for the multi-strange particle data?, the
pr-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 nucle-

2Especially the Q
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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 Teg in
Equation A.9.

ons). The only free parameter? 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:

d*N
= e 2.
dmpdy | WM exp (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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which would boost each particle according to its mass®. The T-parameter
for the = and = particles are, however, very similar, while that of the omega
is anomalously low. (The line shown in Figure 2.4 is not a fit, but illustrates
the possibility of different behavior of strange and non - strange particles.)

A comparison of the dependence of the T-parameter with centrality in
the 4 Pb+Pb centrality bins [55] (as shown below in Figure 2.5), shows that
while for multi-strange particles the temperature appears to be constant
(although the data has large uncertainty) with variation of the number of
wounded nucleons, for the single, and non-strange particles, T" increases with
centrality. This increase is more pronounced for the heavier particles.

This data suggests, that for the Pb+Pb collisions at CERN WA97, multi-
strange baryons decouple early from a system which develops collective radial
flow [55]. The variation of the slope parameter with centrality agrees with the
picture presented in Equation A.9 of Appendix A.4, as more central collisions
are expected to have a larger transverse flow — this affects the heavier particles
more than the lighter ones. The properties of the observed mr-spectra may
also be described by assuming a non-constant freeze-out time of the observed
particles [60], or according to Ref [61], because the scattering cross sections
of the multi-strange baryons in a pion-rich hadron gas are smaller than those
of the other particles.

2.1.3 Determination of Particle Multiplicities

The extrapolation of the data to full py is done according to the integration
of Equation 2.1 [39] where the rapidity distribution f(y) is again assumed to
be flat in the acceptance region of the experiment, and T is a free parameter,
fixed by the transverse mass slope parameters for each particle.

All strange particles were identified by reconstructing their decays into
final states containing only charged particles [55]:

KSG**}W++?(“
A—=p+a”

BT A+
S pPET

O —s A+ K™

as described in Appendix A.4
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p+Be p+Pb Pb+Pb
Binl Bin2 Bin3 Bind

Ny 2.5 4.75 1201787 | 204.6 755 1 289.0 725 | 350.0 0%
h™ 0.88£0.02 1.2620.19 60£5 998 13612 | 178522
K 0.098:0.0004 7.7+0.8 | 14.5£1.1 | 20.8+1.8 | 21.9+24

A | 0.0334:0.0005 0.0600.002 51403 | 92404 | 123407 | 13.740.9

A | 0.0111+0.0002 0.0150.001 0.71£0.07 | 1.134+0.09 | 1.7£0.2 | 1.840.2
E- | 0.0015+0.0001 | 0.0030+0.0002 0.45::0.03 | 0.924+0.05 | 1.32£0.08 | 1.540.1
EF | 0.00068+0.0001 | 0.0012+0.0001 0.13£0.02 | 0.22+0.03 | 0.30+0.04 | 0.37£0.06
Qp | (1.6+£0.6) x 107 | (2.63£0.78) x 10™* | 0.13+0.02 | 0.19+0.03 | 0.3240.06 | 0.4120.08

Table 2.1: Yields and average number of wounded nucleons measured by the

WA97 experiment, where Qr is the sum of omega and anti-omega particles
[62].

> p-+T

The data has not been corrected for feed-down from cascade to lambda
particles, as due to the geometry of the experiment the feed-down for weak
decays is expected to be of minor importance (= 5 — 10%) [57].

Reconstructed strange baryons and anti-baryons have then been corrected
for geometrical acceptance and reconstruction efficiency using Monte Carlo
simulations accounting for detector efficiencies, background, and electronic
noise [57].

2.2 How this Data has been Explained

In the following subsections, I will outline a few other models which have
been published to account for the CERN WAOQ7 data. I have not mentioned
models which apply only to the Pb+Pb collisions without mentioning the
observed enhancement of strange particle production with the number of
wounded nucleons. This effect is absent in the range of centrality spanned
by the four Pb+Pb centrality classes (Figure 2.1). Likewise, the ability
of a particular model to reproduce the rapidity and transverse momentum
distributions observed has not been considered unless there has been some

attempt at reproducing the multiplicity in all six data bins measured by
WA97. '
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2.2.1 VENUS, RQMD and UrQMD

The majority of what is described below may be found in Ref. [63]. The
comparison of the VENUS and RQMD models with experimental data is
shown in Figure 2.6.

VENUS (Very Energetic NUclear Scattering): The VENUS model is
based on the phenomenological Gribov-Regge Theory (GRT) of hadron
— hadron and nucleus — nucleus collisions. A more complete description
of the model may be found in [64]. The basic interaction mechanism in
this model is the exchange of a Pomeron with well-defined properties,
the precise nature of which is not well understood. The Pomeron need
not be real. Parameters in the model are tuned to experimentally de-
termined quantities. For example, the string decay and interaction pa-
rameters are set to reproduce electron — positron and hadron - hadron
data respectively. The model determines the squared amplitudes for
inelastic scattering according to which a Monte Carlo simulation gen-
erates particles. The interaction of overlapping strings is modelled as
quark matter droplet formation.

Relativistic Quantum Molecular Dynamics (RQMD [65]): This
model is a semi-classical microscopic approach combining stochastic
interactions and classical propogation and is based on the Lund model
of hadronic interactions. The basic interaction in this case is based on
the string momentum exchange. The strings in this case represent the
quarks of the original nucleons. String fragmentation and decay lead
to particle production. One of the two decay substrings of the RQMD
string decay must be a stable particle, forbidden from further fragmen-
tation. In RQMD, a collection of strings does not fragment indepen-
dently. They may form ropes, which may be regarded as deconfined
quark matter (colour rope formation). Re-scattering interaction prob-
abilities are set from known hadronic cross sections. At large beam
energies, the multiple collision scenario follows the paths of the ingoing
quarks according to a Glauber type collision series with RQMD, and
the additive quark model [66]. Secondaries emerging from fragmenting
strings, ropes and resonances may interact with each other, as well as
the original ingoing hadrons, via scattering and mean field interactions.

VENUS 4.12 and RQMD 2.3 have been used to simulate the WA97 events.
All resonances were allowed to decay, and final-state strange particles stable
under strong and electromagnetic decay were measured. GEANT [67] fol-
lowed the simulated particles through the experimental set-up. The charged
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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
.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. [70] 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 (LUCIAE)

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
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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 multi-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 < Nper¢ > 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 [76].

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 formalism® with grand canonical
conservation of charge and baryon number, and canonical conservation of
strangeness, has been investigated by Hamieh et al. [50], and Kerdnen and
Becattini [79]. 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

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 Kerénen [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 () 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 Kerdnen and Becattini [79] merely
reproduces tae 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 up = 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 ~ 1.2(Apqrt/2)/3. The variation of particle multiplicities with system size
at fixed T and pp 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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2.2.7 A Comment on these Models

Of the non-thermal models considered here, the LUCIAE and UrQMD mod-
els best reproduce the WA97 data across all bins. In the comparison with the
data, these models consider the sum of the particle and anti-particle yields
for strange particles. These sums are not very sensitive to the anti-baryon
yields which are often only 10% of the corresponding baryon yield. All mod-
els fail to reproduce the {2 + ) yields in central Pb+Pb collisions with the
exception of the Improved Dual Parton Model, and the thermal model.

The thermal model with canonical strangeness suppression is shown to
qualitatively reproduce the data across all bins, and quantitatively reproduce
the data in the Pb+Pb bins. A quantitative thermal fit to the data in all
bins is presented in Chapter 3, along with a comparison of the parameters
fixed by the thermal model of Hamieh et al. and the one to be presented in
this thesis.

It will be shown that the canonical thermal model is able to account for
the WAQ7 data in its entirety.
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Chapter 3

A Mixed Canonical Ensemble

3.1 Theoretical Formalism

In order to describe the yields of particles from high energy collisions, the
hadron gas model assumes that at the time at which the system breaks up it
may be described by statistical thermodynamics. The system is modeled as a
gas of hadrons in thermal equilibrium (full occupancy of the available phase
space) and may be described by a relatively small number of parameters
(T,V,p). As discussed in Chapter 1, the ability of strange particles to reach
equilibrium values of occupancy if the system had not, at some time earlier
than 74", been in the deconfined QGP phase, has been questioned. The sys-
tem formed in a collision has associated with it certain properties, or rather
quantum numbers, which need to be conserved. Where there are a large
number of particles concerned, the quantum numbers carried by these parti-
cles need only be conserved on average for the system, as a small fluctuation
of a large number may be disregarded. As the total number of particles in
the system carrying a certain quantum number becomes smaller, it becomes
more important to conserve this quantum number exactly.

Within statistical thermodynamics there are three possible formalisms
which may be utilised to conserve quantum numbers either exactly, or on
average. These are listed below:

Microcanonical Ensemble: In this case all conserved quantities are fixed
exactly, and there is a well defined energy.

Canonical Ensemble: This ensemble -describes -a system at a-fixed tem- - -

perature. The average energy of the system is defined, but the exact
energy of the system may fluctuate (a system in a ‘heat bath’). All

Thermal Freeze-out time — see chapter 1

41
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conserved properties of the system are conserved exactly, except for
the energy.

Grand Canonical Ensemble: The average values of all conserved proper-
ties of the system are fixed, although fluctuations are possible. These
fluctuations will be of the order 1&, where IV is the number of particles
carrying the conserved quantity. For large values of N these fluctua-
tions are negligible.

In order to conserve certain quantities exactly, and some on average, a
mixed canonical ensemble is required. This marriage of the canonical and
grand canonical formalisms is discussed in detail below. In this case, the
quantum number strangeness is conserved canonically (exactly). This is mo-
tivated by the small number of strange particles observed by CERN WA97.
In addition, as has been mentioned previously, the behaviour of the CERN
WA97 data is consistent with the tramnsition from a canonical to a grand
canonical description — in particular, the increase of the strange particle
yields per unit volume with volume until saturation is reached. Baryon num-
ber and charge may be conserved on average in the particular case of the
CERN WAQT data, as there are large numbers of baryons and charged par-
ticles formed. It should be apparent that for large particle numbers, the
canonical and grand canonical formalisms agree. Since the canonical ensem-
ble [49] is computationally intensive, until recently such an analysis has not
been possible for large systems [79]. This leads to the more frequent use of
the grand canonical ensemble, which is justified in most cases. The particle
number expressions for Boltzmann and quantum statistics are shown be-
low for the grand canonical formalism, conserving initially particle number,
and later baryon number, charge, and strangeness. Following this, the idea
of exact strangeness conservation is introduced for the case of Boltzmann
statistics.

3.1.1 Grand Canonical Formalism

The most important expression when considering a statistical formalism is
the partition function®(Z). In the case of quantum statistics, the logarithm
_ of the grand canonical partition function, for a gas of particles of mass m, is
given by the well-known results:

?The sum over all microscopic states from which the macroscopic variables may be
derived
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I Zpp = gv [ 224 ! 3.1
nese = IV Gpp (Ve —r) (3.1)
e
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In ZFD i gi(—z—;)—?,ln 14+e (32)

Zgpg (Zpp) is the partition function for bosons (fermions). The particle
number expressions < N > may be derived by differentiating Z with respect
to u, dividing the result by Z, and then multiplying by T3, or more simply,
taking the derivative with respect to y of In Z and multiplying by 7". This
leads to:

<N >=gV f gj{% f(z,p) (3.3)

with the distribution function f(z,p) given below:

1
fQ(x;p) = W-ﬁ j: 1 (34}
e T
fo(z,p) = e~ LA (3.5)

where the upper (lower) sign of f(z,p), corresponds to fermions (bosons)
and f(z,p)g is the Boltzmann distribution function.

The Fermi-Dirac and Bose-Einstein distribution functions may be ex-
panded using;:

LI im” (3.6)

11—z p—

As shown below, the first term in the expansion is the Boltzmann distri-
bution function®.

folz,p) = —m—m— 3.7
Q( ) e()?; ) L1 ( )

$Dividing by the co-efficient of u

‘where F = /m? + p?
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= 5 i(m)ke'@%‘ﬁ (3.9)
k=0
- i(;nfme-w—%“ﬁ (3.10)
k=1

For a gas composed of multiple particle species (A}, the total partition
function is given by the product of the partition functions for each parti-
cle species, with a unique chemical potential {(1z4) for each particle type.
< N4 > will again be determined by differentiating In Z by g4 and multi-
plying by T.

In a system formed as a result of a heavy ion collision, the number of
particles of a particular type is not independently constrained. What must
be constrained are the values of the baryon number (B}, strangeness (5) and
charge (@) for the entire system. This change affects y, which now becomes
a function of these properties of the particle concerned:

pa = Bapp + Qapg + Satis (3.11)

where 14 is the chemical potential for a particle of strangeness 54, baryon
number By, and charge J4. The factors up — the baryon chemical poten-
tial, pg — the charge chemical potential, and ug - the strangeness chemical
potential, are constant for the entire system, and their values constrain these
properties of the system as y previously constrained particle numbers. I is
convenient at this time to define the Boltzmann particle number expression®
for a particle of species A with mass m 4 as the one particle partition function
for particle A:

ma24p?-p g

d*p
In Zp = Np > QV/ '(‘2—'7}—)73‘6” (312)

This expression will be of use in the next section. In order to account for
the expected non-equilibrium strange particle yields, a strangeness suppres-
sion factor vs > 0 may be introduced. Its value at thermal equilibrium is 1,
while v < 1 (s > 1) leads to strange particle yields smaller (larger) than
the predicted equilibrium values. The factor ys was heuristically infroduced
by Rafelski et al. [80], and formalised by C. Slotta et al. [81]. The distri-
bution functions for a particle of species A with mass my4, strangeness S4,
baryon number By, and charge (04, may be expressed as:

Swhich is also the logarithm of the Boltzmann partition function



3.1. THEORETICAL FORMALISM 45

1
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fo(@p) = nlSalem ATt (314)

where |S4| is the sum of the valence strange quarks and anti-quarks of
particle A.

3.1.2 Exact Strangeness Conservation

The formalism to exactly conserve the strangeness of a system to zero, is
developed below using Boltzmann statistics. The accuracy of the Boltzmann
formalism is investigated later in this chapter. For this derivation, I will
assume that strange particle yields reach equilibrium values and therefore
vs = 1. If this condition does not impede the ability of the model to re-
produce the data accurately®, the deviation of strange particle yields from
equilibrium values will not be considered.

The Partition Function

The partition function for a system with S = 0 may be written as:

2 1 _<€Aj—BA#,B:QAuQ)nAf _
7 = 5(§:A Enﬁj SAnAJ’,O) ]:AIH Z nAJ'!e T (3.10)

j nAjzf)

Where €, is the j-th eigenvalue of the energy of a particle of type p. There
is no ug as strangeness is conserved by the Kronecker 4. As the Kronecker
¢ only affects strange particles, the partition- and distribution functions for
non-strange particles are not affected and are still described by the grand
canonical formalism previously mentioned. At this point I will make use of
the integral form of the Kronecker §:

1 n o
=g [ deetey (@19

The partition function then becomes:

Sand we ghall see that it does not
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=1 (eﬁ*BA#B"QA#Q”"SA‘?)“Aj

.?
7 nai=0 AT
Making use of:

e = Z - (3.18)

n=({}

and replacing the sum over j by integrals over position and momentum:

1 (eal~Baug~ QAF*Q:"SA@
Z = 37 ), qu exp (ZZ@ ) (3.19)

d3 \;m,qzw?z"'BApg‘QA;&Q“‘isgé
- —— 1% e~ iy
2r Jo dé P (Z 277)3 }3

To proceed further I will define:

o mA2+Z?2"5,ASig Qang
Lg, = V/ 271‘)3 T (3.21)
A{S“S )

20)

The sum over A now only runs over particles with strangeness S4. Each
term in the sum is the one particle partition function (Equation 3.12) for
particle A7. The partition function may now be written as:

1 2

3
Z = Zg"z; ; dqﬁ exp (Z (ZSAGZSAq& -+ Z_gAe_zsAd’)) (3.22)

Sa=1

Zy is the product of the non-strange particle partition functions. As will
soon become apparent, it is useful now to write the partition function as:

1 e / {Z_
Z= ZOQ_ dt;ﬁ exp (Z ZSAZ $a m’é + LS54 -—znqﬁ)
0. Sa=l Z- Sa 4

(3.23)

According to Ref. [82]:

Tignoring us as strangeness is being conserved exactly, pa — Bapp + Qang
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=00

it = N~ I (p)tm (3.24)
TR = OO

The use of which leads to the expression of Z in terms of three infinite sums
of the modified Bessel functions of type I:

e P=0G q_co =00 r
7 = 2’0% / dg D Y Y el 2\/212:_)(1/ )
0

P=—00 = —00 P00

L,(2V722 ) (ﬂ »(2V/25Z_3) (\[_ )p (3.25)

Completing the integration over ¢ enforces the condition r +2¢+3p =0
or rather, r = —2q — 3p, so finally one may write:

~2g—3p
= Z Z Z I_9g-3,(2\/ 212 )(1/ ) 1,(2v/Z252_,)

P00 q~.~oo

x(df l (2/Z; _3)(1/ ) (3.26)

Particle Number Expressions

The derivation of the particle number expressions is similar to the procedure
used earlier where the derivative of the partition function with respect to p
gave the particle numbers. In this case, a parameter A, = e#» is introduced.
To determine for example, the number of particles of type A formed, the one
particle partition function term for particle A (InZ4 defined by Equation
3.12) in Z is multiplied by A4. The derivative of the total partition function
with respect to A4 is then evaluated at A4 = 1, and divided by the partition
function. The particle number expressions for strange particles are shown
below. There is no need to multiply by T as g4 has no coefficients.

For a particle of species A, the number of particles present at equilibrium
in a thermal system is given by

S AP = | |
< Ny >= «295—7; i dg (In Z4) €94% exp | > (25,657 + Z_g,e™5%)
Sp=1

(3.27)
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The transformation to Bessel functions is still possible and now leads to:

P00 g=00  rmoo

- 0 (r+2q-+3p+54)0
<Ns> = 7(111:/;:4)“/0 dg D D D eftriratiesa

P00 00 T 00

xI,(2v/Z1 %) (1/ ) 2%)(\/ ]
Xfp(g\/ 232.3) (1 / % } (328)

This time the integral over ¢ leads to the condition r = —2¢ ~ 3p — S4.
The particle number expression in this case may therefore be expressed as:

—2g—3p-—54
Z z"" Z"" | Z )
< NA > m Eq (}.I}. ZA) I_quzgpmgA(z‘\;’ZlZ_l)( Z—_:

PO GO0

L2V 77 5) (ﬁ/ | LevZZs) (, /%) (3.29)

In this expression, In Z,4 appears many times; once as shown explicitly
above, and repeatedly within the Bessel functions (in the numerator, and the
denominator). When describing the thermal model application by Hamieh
et al. [50] in Chapter 2, the introduction of an interaction volume for strange
particles was mentioned. Ref. [50] has assumed that In Z4 explicitly shown
above is different to In Z4 in the Bessel functions by virtue of the volume
term (V) in In Z4 not being the same in these two cases. We see from the
above derivation of particle number that, theoretically, these volume terms
must agree.

The particle number expression may be rewritten for particles with
strangeness equal to one as:

<Np>=Cs ln Z4 (3.30)

The reader is reminded that In Z4 is the grand canonical particle number
expression for the case of Boltzmann statistics (used in this derivation). Cg is
" a measure of the Canonical correction to the grand canonical particle number
expression.
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3.2 Implementation

In this section we explore if canonical strangeness suppression at small vol-
umes (compared to grand canonical equilibrium particle yields) is able to
explain the enhancement of strange particle yields per wounded nucleon from
small to large systems, as measured by CERN WAQ97. Ideally the thermal
model would only be implemented where 47 integrated data were available,
but as only data that has been measured at mid-rapidity is published, T am
forced to fit the ratios of particle yields at mid-rapidity by assuming these
ratios are in agreement with the 47 integrated ratios. A theoretical com-
parison of the mid-rapidity particle number ratios with thermal model 47
integrated ratios has been developed by Cleymans et al. [83]. The ratios
are found to agree in the special case of boost-invariant cylindrical expansion
of the system. Experimentally, ratios of particle to anti-particle yields® at
mid-rapidity® have been compared to 47 integrated yields and shown to be
in agreement for S+S collisions at 200 A GeV by the CERN NA35 collab-
oration [85]. In addition, and perhaps of greater interest, the 47 integrated
ratio £/= measured by CERN NA49 for Pb+Pb collisions at 158 A GeV has
been shown to agree with the corresponding CERN WA97 mid-rapidity ratio
[86].

As the mixed canonical formalism has been derived here for the case of
Boltzmann statistics, it is worth noting that the second term in the series
expansion of the correct quantum statistical distribution function (Equation
3.10) for kaons gives a correction to the kaon numbers of the order of 3% at a
temperature of 150 MeV. The magnitude of the correction increases slightly
with temperature and decreases with the mass of the particle concerned.
The corrections to the Boltzmann distribution functions due to quantum
mechanics are expected to affect the kaons more than any other strange
particle, as they are the lightest of the strange particles. With errors of 3%
and less, the use of Boltzmann statistics to describe the strange particles
is justified. From the equilibrium thermal values of all resonances in the
Particle Data Booklet [87] at chemical freeze-out, the model accounts for the
decay of resonances according to the branching ratios in [87], and in line
with the data, as described in Chapter 2, does not account for feed down.
As previously mentioned feed down corrections are expected to be of the
order of between five and 10 percent [57]. For all mixed canonical analyses
the parameter pg fit to zero, and has been subsequently removed as a free

8The reason for checking particle to anti-particle ratios is that the masses of the particles
in the ratio are equal - this leads to these particles being equally affected by flow. This in
turn minimises the errors of introduced by considering a limited kinematic region [84].

¥1n symmetric collisions the majority of new particles are produced at mid-rapidity.
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Figure 3.1: Cy - 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 47 integrated Pb + Pb system, pq is expected to be small
and negative, but at mid-rapidity the approximation pg = 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 Kerdnen [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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least three free parameters, this is decidedly sub-optimal. The main result
of this thesis is based on fitting the ratios of the strange particle yields to
the yield of negatives for each case in Table 2.1. The negatives yield is used
for each ratio due to its superior statistics. In addition it provides a measure
of the entropy of the collision (since pions are the most abundant particle
species.) The major contribution to the negatives yield is expected to be
from #~ particles. For these bosons, the second term in the expansion of the
quantum mechanical distribution function (Equation 3.10) at 150 MeV is of
the order of 30% . It is unacceptable to ignore this correction to the Boltz-
mann approximation when attempting to describe the data. Considering
that the non-strange particle yields predicted by the model are independent
of the exact conservation of strangeness, the full quantum mechanical par-
ticle number expression given by Equations 3.3, and 3.13 is evaluated for
all non-strange particles. The parameters obtained in this way are shown
in Table 3.1 as Analysis A'°. The ¥ for each system is good, and there are
three (two) degrees of freedom for the p+Pb, and Pb+Pb systems (p-+Be
system).

3.2.2 Analysis B

miy

Analysis B has only three data points ( T, 5 and ) for each fit. The need
for a third data point in order _to fit the three parameters of the model,
necessitated the use of the ratio = = This analysis has no free parameters, but
shows reasonable agreement with Analysis A. The large uncertainties of the
fitted parameters are unavoidable. The small values of x? in this analysis are
due to the lack of free parameters. Interestingly, fitting these ratios proves
impossible for the p+Pb system. The hypothesis of Hamieh et al., [50] of
a special ‘interaction volume’ for strange particles in this system cannot be
tested, as the particle ratios would depend only on this interaction volume,
as the regular volume cancels in the ratio of the particle multiplicities.

3.2.3 Analysis C

Analysis C determines the grand canonical best fits to the data assuming
quantum statistics. In this case, there is no volume dependence of the par-
ticle ratios and I have included pg and pg. This procedure fails for the
p+Be system. As may be expected for systems of this size, a full canon-
ical treatment [49] is required. In this analysis, the parameters fitted for

10The table also includes the x* and fit parameters for two other analyses described in
detail below
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p+Be p+Pb Pb-+Pb
Binl | Bm2 | Bin3 | Bmd
Analysis A
Ratios of Strange Particle to Negatives Multiplicities
x* 0.756 1.85 2.07 0.427 1.58 1.45
T | 162+4 17242 16144 16444 16644 15945
pp | 11147 157439 201425 23038 22828 204430
R | 1.394+0.14 | 1.164+0.39 | 6.81-+8.73 | 9.88+10.9 | 6.78:£9.39 | 10.4::6.8
Analysis B
Ratios of Particle Yields to that of their Anti-Particles
x* | ~107° 60287 ~ 1077 ~ 107 ~ 1077 ~ 1074
T | 157+£25 - 171417 161415 153+35 163445
pp | 106£31 - 229455 222446 190461 220430
R | 1.50+0.83 - 2.17£2.03 | 6.06+8.92 | 9.384+7.12 | 8.084:6.83
Analysis C
Grand Canonical Fit
X 78 17.5 1.53 0.15 0.70 0.97
T . 14348 173420 165+4 166-+5 171420
Un - 205-£106 | 282496 227+39 20345 2654120
JI%e) - -109+52 -54:£68 0450 060 -62::86
is - 10563 110+73 54+25 39:£28 94497

Table 3.1: Parameters obtained for various analyses as described in the text.
The temperature (I'} and chemical potential (uup) are in MeV. The radii (R)
are given in fm. If x? is greater than 50, the fit parameters are not shown.

Bin 4 immediately catch the eye — with high uncertainty values even though
x* < 1. This is especially puzzling when one notices that this is not the case
in Analyses A or B. The T and pp parameters agree with those obtained by
Becattini et al. [88], for a grand canonical description of the 4m-integrated
data for central symmetric Pb?® collisions at 158 A GeV by the CERN NA49
collaboration.

3.2.4 Comment on Analyses A, B, and C

The common parameters in Analyses A, B, and C agree within one standard
deviation. The ability of this mixed canonical ensemble to describe the small
p+Be system is in agreement with the work of Kerédnen et al. [79], as shown
in Figure 3.1, and mentioned at the beginning of this chapter.
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3.2.5 Variation of 7, R, and up with < N,punq >

In order to fully reproduce the CERN WA97 data as represented in Figure
2.1, it is necessary to determine a relationship between the parameters up,
radius K, and T obtained from the fits of Analysis A and the number of
wounded nucleons. The fits used are shown in Figures 3.2, 3.3, and 3.4 as
well as the parameters obtained from a full Boltzmann treatment!!, The
parameters obtained from the p+Pb data have not been considered because
of their prediction of a volume smaller than that of the p+Be system.

Temperature

As may be seen in Figure 3.2, it appears initially that the temperature in-
creases with centrality. However, the last data point does not fit this hy-
pothesis, and the variation of chemical freeze-out temperature with number
of participants has been assumed to be constant (7' = 163 MeV). This is in
agreement with the canonical thermal model fit to the NA49 data by Becat-
tini et al. [88] to central Pb+Pb data. This temperature value is slightly less
than that of the mixed canonical model of Hamieh et al. [50] as described in
Chapter 2.

Radius

The large uncertainties of the radius parameter means that almost any func-
tion may be fitted to the data (Figure 3.3). In order to reproduce the
WAGS7 data, knowledge of the variation of system size with average num-
ber of wounded nucleons is required. The function shown in Figure 3.3 is of
the form < Nyouna >= R® + b with b < 0.5 adjusted to reproduce the WA97
data (Figures 3.6 and 3.5). This differs from the dependence of the Radius
on Ay, assumed by Hamieh et al. [50] where A,y ~ 1.3 — 1L.7R2.

The large uncertainty in the radius for the larger systems is not surpris-
ing, as the ratios being fitted are expected to show a small volume depen-
dence, due only to canonical strangeness suppression. The effects of canoni-
cal strangeness suppression decrease with system size as one approaches the
grand canonical limit where ratios of particle multiplicities have no volume
dependence.

Baryon Chemical Potential

Figure 3.4 shows the variation of the baryon chemical potential with system
size. This function increases rapidly before saturating. All the Pb+Pb cen-

Hysing Boltzmann statistics for strange, and non-strange particles
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tem with number of wounded nucleons.
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Figure 3.3: Variation of the radius (R) of the system with the number of
wounded nucleons.
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Figure 3.4: Variation of the baryon chemical potential (up) with radius.

trality bins are described by the saturation value of approximately 210 MeV.
The obtained values of pp in the central Pb+Pb bin are in agreement with
that of Becattini et al. [88]. The p used for the Pb+Pb bins by Hamieh et
al. [50] is just outside one standard deviation of the values obtained by this
analysis. For the p-+Be system the value of pp used in Ref. [50] (150 MeV)
is much larger than that obtained in this analysis (111 +7 MeV) .

The exact variation of ug, T' and R in the range between the p+Be and
Pb+Pb may differ from what is shown here and new data from CERN NA57
in this range are eagerly awaited.

The figures mentioned above (3.2, 3.3, and 3.4) also show the variation
of the parameters T, K, and pp with centrality in the case where all particle
multiplicities are assumed to be Boltzmann. These parameters are seen to
be in agreement with the parameters from Analysis A. The x? for the purely
Boltzmann fits were of the order of 1 for all systems.

«

3.2.6 Reproducing Figure 2.1

Figures 3.5 and 3.6 show the ability of the model to reproduce the data
(Figure 2.1) using the functions in Figures 3.2, 3.3, and 3.4 to predict the
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Figure 3.6: Comparison of the hadron gas model with exact strangeness
conservation and CERN WA97 data for negatives and strange particles.

variation in chemical freeze-out temperature 7', radius R, and baryon chem-
ical potential up with average number of wounded nucleons. As is clear, the
agreement of the model with experimental data is good. The exact shape
of the thermal model predictions shown in Figure 3.5 and 3.6 show a large
dependence on the exact relationship between number of wounded nucleons
and system size, and a weaker dependence on the functional it to the other
two parameters. This is rather unfortunate as the thermal model R values
obtained have uncertainties equal to their magnitude, so this relationship is
not contrained by the model.

3.2.7 Investigation of the Importance of Including All
Strange Particles in the Formalism

Previously, there have been many applications of the mixed canonical model
with canonical strangeness enhancement where the formalism included only
singly-strange, or |S| < 2 particles. To compare these formalisms to the
full canonical strangeness conservation model described here, I attempt to
reproduce the WAQ7 particle behaviour conserving only |S| < 2, and then
S = +1 particles'?, letting the 7', R, and pup parameters vary as shown in

2The modification to the model presented in the previous chapter is minimal and all
that changes is the number of terms in the sum over S, in equation 3.22
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Figure 3.7: Comparison of the hadron gas model with exact strangeness
conservation up to doubly strange (anti-)particles with WA97 data for the Q
and strange anti-particles.

Figures 3.2, 3.3, and 3.4.

Figures 3.7 and 3.8 show the model predictions for exact conservation of
|S| < 2 particles. From these figures it is apparent that neglecting the O~

and $1' in a thermal model with exact strangeness conservation, to describe
particle yields of |S| < 2 particles, is justified.

Figure 3.9 shows the results obtained assuming exact strangeness conser-
vation for only S = =41 particles. The thermal model prediction is shown to
differ slightly in this case, but this variation is small enough to be ignored.

Figures 3.7, 3.8, and 3.9 show behaviour normalised to p-+Be. It is possi-
ble that differences in particle multiplicities may cancel in the normalisation
to p+Be. The predicted values of the ratios of exactly conserved strange
particles to pions in the p+Be system for |S| £ 2 or S = =1 conservation
are unchanged (until the third significant figure), when using the parameters
(TR, and pp) from Analysis A, obtained by conserving (|S| < 3}.

From these results, it is apparent that, in order to describe yields of a
particle of strangeness S, a model implementing canonical strangeness con-
servation need only consider the exact conservation of particles of strangeness
<S.
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3.3 Conclusion

A thermal model conserving baryon number and charge on average, and
strangeness exactly has been used to describe particle yields from heavy
ion collisions. The formalism includes all strange particles. The model has
been applied to the CERN WA97 data (Table 2.1, and Figure 2.1), and
is shown to be able to qualitatively, and quantitatively reproduce the data
for all centrality classes (Figures 3.5 and 3.6). The accuracy of the model
parameters (temperature 7', radius R, and baryon chemical potential up)
is restricted by the lack of 4n integrated particle yields for multi-strange
particles. In order to reproduce Figure 2.1 accurately, some knowledge of the
variation of T', K, and pp was required. A functional form of the variation of
these parameters with the number of wounded nucleons has been determined
and is presented in Figures 3.2, 3.3, and 3.4.

The parameters obtained by this model for the central Pb+Pb bins are in
agreement with the 47 thermal model application of Becattini et al [88]. This
lends some weight to the accuracy of the model when fitting particle ratios in
a limited kinematic region. This grand canonical model includes the factor
vs # 1 to predict the yields of strange particles. To differentiate between
canonical strangeness suppression, and suppression of strange particles by
anomalous phase space occupancy'?®, the yield of the ¢ particle could be used.
Yields of this particle are not sensitive to canonical strangeness suppression,
but as it contains an s and an § quark, these yields will be sensitive to vs # 1.

The enhancement of strange particles measured by CERN WA97 has been
considered a signal for QGP formation by many of the models mentioned in
Chapter 2. At first glance, the ability of a full equilibrium thermal model to
reproduce the data agrees with this assumption, since, as has been explained
in Chapter 1, equilibrium strange particle yields have been proposed as a
possible signal for deconfinement. A deconfined phase is not, however, ex-
pected to be formed in the p+Be system, as it is only expected in large dense
systems. The ability of the model to reproduce the p+Be data suggests that
either a deconfined phase is formed in this small system, or that it is possi-
ble for strange particles to reach equilibrium yields by hadronic interactions
alone.

The usefulness of the interaction volume parameter introduced by Hamieh
et al. [50] may only be investigated when 47 data becomes available. It does
not appear to be necessary, and has been introduced chiefly to account for
the anomalous p+Pb data point. The parameters required to describe this
point have been excluded from further analysis for the reasons stated in the

Bparameterised by vs # 1 in thermal models
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text.

It has further been shown that the corrections due to canonical strangeness
conservation for particles of strangeness S are not greatly affected by in-
cluding, in the formalism for exact strangeness conservation, particles of
strangeness > S.

If one were to consider the status of proposed signals of deconfinement
for Pb+Pb collisions at 158 A GeV from Chapter 2, it seems likely that a
deconfined phase has been formed in these collisions. Regardless, particle
multiplicities are described by their equilibrium thermal values, and the en-
hancement of strange particles at CERN WA97 for large systems relative to
p-Be is easily explained by this model of exact strangeness conservation.



Appendix A

Kinematic Variables

A.1 Baryon Stopping

At ultra-relativistic energies (greater than 10 A GeV [92]) the type of collision
occurring may be divided into two broad categories:

Baryon Stopping Region: In this region the baryons in the target and
projectile are partially or fully stopped by each other, forming baryon-
rich matter in the interaction region of the collision [92].

Transparent Region: In this region the baryons of the target and pro-
jectile nuclei pass through each other, leaving behind a baryon-poor
interaction region: There is still a large amount of energy deposited in
the interaction region in this case.

The boundary between these two regions is not clearly defined. There is al-
most complete stopping in reactions with S and Si projectiles up to 60 A GeV.
In the centre-of-mass system, the energy range for stopping is /s ~ 5 —
10 GeV per nucleon, and a totally transparent collision will have energy per
nucleon of approximately /s > 100 GeV [6]. If a plasma is formed in a colli-
sion with a high degree of stopping, it will be baryon-rich. A plasma formed
in the transparent region will be baryon-poor, and is expected to be similar
to conditions present during the early universe. Figure A.1 shows expected
net proton distributions for various cases.

A.2 Centrality

In general, the type of projectile and ta,rget used in accelerator experiments
vary from proton — proton, through to Pb+Pb. An interesting variable is
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Figure A.1: 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 becomes more peripheral. The most central collision will be at =0

[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 certrality. 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+PDb 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:
1 E+p;
= -] i
4 2 n(E—PL) (A])
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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 F is the energy of the particle and py, 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 traasformed to the centre-of-mass frame by a simple linear
shift of the centre of the spectrum to y = 0.
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Rapidity may be considered the relativistic variable analogous to classical
velocity or momentum, as a high rapidity implies a large longitudinal mo-
mentum and rapidity transforms from one relativistic frame to another ac-
cording to the Galilean velocity transformations (addition of a constant).
The mid-rapidity region is the region between the target and projectile ra-
pidities. Most newly produced particles may be found in this central rapidity
region in symmetric collisions.

A.3.2 Pseudorapidity

At large energies (E — oo) the energy term in the definition of rapidity
above may be replaced by the magnitude of the 3-momentum vector which
also approaches infinity (|| — o0). This substitution gives the definition

of pseudorapidity (n):
_ 1 7|+ PL)
1= (e (A2)
At large energies, the pseudorapidity and rapidity variables are approx-
imately the same. In the region of 7 & 0, there is a dip in the particle
multiplicity compared to the rapidity value. The peak of the psendorapidity
distribution is smaller than that of the rapidity distribution by approximately

(1- 52b) [6).

A.3.3 Longitudinal Flow

The rapidity distribution predicted assuming a Boltzmann distribution for
massive particles emitted by a stationary thermal source, appears as a Gaus-
sian, centred at y = 0 in the centre-of-mass frame of width [90]:

Ttwbm = §/81n2£ ~ 2.351/2 (A.3)
Vit M

For massless particles, the width of the rapidity distribution is expected to
be [90]:

Ffwhm ot 1?8 (A*‘i)

All measured rapidity spectra show widths in excess of those described
in Equation {A.3). This indicates that particles exhibit some memory of the
momenta of the initial colliding nuclei. A first attempt at describing this ef-
fect by including non-thermal resonance decay particles was unsuccessful as

Ymer and myg are described in Appendix A.4
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this had the effect of narrowing the width of the expected rapidity spectrum
(91]. In the Bjorken model for asymptotically high energies [4], and complete
nuclear transparency, rapidity distributions are predicted to be extended con-
stant plateaus as opposed to the Gaussians predicted for a stationary thermal
source. With experimental data exhibiting a behaviour between that of these
two extremes, an intermediate theory is expected to describe the data. To
account for widths of rapidity spectra from CERN SPS, the assumption of
some type of partial nuclear transparency or incomplete stopping, leading
to a large longitudinal flow of the thermal system along the beam axis, is
utilised. The magnitude of this low may increase with distance along the
z axis from the the centre-of-mass, where the system is considered to be at
rest (in the longitudinal direction).

The limited available beam energy and potential stopping observed in the
colliding system is accounted for by restricting the rapidity interval of the
Bjorken model to between that of the projectile and target rapidity regions (
OT Ymin 80d Ymaz) [90]. This makes it possible to reproduce the experimentally
observed rapidity spectra, as seen in Figure A.3.

A.4 Transverse mass (mg), Transverse mo-
mentum (pr), and myp-scaling

The transverse mass of a particle detected after a collision is defined as:

mr = \/mg* + pr? (A.5)

Where my is the rest mass of the particle, and pr is the particle’s momentum
in a direction transverse to the beam axis. A stationary thermal Boltzmann
source, at large values of the transverse mass, is expected to behave according
to:

1 dN -m
im — —— e T (A.6)
mr—00 1/ dmr
This behaviour of the system is described as ‘mp-scaling’. For a small rapidity
window it is more useful to plot [90]:

1 dN FAT
el " , AT
mr dydmrp e . A7)

Where in this case, T.g is given by:

Teg = T/ cosh (y — yr) (A.8)



A4, mp-SCALING 69

Where y; is the rapidity of what would be y = 0 in the centre-of-mass
frame, given by the centre of the peak of the rapidity distribution. Particles
emitted by resonance decays are not expected to exhibit my-scaling, as they
may be formed outside the interaction volume, or not have had time to reach
equilibrium. This is apparent when observing the low pr tail on, for example,
the pion spectra — of which a large contribution comes from resonance decays
. This can be seen in Figure A.4 with the A~ data, to which the largest
contribution is from pions.

A.4.1 Transverse Flow

As shown in Figure 2.4, the inverse slope parameter (T') displays a mass
dependence for all particles, except the multi-strange hadrons. Assuming a
global transverse velocity (vr) for the system, the transverse momentum of
each particle species is boosted according to:

P = DT + MoUr (A.9)

This seems to accurately describe the data. The pr-spectra of all particles
are modified according to their mass, increasing the apparent temperature of
heavy particles more than that of the lighter particles. This effect is enhanced
at low pr values and, in the limit of large pr (pr >> m), may be ignored,
with all particles again exhibiting the same temperature parameter.

For a system with universal transverse expansion, at large py, 7" needs to
be replaced by Texp, the effective temperature given by [90]:

(A.10)
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APPENDIX A. KINEMATIC VARIABLES
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Figure A.4: mr-spectra from CERN WAGQ7 for negatives, and the K3 [55].
The K? shows my-scaling. The h~ only exhibit mr-scaling for mr greater
than 1 GeV/c?.



Appendix B

The Acceptance Region of
WA97 for Pb+Pb 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: The CERN WA97 acceptance regions for A, =, Q, K ¢ and h-
particles formed by Pb+Pb collisions [55].

The shaded areas of Figure B.1 give the acceptance for the various par-
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ticles. The dashed lines show reflection about mid-rapidity (y = 2.91).
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