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Abstract

Results on event-by-event fluctuations in transverse momentum of forward-rapidity charged
particles are presented. The system size dependence of dynamical fluctuations is studied

by use of p+p, C+C, Si+Si and Pb+Pb collisions at 158 AGeV. The energy dependence

is performed by analyzing central Pb+Pb collisions at 20, 30, 40, 80 and 158 AGeV.

All available data sets were recorded by the NA49 detector at CERN. Three different

methods are applied: measuring the average transverse momentum (M (pr)) of the event,

evaluating the ®,, fluctuation measure and studying two-particle transverse momentum

correlations. Results are compared with predictions of models and with other experimen-

tal results.

Dynamical fluctuations (dynamical part of event-by-event fluctuations) are rather
small in this kinematic region (all ®,, values are below 16 MeV/c). However, a sig-
nificant system size dependence of ®,, is observed with a maximum value for peripheral
Pb+Pb interactions. No significant energy dependence of p; fluctuations is observed for
negatively charged particles but significantly increased ®,, values appear for positively
charged particles at lower SPS energies. This effect, however, might be explained by a
higher fraction of re-scattered participants (correlated by the momentum conservation
law) in a sample of positively charged particles at lower energies.

This is the first analysis presenting significant system size dependence of transverse
momentum fluctuations at CERN SPS. Moreover, the NA49 experiment is the only one
that recorded central Pb+Pb interactions in a rather wide energy region covering both
the probable phase transition region and the region where QGP is probably created in
every Pb+Pb collision. These two arguments makes the analysis complex, unique and
truly attractive.
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Chapter 1

Introduction

1.1 Quark-Gluon Plasma creation

This is a well established fact [1] that hadrons (for example protons, neutrons) - the
elementary particles creating the matter in the Universe - consist of more fundamental
objects: quarks (valence quarks and sea quark-anti-quark pairs) and gluons. Moreover,
the well known property of strong interactions called confinement does not allow them to
move freely outside the hadrons. The energy delivered to separate a single quark from
a hadron will be eventually used to create a new quark - anti-quark pair. However, it
was predicted long ago that if the energy density is sufficiently high, much higher than
a typical energy density inside the hadron, the matter can form a gas of subhadronic
degrees of freedom. In such situation quarks and gluons could move freely in the whole
volume of so-called quark-gluon plasma (QGP) [2].
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Figure 1.1: The probable scheme of the evolution of the early Universe. Figure taken from
CERN Image Library.

The Big Bang model assumes that the Universe was created during an explosion of a



very dense and a very small object. Fig. 1.1 illustrates the evolution of the early Universe.
It is expected that at the early stage of this expansion a mixture of deconfined and thus
directly interacting quarks and gluons (QGP) was filling the Universe. While the Universe
was expanding and cooling down, deconfined quark and gluons were binded (merged) into
color neutral particles like hadrons (for example protons and neutrons). These particles
were subsequently combined into nuclei, atoms, elements up to present-day galaxies.

It has been considered repeatedly whether such a state of deconfined quarks and
gluons that behave as essentially free particles can be reproduced in the laboratory. It
seems that it is possible indeed. Let’s imagine that very heavy nuclei (Pb, Au) collide
at a very high energy. There are two possible scenarios of such reaction. One of them
predicts that a very hot and dense hadron gas is created. Due to high energy and a large
number of interactions between hadrons the creation of huge amount of new particles
(like pions, kaons, lambdas) is possible. When the collision energy is sufficiently high the
second scenario seems to be more probable - nucleons are so densely packed that their
quarks and gluons do not "remember” which of the nucleons they belong to. The soup
of deconfined partons is created, probably very similar to that one which existed shortly
after the Big Bang. The second scenario of a heavy ion collision is presented in Fig. 1.2.
The nucleons (protons, neutrons) from both nuclei that do not interact and move nearly
not distorted in their original directions are called spectators (gray balls in the figure)
whereas the nucleons that actively take part in the interaction are called participants.
In the figure small red, blue and green balls denote quarks which are deconfined from
participating nucleons.

Figure 1.2: Collision of two heavy ion nuclei where QGP creation is observed. Figure taken
from CERN Image Library.

The formation of QGP [2] at the early stage of the collision is expected when the system
is sufficiently hot and dense. During its later evolution the system expands and cools down,
partons are merged into color neutral particles (hadronization process) which finally can
be registered in the detector. By studying such a final state particles, contemporary heavy
ion physics tries to answer the question which scenario is realized during an interaction.

Over the last two decades heavy ion collisions have been studied in a series of exper-
iments at different accelerators and at different beam energies. The main accelerators
are: Alternating Gradient Synchrotron (AGS) in Brookhaven, Super Proton Synchrotron
(SPS) at CERN in Geneva and new accelerator Relativistic Heavy Ion Collider (RHIC)
in Brookhaven. In this thesis data from one of the SPS experiments (NA49) will be pre-
sented. SPS accelerator provides Pb beams at the energy of 158 GeV per nucleon which
corresponds to the center-of-mass energy /syy = 17.3 GeV for a nucleon pair in Pb+Pb
collisions. RHIC accelerator collides two gold beams coming from opposite directions



and reaches the center-of-mass energy \/syy = 200 GeV for a nucleon pair in Au+Au
interactions. A new collider at CERN - Large Hadron Collider (LHC), which is presently
under construction, will provide Pb+Pb collisions at \/syy = 5.5 TeV per nucleon pair.

Fig. 1.3 shows schematically the space-time evolution of a heavy ion collision. The
left-hand side of the diagram describes the situation where hadron gas is created while
the right-hand side assumes the QGP formation during the early stage of a heavy ion
collision.
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Figure 1.3: The space-time evolution of a heavy ion collision with and without QGP formation.
Figure taken from [3].

Two heavy nuclei are accelerated to velocities which are very close to the speed of the
light. In the case of the QGP scenario - just after the collision the number od degrees of
freedom has to be rearranged and the thermal equilibration should be reached (red region
in the right-hand side of Fig. 1.3). Then, after the so-called plasma formation time
0= 1fm/c (3-102's) the QGP appears. The volume occupied by matter characterized
by a high energy density is called fireball. It is believed that due to a high density and a
large number of interactions the system is thermally equilibrated. The typical temperature
of the QGP created at the top SPS energy is about 230 MeV (more than 5 orders of
magnitude hotter than the interior of the sun) and the energy density about 3 GeV/fm?
(approximately 20 times the normal matter density). Extreme pressure gradients in the
fireball lead to an explosive type of expansion. The fireball cools down and expands into
longitudinal and transversal directions. The transverse expansion (not shown in figure) is
slower than the longitudinal one (presented in the figure). The moment when the particles
(resonances, hadrons) are already created and there are no further reactions producing
or destroying new particles is called chemical freeze-out (the temperature of the chemical
freeze-out T is approximately 175 MeV and the energy density ¢ about 1 GeV/fm?). The
typical lifetime of a fireball before reaching the chemical freeze-out is at the level of few
fm/c (about 10723s). The system, however, is still expanding and cooling down and the
produced particles can interact and change their momenta. The thermal freeze-out is the
moment when all particle interactions cease (non-stable particles can decay all the time)
and their final momenta are established. The temperature of the thermal freeze-out is
about 110 MeV and the energy density approximately 0.05 GeV /fm?. All the above values
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are taken from [4]. Particles after their freeze-out can be detected in the experiment (the
momenta of the emerging particles which are measured in the detector are fixed at the
moment of thermal freeze-out). About 90% of all newly produced particles are pions and
about 75% of total strangeness is carried by kaons. Produced particles carry information
about the final state of the fireball. This information can be used to extrapolate back to
the earlier stages of the evolution of the heavy ion collision. In this way experimentalists
can try to answer the question whether the QGP is created or not at the very early stage
of the collision.

The thermodynamical approach suggests that the energy provided to the system can
be used to break the bindings (confinement) and to create a new state of the matter (like
in the case of water). Such approach assumes the existence of the critical parameters like
critical temperature or critical density. In the case of the nuclear matter, heating or/and
squeezing (compressing) the matter leads to reaching a new phase - QGP. Thus the QGP
is the nuclear matter which is an analogue of the plasma phase in an ordinary atomic
matter. It is quite obvious that the thermodynamical picture can be used for macroscopic
systems only whereas the nuclear collision is a microscopic one. However, in heavy ion
collisions the number of participating nucleons is high and the created fireball produces
thousands of particles interacting both in elastic and inelastic collisions. The exchange of
the momenta is a natural expectation and therefore in calculations one can assume that
the equilibration is reached. As a consequence the typical language of thermodynamics
can be used. In the case of thermal equilibrium the mean kinetic energy of the particles
can be described in terms of the temperature. It will be also shown later that in high
energy heavy ion collisions the produced particles are emitted from a source of common
temperature what can be a good argument for thermalization.

An approximate knowledge of the potential between two interacting quarks, the as-
sumption that the thermal equilibrium has been achieved and that the baryonic chem-
ical potential up = 0 enable theoretical calculations of the system evolution. Thus,
in principle, the values of the critical parameters of the phase transition can be found.
(Baryo-chemical potential is a thermodynamic parameter which allows to account for a
non-zero baryon density of the created matter). Such numerical calculations (so-called
lattice calculations [5]) are based on 4D space-time lattice. The quarks are situated on
lattice sites and the gluons link them. The numerical calculations allow to simulate and
follow-up their interactions. On the basis of lattice calculations it has been predicted that
the temperature of the transition between QGP and hadron gas (the temperature of the
chemical freeze-out) equals T, ~ 150—175 MeV [6, 7| (depending on the number of flavors
assumed in calculations). The temperature corresponds to the energy density by use of
the equation of state (figure in [6]) and in principle at critical temperature 7. the critical
energy density can be estimated as e, ~ (6 +2)T*. Therefore for T, ~ 150 — 175 MeV the
energy density does not exceed the value of 1 GeV/fm? (for example for T, = 160 MeV,
g. = 0.51 £0.17 GeV/fm?).

As already mentioned the above limits of the critical temperature have been calculated
at baryonic chemical potential pp = 0 (i.e. also zero baryon density). At energies
presently reached in heavy-ion experiments chemical potential is non-vanishing but has a
finite value, however lattice calculations for non-zero chemical potentials are much more
complicated and until recently (2001 year) were not possible at all. The recent calculations
for pp different from zero became possible and the results will be shown later in Fig. 1.5
and Fig. 1.7.

Fig. 1.4 shows the phase diagram of a nuclear matter as a function of temperature
(vertical axis) and baryon density (horizontal axis). The ordinary nuclear matter (red
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Figure 1.4: The phase diagram of the transition between nuclear matter and QGP. At high
temperatures (related to high energy densities) and/or high baryon densities (matter densities)
hadronic matter can undergo a phase transition. The lines correspond to different scenarios in
which a QGP can be created. The critical temperature of the phase transition at zero baryon
density (also zero baryon chemical potential) is put as 200 MeV, however more recent calculations
indicate that it can be lower (150 - 175 MeV). Figure taken from [3].

region in the figure) has the density p &~ 10*g/cm3. Tt is believed that the early Universe
contained low density and high temperature QGP [8] (the phase transition from QGP to
hadron gas took place probably 1078 - 1075 s after Big Bang). The present-day cores of
neutron stars probably contain so-called cold QGP - at low temperatures and high den-
sities [9]. In present-day ultra-relativistic heavy ion experiments both high temperatures
and high densities of matter seem to be reached leading to the creation of an extended
volume of the matter, probably composed by deconfinement quarks and gluons. Within
a QGP scenario, just after the collision, the system reaches high temperature and high
baryon density crossing the phase boundary and after that hadronizes (in the hadron gas
region) - the arrows at the end of the curves in Fig. 1.4 represent the freeze-out points.
Within the hadron gas scenario the system does not reach the phase boundary and the
whole curve is situated inside the hadron gas domain. Although in Fig. 1.4 the QGP
scenario is assumed for all accelerators it is still an open question whether the collision
energy at AGS and low energy SPS reactions is high enough to allow the trajectories to
cross the phase boundary of the phase diagram.

The phase diagram of a nuclear matter can be also represented as a function of 7T’
and baryonic chemical potential g as presented in Fig. 1.5 (baryon density corresponds
to baryonic chemical potential). The shape and the position of the curve, representing
the phase transition, and also the order of the transition depend on the number of quark
flavors (ny) and on their masses assumed in lattice calculations. Fig. 1.5 shows the
results of lattice QCD calculations where n;=3 is set up (2 light and 1 massive flavors).
At higher pp the transition is of the first-order (solid line) whereas for lower yp and higher
temperatures one can expect a crossover (dotted line). For a first-order phase transition
(co-existing phases) one can expect a jump in the entropy and the baryon number density
and a discontinuity (jump) of the energy density (¢) whereas in a crossover the entropy
behavior is continuous and one can expect a fast but smooth change of physical variables.
Therefore in the region of lower pup one can expect rather rapid but smooth crossover
from the regime which can be described as a hadron gas to the regime of QGP. A critical
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point (the ’end-point’ of the first-order phase transition) separates these two types of
transitions. Accordingly to calculations in [10], where semi-realistic masses of quarks has
been assumed (m; has been set to be about its physical value, m,, 4 are four times heavier
than in the real world), the end-point has been predicted to be located at T ~ 160
MeV and p$§ ~ 725 MeV (in this work the critical temperature at up = 0 is reported
as T, ~ 172 MeV). This pp value at the critical point is too high to be studied both
at SPS and at RHIC experiments (at RHIC top energies pp < 50 MeV, whereas at top
AGS energy pup =~ 550 MeV ). More recent results, calculated for realistic quark masses
suggest a critical point at 79" = 162 + 2 MeV and pu%* = 360 £+ 40 MeV [11]. The
critical value of pp is still much larger than the value of baryonic chemical potential at
the chemical freeze-out, estimated at top RHIC energies (ugp ~ 30 MeV). It can suggest
that the transition at pup = 0 and in almost baryon free region produced at mid-rapidity
at RHIC can be rather described by a rapid crossover from a hadron gas to QGP. In [11]
the critical temperature at pup = 0 is reported as 7. = 164 2 MeV. The critical value of
pp reported in [11] is close to the values of baryo-chemical potential reached in Pb+Pb
interactions at SPS.
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Figure 1.5: QCD phase diagram in the up — T" plane. Dotted line illustrates the crossover and
solid line the first-order phase transition. Figure taken from [11].

The aim of present-day experiments is to find out whether the conditions for QGP
creation during heavy ion collision at high energy are fulfilled. CERN SPS is nowadays
one of the accelerators offering very high energies in Pb+Pb interactions (center-of-mass
energy equals 17.3 GeV per nucleon pair). A very important question is how to estimate
the values of 1" or ¢ parameters which can give some ideas whether the conditions achieved
in heavy ion collisions are at least close to those expected for the QGP formation. Either
T or € can be determined by use of kinematic variables or/and yields of particles produced
in the final state of the high energy interaction.

The first important question is how to determine the temperature of the emitting
source of particles (thermal freeze-out temperature). It has been suggested by Hagedorn
[12] that the transverse momenta of emitting particles carry information about the freeze-
out temperature. In principle, the distribution of the transverse mass of produced particles
(mp = \/pr? + my?, where my is the rest mass of a particle) for low transverse momenta
(for example pr < 2 GeV/c) is quite well described by the so-called Hagedorn formula:

dN —mr

pr— CmTexp(T) (1.1)
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Assuming thermal equilibration and comparing the formula with a simple Boltzmann’s
distribution one can immediately find that o parameter (so-called inverse slope parameter)
can be identified with the temperature of the emitting source. The a: parameters measured
by several CERN experiments have been found to vary between 150-450 MeV and have
depended linearly on the mass of the measured particle (a detailed figure for example in
[13]). It has been proposed then that the value measured in the experiment (o = Ty)
is the real thermal freeze-out temperature (7%,) plus additional part connected with the
transverse expansion of the system. Within this approach the inverse slope parameter is
given by the formula:

1
Tsl - Tfo + §mﬂﬁ%7 (12)

where [ is connected with already mentioned transverse flow (/3 is the transverse velocity
of the emitting source). Taking into account the last formula (one should note that the
main formula describing m distribution can be modified in different models and by use
of different parameterizations) it has been estimated that the real thermal freeze-out
temperatures calculated for different types of particles are about 117-131 MeV even for
the lowest SPS energies (20 and 30 AGeV) [14] and about 115-140 MeV for higher SPS
energies (40, 80 and 158 AGeV) [15]. The slopes of the my spectra of particles and
anti-particles are very similar. Common value of 7%, for different particle types indicates
that the thermalization is indeed reached in such collisions. Fig. 1.6 shows the transverse
mass distributions of selected hadrons produced in central Pb+Pb collisions at 20 and 30
AGeV. The values of thermal freeze-out temperatures and transverse velocities result from
the fit. [, has been found to be about 0.5¢ for all SPS energies. Fig. 1.6 and the above
mentioned results concern central Pb+Pb collisions (7-10% most central interactions),
however, it has been observed experimentally that even for the same collision energy
thermal freeze-out temperature decreases with increasing centrality (77, is lowest for the
most central events). This difference can be significant (77, for peripheral events can be
even 20% higher than that for central ones) so one has to be careful when combining
different centralities.
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Figure 1.6: Transverse mass spectra of hadrons produced in central Pb+Pb collisions at 20
(left) and 30 (right) AGeV together with estimated thermal freeze-out temperatures. Figure
taken from [14].

It has been suggested that by use of the total multiplicities and a hadron gas model
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[16] (hadron gas is at least close to the chemical equilibrium) one can determine the
temperatures of the chemical freeze-out, which are predicted to be larger than thermal
ones. The values obtained for SPS energies vary between 145 and 160 MeV [15, 17] and
are indeed a bit higher than the thermal freeze-out temperatures. In Fig. 1.7 the values
of chemical freeze-out temperatures and baryon chemical potentials (chemical freeze-out
points) extracted from the analysis of hadron multiplicities in central A+A collisions are
compared for SIS, AGS, SPS and RHIC energies. The gray line represents the phase
boundary between hadronic matter and QGP obtained from lattice calculations. The
shape of the gray line and the position of the critical point (E) comes from [11] whereas
the chemical freeze-out points come from [18]. Chemical freeze-out points have been
found to lie on a smooth curve, and for RHIC and higher SPS energies this line is close to
the expected phase boundary to QGP, indicating that the estimated temperatures of the
chemical freeze-out are very close to temperatures required for the phase transition and
it is very probable that at the early stage of the collision the system crossed the phase
boundary creating the QGP matter. The ”vertical” trajectories at different energies are
sketched to pass through the chemical freeze-out points, the position of the early stage
point at 30 AGeV follows from the observation of the onset of deconfinement at this
energy. The position of the early stage points at top SPS and RHIC energies are strongly
model dependent.
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Figure 1.7: The phase diagram of strongly interacting matter. Grey line corresponds to theo-
retical predictions (lattice calculations) of the phase boundary. The chemical freeze-out points
(closed symbols) are determined from a fit with a statistical hadron gas model [18]. The open
symbols schematically indicate possible values of initial parameters of the reaction systems,
which then might evolve along paths as depicted by the vertical lines. Figure taken from the
NA49 Image Library. See the text for details.

In Fig. 1.7 the chemical freeze-out points are determined for central A+A interactions.
It is known empirically that one can change the position of the freeze-out points by
changing the collision energy. In principle, the fireballs tend to freeze out at decreasing
values of the baryonic chemical potentials and increasing temperatures when the center-
of-mass energy increases. It has been also observed experimentally that thermal freeze-out
temperatures (extracted for example from Fig. 1.6) decrease with increasing centrality
(T, is lowest for the most central events). The chemical freeze-out points also change their
positions when changing the centrality of the collision. The fact that larger systems freeze
out later (at lower temperature) has been established by studying the A dependence of
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the freeze-out temperature via analysis of flow, Coulomb effects and pion interferometry
(the references given in [19]). Therefore in order to properly analyze the whole area
of the phase diagram of the hadronic matter and to find the position of the predicted
critical end-point the experiments should focus both on the centrality and energy scan
program. Until now the heavy ion experiments have probed the region of relatively high
temperatures (of the order of 100 MeV) and small to medium baryon chemical potentials
(0 - 600 MeV), anyway theorists predict that exactly this region can have an interesting
feature - the critical end-point of the first-order phase transition.

Accordingly to the Bjorken formula [20] the energy density of the central rapidity !
region created in a heavy ion collision can be determined by use of the formula:

. B/ dn) oy

e (13)

where [dE7/dn),-—o is the transverse energy density in pseudo-rapidity space estimated in
the central rapidity region, 7y is the formation time and A is the overlapping area of the
colliding nuclei. E7 is the transverse energy of the collision (one can also use the relation:
[dE/dyly=o = [dEyp/dyly—o = (my)[dN/dy],=o). An estimation of the energy density at
SPS energies has been performed using 75 = 1 fm/c and the value of £ has been found to
be about 3.2 GeV/fm? [21] for the most central Pb+Pb interactions at 158 AGeV. The
energy density, however, seems to be also rather high (¢ = 1.3 GeV/fm? [21]) even for
light systems such as central S+S interactions at 200 AGeV. These estimations are correct
to the factor of 2 due to the poor knowledge of 7y parameter. Nevertheless, the energy
density reached in present experiments seems to be high enough to allow for the QGP
formation. One can note, for comparison, that the energy density of the normal nuclear
matter is roughly 0.15 GeV/fm3. Recent results from Relativistic Heavy Ion Collider
(RHIC) show that for central Au+Au collisions at center-of-mass energy 200 AGeV the
values of € can reach even 5 GeV/fm? [22, 23].

Summarizing, nowadays there are many high-energy heavy-ion experiments - some of
them are situated at CERN SPS accelerator. It seems that the temperatures (and the
corresponding energy densities) achieved in A+A interactions in such experiments are
high enough to create QGP during the early stage of the collision. Even so, it is very
important to find possible and reliable signatures of the QGP formation. It is also essential
to measure a large variety of signals with different interaction energies and different sizes
of the colliding systems, namely also elementary nucleon+nucleon collisions (N+N) should
be analyzed carefully as the reference for A+A interactions. This might help to prove or
rule out the QGP scenario.

1.2 QGP signatures and the phase transition

Nucleus+nucleus collisions at relativistic energies have been intensely studied over the
last two decades; the main goal of these efforts is to understand properties of strongly
interacting matter under extreme conditions, where the creation of QGP is expected.
Rich experimental results indicate that that QGP indeed occurs at the collision early

Hfor each particle the rapidity in the laboratory reference system is defined as: y = %lngf—gi, where

is the total energy of a given particle and py, - its longitudinal momentum. The transformation between
the center-of-mass system and the laboratory system can be determined from the formula: y = y* + ¥imid,
where y* is the rapidity of the particle in the center-of-mass reference system and y,,;q is the rapidity of
the center-of-mass in the laboratory frame.
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stage when the system is sufficiently hot and dense. However, there is a non-trivial
problem how to observe the QGP because the final state particles, which are registered in
the detector, have returned from a plasma phase via the hadronization process. Therefore
the suggested QGP signatures should survive hadronization process. The solution can be
found in the analysis of the observables which are not sensitive to hadronization. Namely,
analysis of the dynamical observables or studying the particles which - after having been
created in the QGP can be modified in electromagnetic or weak interactions only. There
are several QGP signatures suggested by theory. The most popular are:

1. Strangeness enhancement (proposed by Rafelski and Muller [24])- it is energetically
easier to create strange quarks in QGP than to produce strange hadrons in the case
of hadron gas. Thus the ratio of the total number of strange particles to the total
number of non-strange particles is increased when QGP is created in the early stage
of the collision. Such effects have been observed by experiments at top SPS energies.
The example of a plot showing strange particle production (the total yield of K
mesons divided by the total yield of pions) which is enhanced for A+A interactions
when compared to p+p and p+A collisions can be found in [25]. An enhancement
factor in (K)/(m) for A+A systems is at the level of 2. It has been noticed that
the enhancement becomes stronger for particles with higher strangeness content and
varies between 2.7 for A hyperons to 3.8 for = hyperons [26]. The analysis of strange
particle production is also a very important part of the NA49 program.

2. Charmonium suppression (proposed by Matsui and Satz [27]) - in the presence of
quarks and gluons (QGP) the color charge of a quark is screened (so-called Debye
screening) and therefore, in principle, the interaction force between ¢ and anti-c
pair (J/1 meson) becomes weaker thus leading to melting (dissociation) of newly
produced J /1) particles and finally to the suppression of J/1 production in the case
of QGP scenario. The J/v suppression (the strongest effect seen for the most central
Pb+Pb collisions at 158 AGeV) has been observed at top SPS energies by the NA50
experiment and the results are presented for example in [28, 29]. The J/¢) meson
yield is exhibited as a function of the energy density and the anomalous suppression,
which cannot be explained via J/1 absorption in normal nuclear matter, is seen only
for central Pb+Pb collisions at energy density higher than 2.2 GeV/fm? [28]. This
effect might be explained as a charmonium melting in a presence of QGP. However,
one has to keep in mind that a broad set of experimental data suggests that the
QGP might be created not only in central Pb+Pb collisions at SPS energies but
generally in central A+A interactions (S+S, Pb+Pb) at SPS energies.

3. Electromagnetic probes - leptons and photons produced in a heavy ion collision do
not participate in strong interactions (during hadronization process) and therefore
carry information about the initial state of the collision, where the QGP might
be created. One can expect the possibility to observe the emission of the thermal
radiation of photons and leptons if the early stage is sufficiently hot and dense. The
spectra of produced photons and leptons have been measured by one of the SPS
experiments - CERES and such effect has been observed indeed [30].

4. Event-by-event fluctuations - which are sensitive to the dynamics of the collid-
ing system. It is predicted, by various theoretical considerations, that significant
event-by-event fluctuations in temperature, transverse momentum, multiplicity and
conserved quantities such as net charge may be a signature of the phase transition.
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Event-by-event fluctuations are the topic of this thesis and therefore this point will
be discussed more precisely in the next sections.

Apart from the fact that QGP indeed seems to be created in heavy ion collisions at
top SPS energy, it would be also very interesting to see at what energy region the phase
transition may take place (there has to be an energy below which the conditions are not
sufficient to create QGP - the system does not cross the phase boundary at the early
stage of the collision and above which QGP is created at the early stage of the heavy ion
interaction). By use of the Statistical Model of The Early Stage (SMES) M. Gazdzicki
and M. I. Gorenstein suggested that the onset of deconfinement (the energy region in
which the deconfinement transition takes place) is located between top AGS (11.7 AGeV)
and top SPS energies (158 AGeV) and that above a certain energy (30 AGeV) a QGP
is formed in the collision [31]. The SMES model uses so-called 'Bag model’; the model
assumes the first-order phase transition in the whole ug region (there is no critical end-
point predicted within the Bag model). Thus the SMES model also implies that the
deconfinement phase transition is of the first-order, namely there is a confined, mixed and
a deconfined phase. SMES is a type of a thermodynamical model which assumes that
at the early stage of the collision quarks and gluons that compose QGP are thermalized.
One of the basic establishments of this model is that the number of internal degrees of
freedom ¢ increases at deconfinement, due to activation of partonic degrees of freedom.
The entropy in the final state is proportional to the total number of pions (in high energy
collisions the entropy is carried mainly by final state pions). Additionally, it is assumed
that the total number of created strange quarks (generally heavy flavors) and the total
entropy are the same before and after hadronization. This insensitivity to expansion and
hadronization processes leads to the conclusion that the analysis of the particle production
in the final state can bring information about the early stage of the collision. The SMES
gives exact predictions of the particle yields in high energy heavy ion interactions. In the
SMES model the critical temperature (chemical freeze-out, hadronization) is taken as T,
= 200 MeV (it will be seen also as a temperature of the mixed phase in Fig. 1.8).

In principle this model predicts a kink-like structure in the energy dependence of the
total entropy of the created state to the number of nucleons participating in A+A collision.
One has to remember that the total entropy is closely related to pion production and
therefore the ratio of pion multiplicity (measure of entropy) to - for example - the number
of wounded nucleons is predicted to increase linearly with Fermi’s energy measure F
(F = (v/snw —2mn)¥4(saw) Y = sy, where V/Snn is the center-of-mass energy per
nucleon pair and my the rest mass of the nucleon). The slope of this rise is proportional
to g'/* where ¢, as already mentioned, is the number of degrees of freedom at the early
stage. g is higher for QGP state than for hadron state leading to the increase of the slope
of this rise.

As the next signature a horn-like structure in strangeness to entropy ratio is expected
with a sharp maximum for the transition region (low SPS energies). The SMES predicts
that the strangeness to entropy ratio for the ideal gas of massless particles equals 1/4’;}—5,
where g and g, are the total and strange numbers of degrees of freedom. The g?s is expected
to be about 0.5 for hadron state and 0.22 for QGP state. Therefore a phase transition
from gas of massless hadrons to massless QGP should lead to a decrease of strangeness to
entropy ratio by a factor of 2. This simplified prediction is significantly modified when the
finite mass of the strangeness carriers is taken into account (numerical calculations have
to be carried out). Due to the relatively high masses of strange particles (higher than the
system temperature) the strangeness to entropy ratio increases rapidly with increasing
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energy for ’lower’ energies. At QQGP a reduction of mass of the strangeness carriers is
expected (mg a for hadron gas — mg for QGP). At T' = T, the predicted strangeness
to entropy ratio is higher for hadron state than for the QGP state and therefore the
increasing fraction of QGP (mixed phase) leads to the drop in the strangeness to entropy
ratio down to the value characteristic for QGP. For higher energies (pure QGP state) due
to the low mass of strange quark (lower than the system temperature) only a very weak
dependence of strangeness to entropy ratio on energy is predicted.

Finally, as the last signature, a step-like structure in the energy dependence of the early
stage temperature is predicted. Within a hydrodynamical approach in pure confined and
deconfined phases (outside the transition regions) the temperature (inverse slope evaluated
from transverse momentum or transverse mass spectra) increases with the energy density
(therefore with the collision energy) whereas for mixed phase it does not depend on energy
(in SMES it is assumed that inside the transition region T' =T, = 200 MeV). This leads
to the plateau for energies close to the phase transition. The SMES predicts the transition
region between F'=2.23 and 2.90 GeV'/? (py;, from 30 to 64 AGeV).

Fig. 1.8 presents the results of the numerical calculations for all three effects (predic-
tions), described above.
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Figure 1.8: The dependence of the total entropy of the created state to the number of nucleons
participating in A4+A collision (A, - number of participant nucleons from a single nucleus) on
energy measure F' (left), the dependence of the total number of s and s quarks to the entropy
(strangeness to entropy ratio) on energy measure F' (middle) and the dependence of the initial
temperature of the matter (the early stage temperature) on energy measure F' (right) predicted
by the Statistical Model of the Early Stage. The full lines indicate the expected dependences
where the phase transition to QGP is assumed while the dotted lines correspond to the hadron
phase. Figure taken from [31].

The predictions of the SMES and a hope to observe the anomalies in the energy
dependence of pion and kaon production in central Pb+Pb collisions became a motivation
of a dedicated energy scan program of the NA49 experiment. Within this project central
Pb+Pb collisions at 20, 30, 40, 80 and 158 AGeV have been recorded. The results are
presented in Fig. 1.9.

The dependence of the mean multiplicity of pions per the average number of wounded
nucleons on energy, represented by Fermi’s energy measure F', (Fig. 1.9 - top) for central
A+A collisions shows a kink-like change from pion suppression to pion enhancement,
whereas for elementary interactions one can observe a linear increase. Within a statistical
model (K)/(n") ratio is closely related to strangeness (s + 3) to entropy ratio (the
strangeness to entropy measure F, = WHE)HE) g also used in the literature and its
dependence on F' can be directly compared to SMES predictions from Fig. 1.8 - detailed
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Figure 1.9: The dependence of the total pion multiplicity per wounded nucleon on Fermi’s
energy measure F' (see the text for definition) (top), the dependence of (K*)/(r™) ratio on F
(middle) and the dependence of inverse slope parameter 7', of the transverse mass spectra of
K™ on F (bottom). Figure taken from [14].

plots can be found in [15, 17]). The (KT)/(r ") ratio dependence on energy for central
A+A interactions (Fig. 1.9 - middle) exhibits a horn-like structure while for elementary
interactions shows monotonic behavior. The maximum of the (K*)/(x") ratio can be
observed for 30 AGeV. One should note that the strangeness enhancement (for A+A as
compared with N+N) is observed also for low energies (AGS) and therefore probably
it can not be itself a reliable signature of the QGP formation as it has been suggested
previously [24]. Anyway, the existence of an enhancement confirms that the A+A collision
is not a simple superposition of N+N interactions. The dependence of the temperature of
positively charged kaons (inverse slope parameter) on energy (Fig. 1.9 - bottom) shows
a step-like structure, namely the plateau can be observed for 30, 40, 80 and 158 AGeV
central Pb+PDb interactions (SPS energies), whereas T increases with energy for AGS and
RHIC data.

The energy dependence of the (K*)/(x™) ratio (or Ey variable) has been compared
to several models which do not incorporate the QGP formation such as string models
(UrQMD, RQMD) and hadron gas models (detailed figures can be found in [15], [17],
[32], [33]) but all of them fail to describe the observed behavior. The statistical hadron
gas models provide a slightly better description of the data, however, they require an
introduction of an energy dependent strangeness under-saturation factor -, [18] to prop-
erly reproduce the data. Instead, all the above anomalies observed both in (K*)/(x™)
ratio and in pion production and temperature (inverse slope parameter) can be naturally
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explained in the frame of the hypothesis that the phase transition is located at low SPS
energies.

The recent results obtained by the NA49 experiment (Fig. 1.9) suggest the propriety
of studying all possible experimental effects (including fluctuation measures) in a broad
energy range, covering the predicted phase transition region.

1.3 Dynamical fluctuations in nucleon+nucleon and
nucleus-+nucleus collisions

Generally, there are two types of fluctuations in a system - statistical (due to finite multi-
plicity of uncorrelated particles) and dynamical ones. Dynamical (non-statistical) fluctu-
ations are considered to be one of the important tools to study the dynamics of heavy ion
collision. Dynamical fluctuations, which can appear both in kinematic characteristics and
particle yields, are expected to be modified for systems approaching the phase boundary
from hadron gas to QGP. Moreover, it is also predicted that for a system close to equi-
libration (probably at highest SPS energies) dynamical fluctuations are small. Thus, the
fluctuation analysis can help to resolve a problem to what extent the strongly interacting
matter, emerging from the early stage of the collision, achieves thermal [34, 35, 36] and
chemical [37, 38] equilibrium. Significant transverse momentum and multiplicity fluctu-
ations are expected to appear for systems that hadronize from QGP near the predicted
second-order critical QCD end-point [19, 39] and therefore - for example - a possible non-
monotonic evolution of pr fluctuations with beam energy or centrality may be a possible
probe to search for the phase transition and the QCD critical point [19]. All the above
predictions became a motivation of a fluctuation program both at SPS and RHIC ener-
gies. The NA49 experiment registered data at different energies: 20, 30, 40, 80 and 158
AGeV which allow for a precise study of the dynamical fluctuations in the system close
to predicted energy of the QGP transition and in nearly equilibrated systems.

There are several methods of analyzing fluctuations in order to extract the most inter-
esting dynamical part. First of them consists of studying global characteristics of produced
particles (such as transverse momentum, rapidity, azimuthal angle) and looking for non-
statistical, local peaks or intermittency [40] in such distributions. The second method, so
called event-by-event analysis is based on the comparison of a given event characteristic
(e.g. mean transverse momentum per event or K /7 ratio) and looking how it changes
from event to event. Event-by-event fluctuations are usually pictured as a superposition
of statistical fluctuations (connected with the fact that the number of particles in the
system is not infinite) and dynamical (non-statistical) fluctuations - the subject of inter-
est. If the studied data sample consists of very dynamically similar events then obviously
event-by-event fluctuations are small (statistical part only) but if one has an opposite sit-
uation, that is there are different groups of events in the studied data sample (for example
two groups - events where QGP is created and events where conditions are not sufficient
for QGP formation) then these different classes of events may exhibit different global
characteristics. Consequently, fluctuations of a given characteristic from one event to
another (event-by-event fluctuations) are much higher. In this situation event-by-event
fluctuations are affected by both statistical and dynamical fluctuations. The situation
where one has two qualitatively different groups of events (the QGP is formed only in a
fraction of events) is much more probable for the systems which are close to the phase
transition region (at the early stage of the collision the system is approaching the phase
boundary) thus one can expect enhanced dynamical fluctuations in this energy region.
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Such increased dynamical fluctuations predicted for the system which is approaching the
phase boundary are expected both for the first- and second-order phase transitions. In
principle, the exact calculations have been carried out within the SMES model (assuming
the first-order phase transition) and the expected non-monotonic dependence of the ratio
of multiplicity (entropy) to energy fluctuations on the Fermi’s collision energy F' has been
presented [41]. The 'shark fin’ structure and its maximum are due to large fluctuations
in the mixed phase region - the domain where the onset of deconfinement occurs.

It was shown long ago that the dynamical transverse momentum fluctuations in nu-
cleon+nucleon collisions are determined mainly by the correlation between the average
transverse momentum and multiplicity [34]. However, it appeared that other sources (for
example two-particle correlations) can be a possible origin of non-zero dynamical fluctua-
tions, either. Therefore many fluctuation measures used in the literature (for example ®
measure introduced in the next chapter) are also called correlation measures due to the
fact that they can measure the inter-particle correlations in the system. Nevertheless, one
has to remember that the inter-particle correlations, of course, are not the only source
of dynamical fluctuations. Summarizing, the non-vanishing dynamical fluctuations, mea-
sured by use of the event-by-event method, can be caused by the presence of several
sources, such as:

1. fluctuations which occur on an event-by-event basis, including fluctuations due to
the existence of different event classes. They may be caused by dynamical fluctua-
tions of the energy deposited for the particle production and/or creation of events
with and without QGP. This kind of fluctuations should result in event-by-event dy-
namical fluctuations of the inverse slope parameter of the transverse mass spectra
(measure of the temperature) and in a chemical composition of produced hadrons
(e.g. fluctuations in the K /7 ratio)

2. two-particle correlations within the same event - for example due to Bose-Einstein
statistics, Coulomb effects or resonance decays (the number of resonances and the
number of correlated particle pairs can fluctuate from one event to another)

3. other inter-particle correlations, where more than two (sometimes all) particles
within the same event are correlated - for example effects of collective flow, jet
production or finally the correlation between the average transverse momentum
and multiplicity of a given event (the multiplicity and thus the average transverse
momentum can fluctuate from one event to another)

From the one hand it is quite interesting to observe how dynamical fluctuations be-
have as a function of energy, especially for systems close to the phase transition. From the
other hand one can also try to investigate how dynamical fluctuations change with the size
of the colliding system. The superposition model assumes that nucleus+nucleus (A+A)
collision is a superposition of elementary, not distorted, nucleon+nucleon (N+N) interac-
tions and that dynamical fluctuations (due to different correlations) which are present in
N+N survive in A+A collisions. In this model event-by-event fluctuations (both for A+A
and N+N) are qualitatively the same and composed by both statistical and dynamical
parts. The opposite model - equilibration model implies an important role of secondary
interactions in A+A collisions thus leading to a dilution of possible correlations and finally
to reduction or even disappearance (in the case when dynamical fluctuations are due to
inter-particle correlations only and there are no fluctuations on even-by-event basis) of
dynamical part of event-by-event fluctuations. One can expect that due to high density
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and secondary interactions the equilibration model better describes A+A collision. It
can be therefore expected that event-by-event fluctuations for A4+A collisions should be
smaller when compared to N+N case and composed mainly by statistical ones. A large
number of secondary interactions in A+A collision leads to the equilibration of the system.
Therefore a measurement of event-by-event fluctuations is an important tool of determin-
ing the level of equilibration in A4+A collision. For instance event-by-event fluctuations
of multiplicity ratios of various hadrons can measure the level of chemical equilibration
of the nuclear matter and event-by-event fluctuations in transverse momentum measure
the level of thermal equilibration.

Event-by-event fluctuations have been already studied by the NA49 experiment by
use of the transverse momentum of produced particles and the K /7 ratio. The first
results for central Pb+Pb interactions at top SPS energy (158 AGeV) have not shown
any significant dynamical fluctuations both in pr [42] and in the K /7 ratio [43]. These
results are in agreement with the equilibrium picture. Therefore, assuming that the
strangeness enhancement and charmonium suppression are reliable signatures of the QGP
formation at top SPS energies, one might conclude that together with negligible dynamical
fluctuations it suggests that the mechanism of the reaction is very similar for each event
and, in principle, the QGP might be created almost in every event at 158 AGeV. On the
other hand the recent data show that event-by-event fluctuations on the K /7 ratio are
enlarged for lower energies (20, 30 AGeV) when compared to top SPS energy (158 AGeV)
- the dynamical fluctuations of K/m ratio decrease with energy [44]. This effect cannot
be reproduced within a string-hadronic model (UrQQMD) indicating a presence of a new
source of dynamical fluctuations. However, authors point out that further theoretical
calculations are needed to interpret this observation as a possible signature of a phase
transition that has been predicted at energy close to 30 AGeV. Accordingly to SMES
predictions the (K')/(r) ratio should be significantly different for hadron and QGP states.
This would lead to an anomaly in the event-by-event fluctuations of the K/m ratio in a
mixed phase (transition region) [31].

1.4 Event-by-event transverse momentum fluctuations
- the subject of interest

The subject of this work is event-by-event analysis in transverse momentum, that can
provide an important information about the dynamics of the A4+A collisions and about
the system state at the moment of freeze-out. There are two main goals of this work:

1. To observe how the fluctuations change with increasing number of nucleons partici-
pating in the collision i.e. with the system size. One can check whether the correla-
tions present in elementary (p+p) interactions (such as the correlation between the
average transverse momentum and multiplicity) survive for heavier colliding sys-
tems, as expected if A+A is a simple superposition of N+N interactions. Moreover
a test will be performed of the reasonable expectation that the fluctuations become
more similar to those of an equilibrated system when the number of participants
increases.

2. To analyze the energy dependence of event-by-event transverse momentum fluctua-
tions in order to find the possible anomalies connected with the region of the phase
transition. In other words, if the initial conditions of the colliding system are close
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to the phase boundary a QGP does not need to be created in every interaction
due to the finite extent and short life-time of the system. This leads to essential
differences between characteristics of ”plasma events” and events where QGP is
not created. As a reflection of this fact enlarged event-by-event fluctuations are
expected to be observed. Studying the energy dependence of transverse momentum
fluctuations might help to separate the energy region where hadron gas is created
from that where QGP is created and the system crosses the phase boundary of the
QCD phase diagram.

One should note that the above mentioned anomalies in the energy dependence of
transverse momentum fluctuations, connected with the fact that the system is approaching
the phase boundary, should appear if the phase transition is either the first-order (or the
second-order) or the crossover. The important thing is the fact of crossing the phase
boundary from the region of hadron gas to the region of QGP.

Additionally, qualitatively different fluctuations are predicted for the system that
hadronizes close to the second-order critical end-point of the QCD phase diagram [19, 45]
(the freeze-out point of the system should be located close to the predicted critical end-
point). The most familiar analogy to this fluctuations is the phenomenon of critical
opalescence observed in water (in the critical region matter shows anomalous properties;
in the case of water large fluctuations in the size of liquid/vapor domains lead to the
critical opalescence). It has been predicted that the increased dynamical fluctuations
should appear both in transverse momentum and in multiplicity. As it has been already
mentioned the (T, pup) area of the QCD phase diagram can be studied by varying both
the energy and the size of the colliding system and therefore a possible non-monotonic de-
pendence of py fluctuations on control parameters such as energy, centrality, ion size can
help to locate the freeze-out point being a second-order critical end-point. From the one
hand the non-monotonic appearance and then disappearance of the signatures of critical
fluctuations can be a strong evidence of a second-order critical end-point. From the other
hand when looking at a possible non-monotonic energy dependence of pr fluctuations, a
non-trivial question emerges: how to distinguish between fluctuations at the critical point
from those connected with the fact that the system approaches the phase boundary in
a region that can be located far from the critical end-point? So far there is no simple
answer for this question. However, the observation of a non-monotonic variation in several
observables predicted as the signatures of the critical point (such as py and multiplicity
fluctuations), with the maxima at the same (or very close) values of control parameters,
together with the lack of a non-monotonic variation of the observables not predicted as
the signatures of the critical point can increase the probability that one is measuring
rather the fluctuations connected with the critical end-point, than the fluctuations due to
approaching the phase boundary.

All data sets used in the analysis are taken from the NA49 experiment and contain
a broad range of energies: 20, 30, 40, 80, 158 AGeV central Pb+Pb data to study the
energy dependence of transverse momentum fluctuations and p+p, C+C, Si+Si and 6
centralities of Pb+Pb interactions at 158 AGeV to analyze the system size dependence
of transverse momentum fluctuations.

In the analysis of event-by-event fluctuations it is important to make a suitable choice
of proper statistical tools to measure the fluctuations of interest namely, the dynamical
part of event-by-event fluctuations. In this thesis the ®,, measure, proposed in [34] will
be used. In principle, the ®,, can measure the expected effect of a QGP transition on
temperature fluctuations. ®,, has the property that it is insensitive to fluctuations in the
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impact parameter (event geometry) and the charged particle multiplicity. For alternative,
but related, measures e.g. 0y, dyns A0py; pp, Fpp and 3, (%) one can see the references
[46], [47], [48], [49] and [50], respectively. This work extends the previous study of the
NA49 experiment where the ® measure has been used to study the py fluctuations [42].
®,,. has been also calculated for a variety of nuclear models [51, 52, 53, 54, 55, 56]. These
model predictions cannot, however, be directly compared to the data since the ® measure
is very sensitive to the detector acceptance which usually has not been taken into account
in the model calculations.

Although the ® measure is capable of detecting fluctuations of interest it does not say
anything about the possible source of these. To gain more insight on this a study of two-
particle transverse momentum correlations, as proposed in [47] (see [57] for a preliminary
analysis), will be presented in addition.

Finally, as the third method of event-by-event analysis, the distribution of the average
transverse momentum of the event will be studied and compared with the corresponding
distribution for artificially produced events in which the particles are independent from
each other (no inter-particle correlations, statistical fluctuations only).

The NA49 detector is able to register charged particles produced in heavy ion collisions.
Therefore it is natural that the fluctuation analysis will be performed by use of all charged
particles registered by the detector. Additionally, the fluctuation measure ®,, will be
calculated for negatively and positively charged particles, separately. The track-by-track
identification is not possible in the NA49 experiment, however, one has to keep on mind
that the sample of negatively charged particles produced in a high-energy heavy ion
collision is composed by negative pions mainly, whereas the sample of positively charged
particles is dominated by positive pions and protons (participants from the projectile).
Due to these different particle contents it is expected that the transverse momentum
dynamical fluctuations can be different for different charges. Moreover, the sample of all
charged particles can include additional sources of dynamical fluctuations which are not
present when looking at positively or negatively charged particles, separately. Therefore
one should not expect that the ®,, measure calculated by use of all charged particles will
be directly a sum of ®,, for positively and ®,,. for negatively charged particles.

The analysis will be performed by use of forward-rapidity 2 particles only. Due to the
fact that track-by-track identification is not possible in the NA49 experiment the pion
mass will be assumed for all particles.

2mid-rapidity region (central rapidity region) includes particles with |y*| close to zero, whereas forward-
rapidity region is composed by particles with y* > 0.
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Chapter 2

Measures of fluctuations

2.1 Mean p; (per event) distribution

There are a lot of observables which can be used to measure pr fluctuations in high energy
collisions. The observables presented in this chapter are based on the event-by-event
method and their aim is to extract the dynamical part of event-by-event fluctuations.

A first and a very natural observable is the distribution of the average transverse
momentum of the event defined as

M(pr) = %;pn, (2.1)

where NN is the multiplicity of accepted particles in a given event and pp; is the transverse
momentum of the i-th particle. The distribution of M(pr) is usually compared to the
corresponding distribution obtained for artificially produced ‘mixed events’ in which the
particles are independent from each other (each particle in a mixed event is taken from a
different real event) and follow the experimental inclusive distributions. The multiplicity
distribution for mixed events is the same as for data (detailed description of the procedure
of producing mixed events will be explained in the next chapter). A sample of mixed
events is an important reference for the data because only statistical fluctuations are
present in mixed events, therefore any difference between M (pr) distributions for data
and mixed events can be a signature of the presence of dynamical fluctuations. In order to
estimate the measured effect quantitatively a difference between the dispersions of these
two distributions is calculated and the strength of non-statistical (dynamical) fluctuations
can be expressed as

Onon—stat — Sgn(adata - Umixed) : \/|Uc2lata - 07271ixed|7 (22)

however, the method based on the use of equation 2.2 will not be used in this analysis.
Usually, and as it has been observed by several experiments, the Gaussian shaped M (py)
distribution might be a slightly wider for data than for mixed events confirming the pres-
ence of dynamical pr fluctuations. (In the case of large event-by-event fluctuations a group
of any ”special” events can form tails of the histogram thus increasing the total width
of the M (py) distribution.) Generally, many effects such as two-particle correlations due
to quantum statistics, effects of thermalization, jet production, transverse expansion and
finally effects of non-statistical fluctuations from event to event (for example temperature
fluctuations) can modify the shape of inclusive pr distribution of produced particles thus
influencing the shape of M (pr).
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Since the M (py) distribution strongly depends on the particle multiplicity, the method
described above cannot be used to compare systems of significantly different multiplicities.

2.2 <I>pT correlation measure

For many studied characteristics superposition models do not properly describe results on
A+A collisions. For example there is no way to reproduce the strangeness enhancement
using such models. It would be very instructive to check whether superposition models
can be used to describe fluctuations in A4+A collisions.

It has been observed that the average transverse momentum and particle multiplicity
are correlated in N+N high-energy collisions [34]. This correlation should be observed for
A+A as well, if the A+A is a superposition of independent N+N interactions. However
there is no simple way to observe such correlation for A+A collision because A+A is
composed by a large number of N+N interactions (”sources”) and the correlation can be
observed for particles which come from the same ”source” only. In the case of an A+A
collision, final state particles come from different ”sources” (N+N) and there is no way to
extract individual ”source” from A+A interaction. Therefore the method of measuring
correlations independently of the number of ”sources” and multiplicity has been required.
The quantity @, proposed in [34] is a measure which is insensitive to the system size and
the effect of source superposition.

In this thesis the ® measure is used for the analysis of p; fluctuations (®,,). Following
the authors of [34] one can define a single-particle variable z,, = pr—pr with the over-bar
denoting averaging over a single particle inclusive distribution. One can easily see that
Zpy = 0. Further, one introduces the event variable Z,,, which is a multi-particle analog

pr>
of z,,, defined as
N

Zyy =Y (pri — Pr), (2.3)
i=1
where the summation runs over particles in a given event. Note, that (Z,,) = 0, where
(...) represents averaging over events. Finally, the ®,, measure is defined as

(Z3.) =~
Tor =\ V. (2.4)

While measuring event-by-event fluctuations in A+A collisions one should remember
about the influence of two trivial sources of fluctuations. The first one is caused by
event-by-event fluctuations of the collision geometry (impact parameter variation) and the
second one by the finite number of particles (statistical fluctuations). @,, is a quantity
which eliminates both these trivial sources and measures only the dynamical part of
event-by-event fluctuations.

There are two most important properties of the ®, measure. It can be easily shown
that if the large system (A+A) consist of particles that are emitted independently (no
inter-particle correlations) ®,,. assumes a value of zero (detailed calculations are presented
in [34] and [58]). For example in the equilibration model independent particle production
is realized by a huge number of secondary interactions. On the other hand, if A+A is an
incoherent superposition of many independent N+N interactions (superposition model),
than @, has a constant value, the same for A+A and N+N collisions. More precisely,
®,,,. is independent of the distribution of the number of particle sources if the sources are
identical and independent from each other [34, 36] and in particular, ®,, does not depend
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on the impact parameter (centrality) if the A+A collision is a simple superposition of N+N
interactions. If secondary interactions start to play an important role and the ”sources”
which compose A+A collision can interact the ®,, value is reduced when compared to
N+N and in the limiting case, when final state particles are produced independently, ®,,.
equals zero.

There is a never-ending and very important question how the fluctuation measures such
as Opy dyn, Aoy, Xy and @, depend on the observed multiplicity. The answer, however,
depends on the kind of the studied variable and - what is even more important - on the
way the multiplicity is varied. If one changes the multiplicity by changing centrality (what
can be treated approximately as changing the number of identical "sources”) then @, as
it has been already mentioned, remains constant (the other variables do not necessarily
have such a property, for example 3, changes significantly with centrality). One can also
change the multiplicity by changing the acceptance or detector efficiency. In this situation
the behavior of ® depends on the kind of correlations present in the system (scale of
correlations). The value of ® should not be changed if the only source of correlations are
short-range correlations and the length of the correlations is smaller than the acceptance
(the remaining multiplicity is still reasonable to maintain short-range correlations). But
not complete acceptance or the detector inefficiency can reduce significantly long range
correlations (the detector often looses one particle from a correlated pair). Summarizing,
different contributions to fluctuations have different multiplicity dependences. In the
superposition model ® does not depend on centrality but its dependence on acceptance
and detector efficiency is determined by the correlation nature. Therefore, it should be
stressed that it is rather difficult to directly compare ®,, values between experiments
with different kinematic and geometrical acceptance. It seems to be more reasonable to
make a coherent comparison of ®,, values within the same experiment (the same detector
acceptance) for several colliding systems and for different energies.

A large amount of secondary interactions leads a system to thermodynamical equili-
bration (on the parton or hadron level). Thus a reduction of ®,, value, which can be
connected with secondary interactions, can measure the level of equilibration in high-
energy collision. However, one has to keep in mind that vanishing ®,, does not indicate
the QGP formation.

As it has been already mentioned the ®,, has been studied by a variety of models
(unfortunately most of them do not include the limited acceptance of the detector). In
principle, ®,,. has been calculated for the equilibrium ideal gas [35, 36] and it has been
shown that - as expected - ®,, value vanishes for particles obeying Boltzmann statistics
whereas some rudimentary correlations can be observed for quantum particles even in the
case of thermodynamical equilibrium. These correlations which are of the short range in
momentum space are responsible for non-zero ®,,,. value - positive for bosons and negative
for fermions. One has to remember that the short range correlations are significant for
A+A collisions only (due to high particle density in momentum space), whereas their
contribution for elementary interactions is negligible.

®,,,. has been also studied in a classical thermodynamical model assuming temperature
(inverse slope parameter of p; distribution) fluctuations from event to event [56]. The
®,, measure has been found to be very sensitive to the temperature fluctuations. This
model takes into account the possible acceptance limitations and therefore its predictions
will be compared to the data in the next chapters.
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2.3 Transverse momentum two-particle correlations

In spite of the above mentioned advantages, there is an important disadvantage of using
®,, in the fluctuation analysis. While ®,, is sensitive to the presence of dynamical
fluctuations (particle correlations) in a system, it does not tell what is the correlation
nature. The point is that correlations (fluctuations) of very different character contribute
to ®,,. For better understanding the fluctuation structure one can also apply a more
differential method [47]. Since ®,,,. is defined through the second moments of the event and
inclusive pp distributions, the event-by-event fluctuations quantified by ®,, are related
to the two-particle correlations. The correlations can be studied by plotting a cumulative
variable of particle pairs. Namely, instead of p; one introduces the variable x defined for
a particle i as [59]

o(i) = [ plor)dpr, (2.5

where p(py) is the inclusive py distribution, normalized to unity, which is obtained from all
particles used in the analysis (all accepted particles). By its construction, the x variable
varies between 0 and 1 with a flat probability distribution. The two-particle correlation
plots, as presented in this thesis, are obtained by plotting (x, z3) points for all possible
particle pairs within the same event. The number of pairs in each (zq,x2) bin (point
in figure) is divided by the mean number of pairs in a bin (averaged over all (z1,x2)
bins). This two-dimensional plot is uniformly populated when no correlations are present
in the system. The possible non-uniform structure can signal the presence of dynamical
fluctuations for example: the inter-particle correlations due to the Bose statistics produce
a ridge along the diagonal of the (x,z2) plot, which starts at (0,0) and ends at (1,1),
whereas the event-by-event temperature fluctuations exhibit a saddle shaped structure
[47].

As will be seen in the figures, the distribution of x; or z, obtained from the two-
dimensional (z1,x2) plots by projecting on the z; or x, axis is not flat although the
definition (2.5) may suggest flatness. This is the result of the method by which the plots
are constructed. Namely, each pair of particles is represented by a point on the plot.
Therefore, the events with larger multiplicities are represented by a larger number of
pairs than those with smaller multiplicities. Since the shape of py distribution depends
on multiplicity of the event the projection of the two-dimensional plot on z; or x5 is no
longer flat. However, it should be pointed out that in the absence of any correlation the
(x1, z2) plot is uniformly populated and the z; and x5 projections are flat.
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Chapter 3

NA49 experiment

The NA49 is one of the fixed target experiments carried out at CERN laboratory in
Geneva. The NA49 detector is a large acceptance hadron spectrometer for the study
of hadronic final states produced by p+p, p+A and A+A collisions at the CERN-SPS
energies. The detectors of the NA49 experiment registered collisions at 20, 30, 40, 80 and
158 GeV /nucleon of the projectile energy. The last one corresponds to 33 TeV total beam
energy and about 17 GeV center-of-mass energy per nucleon pair (\/syn).

In the case of central Pb+Pb collisions at 158 AGeV the lead nuclei are accelerated
to the velocity of 99.4% of the speeed of the light and are collided with thin lead foil.
The NA49 is able to detect 80% of about 1500 particles produced in such collisions. The
main components of the detector are four large volume Time Projector Chambers (TPC),
two of them placed in the magnetic filed, for tracking and particle identification, Time
of Flight (TOF) scintillator arrays for particle identification at mid-rapidity and set of
calorimeters which allow for triggering and transverse energy determination. The set-up
of the NA49 detector is shown in Fig. 3.1.
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Figure 3.1: The set-up of the NA49 experiment with different beam definitions and target
arrangements. Figure taken from [60].

3.1 Beam detectors and triggering

The NA49 detector is located in the H2 beam line of the North experimental hall of the
SPS accelerator. The schematic drawing of present and future accelerators at CERN is
shown in Fig. 3.2. The primary protons and lead ion beams, used by the NA49 experiment
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are produced by linear accelerator. Then they are injected into the Proton Synchrotron
Booster which can accelerate the beam particles up to 95 AMeV/c and as the next step
beam particles pass through the Proton Synchrotron (PS) (acceleration to 4.5 AGeV/c)
and finally the beam passes into the Super Proton Synchrotron (SPS) accelerator where
the maximal reachable laboratory momenta are about 450 GeV /c for protons, about 200
GeV/c per nucleon for lighter ions (Sulfur) and 158 GeV/c per nucleon for Pb ions. The
particles are injected into the detector in short and separate spills. The typical intensity
of Pb ions is about 10® per SPS pulse. The intensity extracted to the NA49 detector is of
the order of 10° Pb ions per pulse. The H2 beam line transports beam particles (p, Pb
from SPS and C, Si from the fragmentation beam) to the detector set-up where collisions
with a variety of fixed targets take place. A set of beam position detectors (BPD) provides
a precise measurement of the charge and the position of incoming beam particles. A set
of trigger counters and calorimeters allow for triggering on different final state topologies.
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Figure 3.2: Schematic drawing of the complex of the CERN accelerators. Figure taken from
CERN Image Library.

Pb beam particles are identified by their charge in a thin Helium Gas-Cerenkov counter

(S2’) and p beam particles by 2 mm scintillator (S2) - Fig. 3.1. They are both placed
in front of the target. The study of C+C and Si+Si reactions is possible through the
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generation of a secondary fragmentation beam which is produced by a primary target
(1 cm carbon) in the extracted Pb-beam (the fragmentation target is placed about 30
m before the experimental target). An example of Pb-beam fragmentation spectrum is
shown in Fig 3.3. With the proper setting of the beam line magnets a large fraction of all
ZJA = 1/2 fragments at &~ 158 AGeV are transported to the NA49 experiment. On-line
selection based on a pulse height measurement in a scintillator beam counter (S2) is used
to select particles with Z = 6 (Carbon) and Z = 13,14, 15 (Al, Si, P). (Using a Cerenkov
trigger for such small Z nuclei is not possible - there would be no signal visible). Off-line
clean-up is achieved by using in addition the energy loss measured in 6 MWPCs (BPDs)
used also for the beam position determination. BPD counters (BPD-1/2/3) are small
proportional chambers, along the beam line, used to measure the transverse positions of
the incoming beam particles.
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Figure 3.3: Pb-beam fragmentation spectrum from a 1 cm carbon target with the beam line set
to select Z/A = 1/2. A clear Z-separation is achieved all the way from Boron to Phosphorus.
Figure taken from [60].

For p, C and Si beams, interactions in the target are selected by anti-coincidence of
the incoming beam particle with a small scintillation counter (S4) placed on the beam line
between the two vertex magnets. For p+p interactions at 158 AGeV this counter selects
a (trigger) cross section of 28.5 mb out of 31.6 mb of the total inelastic cross section. For
Pb-ion beams, an interaction trigger is provided by anti-coincidence with a Helium Gas-
Cerenkov counter (S3) directly behind the target. S3 counter is used to select minimum
bias collisions by requiring a reduction of the Cerenkov signal by a factor of about 6. Since
the Cerenkov signal is proportional to Z?, this requirement ensures that the Pb projectile
has interacted with a minimal constraint on the type of interaction. This set-up limits
the triggers on non-target interactions to rare beam-gas collisions, the fraction of which
proved to be small after cuts, even in peripheral Pb+Pb collisions.

3.2 Target

The targets, C (561 mg/cm?), Si (1170 mg/cm?) and Pb (224 mg/cm?) for ion collisions
and liquid hydrogen cylinder (20 cm length) for elementary interactions, are positioned
about 80 cm upstream from Vertex TPC-1 (VIPC-1).
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3.3 TPC tracking system

The main tracking devices of the NA49 experiment are four large volume Time Projection
Chambers (drift chambers) (Fig. 3.1) which are able to detect 80% charged particles
created in a central Pb+Pb collision at 158 AGeV (the acceptance losses are concentrated
mainly in the backward rapidity region and around up-down regions of azimuthal angle).
Two of TPCs, the Vertex TPCs (VIPC-1 and VTPC-2), are located in the magnetic
field of two super-conducting dipole magnets (1.5 and 1.1 T, respectively at 158 AGeV;
for lower energies the magnetic field is scaled down in proportion to the beam energy)
and two other - Main TPCs (MTPC-L and MTPC-R) are positioned downstream with
respect to the magnets on both sides of the beam. Due to the high magnetic field particles
with opposite charges are cleanly separated in MTPSs. TPSs allow for particle tracking
and precise measurement of specific energy loss (dE/dx) in the region of relativistic rise.
NA49 TPCs allow for precise measurements of particle momenta p with a resolution of
o(p)/p* = (0.3—7)-10~* (GeV/c) L. The combined information on dE/dx and momentum
allows for particle identification. A typical dE/dx resolution for central Pb+Pb collisions
is 4.5%. About 50% of all particles produced in central Pb+PDb interaction are identified
via dE/dx measurement. For purpose of this analysis dE /dz information is not used.

NA49 Pb Pbh 158 GeV/inucleon

Figure 3.4: The typical Pb+Pb collision at 158 AGeV energy as seen by the detectors of the
NA49 experiment. Figure taken from [60].

The typical Pb+Pb collision at 158 AGeV energy is presented in Fig. 3.4, where the
tracks of produced charged particles are seen in all TPCs.
The NA49 track reconstruction software consists of several steps:

1. procedure of finding charge clusters in the TPC system and determining x, y and 2
position of each cluster (point on a track)

2. construction of track elements in each of TPCs separately
3. matching local track elements from TPCs into one global track
4. reconstruction of the main vertex position

5. determination of momentum by fitting the track through the magnetic field to the
main vertex
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6. reconstruction of secondary vertices and determination of momentum of the daugh-
ter particles

The results presented in this work were analyzed with a global tracking scheme [61],
which combines track segments belonging to the same physical particle but detected in
different TPCs.

3.4 TOF

Particle identification in the region of minimum ionization (57 ~ 3) is supplemented by
four walls of Time of Flight (TOF) scintillator detectors placed behind MTPCs. Addi-
tional arrays of PesTOF counters, positioned in a plane between the two magnets, extend
TOF determination into backward center-of-mass rapidity region. The combined infor-
mation about the velocity of the particle (form TOF) and momentum (form TPCs) allow
for particle identification close to mid-rapidity. A typical resolution of TOF is 60 ps.
About 6% of all particles produced in central Pb+Pb interaction are identified by use
of TOF scintillators (mid-rapidity particles mainly). For purpose of this analysis TOF
information is not used.

3.5 Centrality of the collision

The centrality of the nuclear collision is selected (on-line for central Pb+Pb and off-line for
minimum bias Pb-+Pb interactions) by a trigger that uses information from a downstream
Veto Calorimeter (VCAL), which measures the energy of the projectile spectator nucleons.
The geometrical acceptance of the VCAL is adjusted in order to cover the projectile
spectator region by a proper setting of the collimator (COLL).

The additional calorimeter which can determine the centrality of the collision is Ring
Calorimeter, which measures the energy of hadronic showers created by charged pions.
It is used to determine the hadronic component of the transverse energy of the collision.
Information from Ring Calorimeter is not used for the purpose of this analysis.

The details of the NA49 detector set-up and performance of tracking software are
described in [60].
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Chapter 4

System size dependence of pr
fluctuations at 158 AGeV

4.1 Data sets used in analysis

The experimental material used for the analysis of the system size dependence of py
fluctuations is composed by samples of p+p, C+C, Si+Si and Pb+Pb collisions at 158
AGeV. In the case of Pb+Pb interactions a minimum bias trigger has been used. The
distribution of the energy measured in the VCAL for the minimum bias Pb+Pb events
has been divided into six centrality bins (Table 4.1).

‘ | year | No. of events | 0 /040 in each bin | (Nw) | b range [fm] |

p+p 2000 570 000 0.9 2

C+C 1998 33 000 0.153 14 0-2.0

Si+Si 1998 63 000 0.122 37 0-2.6
Pb+Pb(6) | 1996, 1999 117 000 0.57 42 10.2 -
Pb+Pb(5) | 1996, 1999 59 000 0.10 88 9.1-10.2
Pb+Pb(4) | 1996, 1999 68 000 0.10 134 74-9.1
Pb+Pb(3) | 1996, 1999 68 000 0.11 204 5.3-74
Pb+Pb(2) | 1996, 1999 45 000 0.075 281 3.4-53
Pb+Pb(1) | 1996, 1999 180 000 0.05 352 0-34

Table 4.1: Data sets used in analysis. Listed for p+p, C+C, Si+Si and six centralities of Pb+Pb
collisions at 158 AGeV are: year of data taking, number of events, o /oy - the fraction of the
total inelastic cross section in that bin, (Ny ) - the mean number of wounded nucleons, b - the
impact parameter range.

Centrality bins are numbered from 1 (the most central collisions) to 6 (the most pe-
ripheral interactions). For each centrality bin the range of the impact parameter b, and
the mean number of wounded nucleons (Ny/) have been determined by use of the Glauber
model of nuclear interactions and the VENUS event generator [62]. The fraction of the
total inelastic cross section of A+A collisions (0/0y,) corresponding to each data set has
been calculated directly by use of the distribution of energy measured in VCAL. In order
to determine the dependence of the energy deposited in the VCAL on the impact param-
eter minimum bias VENUS events have been processed through the GEANT detector
simulation code, and the energy deposited in VCAL has been simulated. The correlation
between b and (Ny) has been calculated from the Glauber model using the spectator-
participant model of A+A interactions. Fig. 4.1 a) presents distribution of the energy
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Figure 4.1: a) Energy spectrum measured in VCAL in minimum bias Pb+Pb interactions at
158 AGeV, b) impact parameter and fraction of the total inelastic cross section related to the
energy in VCAL as derived from the VENUS model. Figure taken from [60].

measured in VCAL for real minimum bias Pb+Pb collisions and for VENUS Pb+Pb in-
teractions. The left tail of the distribution corresponds to the most central interactions
(1) and the right one to the most peripheral ones (6). In Fig. 4.1 b) b values, fractions
of total inelastic cross sections and corresponding Ey ., ranges are shown. The values of
0/0tot, (Nw) and b presented in Table 4.1 are taken from [63] for minimum bias Pb+Pb
collisions and from [64] for C4+C and Si+Si interactions.

The most central Pb+Pb events correspond to 5% of the total geometric cross section.
Since the minimum bias data provide only a small number of events in the most central
Pb+Pb bin, additional central trigger runs have been used. In order to increase the
statistics minimum bias Pb+Pb data have been taken in three data-taking periods and
with opposite field polarities.

4.2 Event and particle selection criteria

4.2.1 Event cuts

The obvious aim of using the event selection criteria is to reduce a possible contamination
due to non-target interactions. The primary vertex has been reconstructed by fitting the
intersection point of the measured particle trajectories.
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Only events with a proper quality and position of the reconstructed vertex are accepted
in this analysis, e.g. the vertex coordinate z along the beam has to satisfy |z — zy| < Az,
where z; is the nominal vertex position and Az is a cut parameter. The values of 2z, and
Az are: -579.5 and 5.5 cm for p+p, -579.5 and 1.5 cm for C+C, -579.5 and 0.8 cm for
Si+Si and -578.9 and 0.4 cm for Pb+Pb data. The values of the cut parameters of the
x and y positions of the fitted vertex (Az and Ay) are about 0.1 - 0.3 cm for p+p and
Pb+Pb data and 0.5 - 1.0 cm for C+C and Si+Si samples. Additional cut on the number
of tracks used to fit the primary vertex divided by the total number of tracks outgoing
from the main vertex (ntf/nto) has been used. The value of this cut varies from 0.15 to
0.25 for all data sets. Fig. 4.2 shows the example of the fitted vertex position (z, y and z
coordinates) and the distribution of the ntf/nto ratio for 5% central Pb+PDb interactions
at 158 AGeV.
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Figure 4.2: The distribution of x, y and z positions of the primary vertex and the distribution
of the ntf /nto ratio for 5% central Pb+Pb collisions at 158 AGeV.

4.2.2 Track cuts

In order to reduce the possible contamination of particles from secondary interactions,
weak decays and other sources of non-vertex tracks, several track cuts are applied.

1. The accepted track has to have a good fitting quality.

2. The accepted particles are required to contain points measured in at least one of
the Vertex TPCs (the cut on the z position of the first point in the track).

3. A cut on the so-called track impact parameter, the distance between the recon-
structed primary vertex and the track in the target plane (|b,| < 2 cm and [b,| < 1
cm) to reduce the contribution of non-vertex particles.

4. Particles are accepted only when the potential number of points (nmp), calculated
on the basis of the geometry of the track, in the detector is higher than 30.

5. The ratio of the number of points on a track to the potential number of points
(np/nmp) is required to be higher than 0.5 in order to avoid the counting of track
segments instead of whole tracks.

In Fig. 4.3 by, b,, np and np/nmp distributions are presented for 5% central Pb+Pb
collisions at 158 AGeV. The two-modal shape of np distribution is a reflection of the fact
that some tracks are registered in VI'PCs only and some of them are detected both by
VTPCs and MTPCs (their trajectories are longer and therefore the number of points is
higher).
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Figure 4.3: The distributions of b, by, np and np/nmp ratio for 5% central Pb+Pb collisions
at 158 AGeV. Ounly tracks with nmp > 30 have been used to prepare np/nmp distribution.

4.2.3 The NA49 acceptance for the fluctuation analysis

The NA49 detector is able to register particles produced in a wide rapidity range covering
almost the whole forward hemisphere. The aim of this work is to present quantitative
results for @, correlation measure within a well defined phase space region covered by the
detector set-up. It allows to compare experimental results with theoretical models in a
quantitative way. It would be very interesting to study p; fluctuations in the mid-rapidity
region (preliminary results have been already obtained). However, the geometry of the
NA49 detector makes the acceptance in the azimuthal angle much worse for mid-rapidity
particles. In addition, low momentum particles are registered in this rapidity region and
their reconstruction efficiency differs from that for higher momentum particles. Therefore
a direct comparison of results obtained in mid- and forward-rapidity regions becomes
difficult and less reliable. Experimental corrections, easy to include in the case of single
particle characteristics, depend significantly on the assumed nature of correlations in the
case of a correlation measure, and they can be calculated only within a specific model of
correlation. Moreover, from the experimental point of view, some not yet fully understood
dependences of ®,, value on event and track selection criteria have been observed for the
data at mid-rapidity region and they have been intensively studied. This leads to the
statement that up to now only qualitative understanding of results in mid-rapidity area
has been achieved and the preliminary results cannot be directly compared to the well
understood and quantitative forward-rapidity results.

Therefore, for the purpose of this work only very forward rapidity tracks (4.0 < y, <
5.5, rapidity calculated assuming the pion mass for all particles) with 0.005 < p; < 1.5
GeV/c are used. The track-by-track particle identification, required in this analysis, is
practically not possible in the experiment and therefore the pion mass has been set for
all particles. The above y, and py cuts imply that rapidities of the selected kaons and
protons range from 2.7 to 5.0 and from 2.5 to 5.0, respectively. Note that the center-of-
mass rapidity in the laboratory system is 2.91 at 158 AGeV.

As it has been already mentioned, the NA49 detector provides a large acceptance in the
forward hemisphere. However, even in this kinematic region the geometrical acceptance
is not complete. Three example plots of pr versus azimuthal angle ¢ (see Fig. 3.1 for
definition) for positively charged particles (the standard magnetic field polarity) are shown
in Fig 4.4.

The solid lines represent, the analytical parametrization of the acceptance limits given

by the formula:
1

pr(¢) = At ¢2/C

where A, B and C parameters depend on the rapidity interval and their values are es-
timated from the plots such as those shown in Fig. 4.4. The values of A, B and C

+ B, (4.1)
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Figure 4.4: NA49 ¢ — pr acceptance of positively charged particles (standard configuration
of magnetic field) for three selected rapidity bins at 158 AGeV. The solid lines represent the
analytical parametrization.
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parameters for all rapidity bins are presented in Table 4.2.

yr | Algs] | BI9Y] | o[deEev) |

GeV
3.9-4.1 0 0.3 6500
4.1-43 0 0.3 5500
4.3 -4.5 0 0.25 4500
4.5-4.7 0 0.25 3500
4.7-49 0 0.2 2500
49-51 0.5 0.2 2500
5.1-5.3 1.0 0.1 2500
5.3 -9.5 1.5 0.1 2500

Table 4.2: The parametrization of the NA49 y — ppr acceptance at 158 AGeV for positively
charged particles (standard configuration of magnetic field). For negatively charged particles
one has to change the definition of the azimuthal angle (see the text) and then use the same
parametrization.

For the standard polarity of the magnetic field accepted positively charged particles
are concentrated close to ¢ = (0°, whereas the accepted negatively charged particles are
situated in the opposite direction (¢ = 180°). In order to obtain the same p; versus
¢ structure and to use the same analytical parametrization for negatively charged par-
ticles their azimuthal angle is calculated relative to the negatively oriented z axis (for
all negatively charged particles with ¢ < 0? their azimuthal angle is changed as follows
¢ = ¢+ 360° and finally for all negatively charged particles ¢ = ¢ — 180°). Ounly particles
within the analytical curves are used in this analysis. This well defined acceptance is
essential for later comparison of the results with models and other experiments.

4.3 Error estimates and corrections

4.3.1 Statistical errors

The statistical errors of @, values in this work, both for the system size and the energy
dependence of ®,, measure, are calculated using the so-called subsample procedure. The
whole sample of events is divided into 30 subsamples. The value of ®,, is evaluated for
each subsample and the dispersion (D) of the results is then calculated. The statistical
error of @, is taken to be equal to D/+/30.
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4.3.2 Systematic errors

The event and track selection criteria used in the analysis reduce the possible systematic
bias of the measured ®,, values, however, there is always the remaining systematic uncer-
tainty. In order to estimate the systematic error of ®,, the value of a given cut parameter
has been varied within a reasonable range and the partial (for this cut) systematic error
has been estimated as a half of the difference between the highest and the lowest ®,,
value. The above procedure has been applied for all possible sources of systematic uncer-
tainty (two event cuts and two track cuts) and as a final estimate of the total systematic
error on ®,, a maximal error resulting from such a study has been taken (cut parameters
can be correlated thus one cannot simply add all contributions in order to estimate the
total systematic error). As an additional check, results obtained from the analysis of data
taken at two different magnetic field polarities as well as from different running periods
have been compared and have been found to be consistent for all studied data sets.

Event cuts are used to reject a possible contamination of non-target interactions,
however there is always a small fraction of remaining non-target events which can influence
the ®,, values. One of the event characteristics that can be used for a more reliable
selection of the target interactions is the ratio of ntf/nto. Fig. 4.5 shows the @,
dependence on the nt f /nto cut for several data sets (p+p, Si+Si, the most central Pb+Pb
and the most peripheral Pb+Pb collisions). The observed variation of ®,,. with ntf/nto
is rather small and the partial systematic error due to this effect is not higher than 1.15
MeV /c for peripheral Pb+Pb collisions, 0.3 MeV/c¢ for central Pb+Pb, 1.05 MeV /c for
Si+Si data and 1.0 MeV /c for p+p interactions.
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Figure 4.5: The dependence of ®,,. on one of the event cuts (ntf/nto ratio). Note: the values
and their errors are correlated.

The dependence of ®,, on an other event selection cut, Az, is shown in Fig. 4.6 for
p+p, Si+Si, the most central and the most peripheral Pb+Pb interactions. The observed
variation of ®,, with Az is small even for the most peripheral Pb+Pb interactions where
the expected contamination with non-target interactions and with interactions different
than Pb+Pb nuclei is highest. The partial systematic error is lower than 0.95 MeV /¢ for
peripheral Pb+Pb collisions, 0.45 MeV /c for central Pb+Pb, 0.55 MeV /c for Si+Si data
and 0.5 MeV/c for p+p events.

The majority of tracks selected by the track selection criteria are primary vertex tracks
and the remaining fraction (x~10%) originates mostly from weak decays and secondary
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Figure 4.6: The dependence of ®,,. on the allowed distance Az from the nominal position of
the main vertex. Note: the values and their errors are correlated.

interactions with the material of the detector. In order to estimate the influence of this
contamination on the measured value of @, , the impact parameter cut has been varied
within a reasonable range (Fig. 4.7). A small increase of ®,, with increasing impact
parameter cut is observed and may be due to the increased contribution of non-vertex
tracks from weak decays and secondary interactions as suggested by VENUS [62] simu-
lations. Fully simulated and reconstructed by the standard reconstruction chain VENUS
events have been used for an independent estimate of the influence of the contribution of
non-vertex tracks. It has been found that for central Pb+Pb collisions, where the bias is
the largest, the value of ®,, decreases by about 1 MeV when non-vertex tracks (about
12% of all accepted) are excluded from the analysis of the reconstructed VENUS events.
The estimated partial systematic error due to the contamination of non-vertex tracks (re-
sulting from 4.7) is lower than 1.6 MeV/c for central Pb+Pb collisions, 0.85 MeV/c for
peripheral Pb+Pb, 0.75 MeV /c for Si+Si data and 0.35 MeV /c for p+p events.
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Figure 4.7: The dependence of ®,,. on upper cut in the impact parameter |bz|. For each point
the cut on |by| is equal half the cut on |bz|. Note: the values and their errors are correlated.
The dashed line indicates the cut used in the analysis.
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Another cut which can reduce the possible contamination with non-vertex tracks and
select tracks with a better quality is np/nmp ratio. Fig. 4.8 shows the ®,, dependence
on the lower cut of np/nmp. The range of the variation of this cut parameter depends
on data set. The reason is that p+p, C+C and Si+Si data have been reconstructed using
a slightly different (than for Pb+Pb) reconstruction chain and, in principle, the shape of
np/nmp is not the same in both cases. The estimated partial systematic error connected
with the ®,, dependence on the lower cut of np/nmp is smaller than 0.55 MeV/c for
central Pb+Pb, 1.6 MeV /c for peripheral Pb+Pb, 1.15 MeV /c for Si+Si and 0.25 MeV /¢
for p+p collisions.
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Figure 4.8: The dependence of ®,,. on lower cut on np/nmp ratio. Note: the values and their
errors are correlated. The dashed line indicates the cut used in the analysis.

Table 4.3 summarizes the examples of the possible sources (components) of the sys-
tematic error resulting from the variation of the values of cut parameters. The examples
are presented for p+p, Si+Si, the most central (1) Pb+Pb and the most peripheral (6)
Pb+Pb interactions. The partial systematic errors have been calculated for all charged
particles and for negatively and positively charged hadrons separately.

‘ | @, vs. Az | @, vs. ntf/nto | @, vs. [bx] and |by| [ ®p, vs. np/nmp |

p+p (all) 0.35 1.00 0.35 0.10
p+p () 0.25 0.65 0.15 0.10
p+p (+) 0.50 0.65 0.05 0.25
Si+Si (all) 0.55 0.85 0.75 0.50
Si+Si (-) 0.50 1.00 0.50 0.35
Si+Si (+) 0.40 1.05 0.35 1.15
Pb+Pb(6) (all) 0.80 1.15 0.85 0.80
Pb+Ph(6) (-) 0.65 0.85 0.35 0.25
Pb+Pb(6) (+) 0.95 0.45 0.70 1.60
Pb-+Pb(1) (all) 0.45 0.30 1.40 0.15
Pb+Pb(1) (-) 0.40 0.25 1.60 0.55
Pb+Pb(1) (+) 0.45 0.25 1.05 0.10

Table 4.3: The examples of the partial systematic errors of @, . values. All values in the table
given in [MeV/c]|.
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The above study leads to the conclusion that the typical total systematic error on @,
estimated as a maximal error resulting from all above considerations is not higher than
1.6 MeV/c for Pb+PDb collisions and 1.2 MeV /¢ for p+p, C+C and Si+Si data.

Losses of tracks due to the reconstruction inefficiency of the detector and track selection
cuts can influence significantly the measured ®,,. values. In general the losses can reduce
inter-particle correlations. In order to estimate this effect, the dependence of ®,, on the
percentage of randomly rejected particles has been calculated. This dependence for the
most central (1), the most peripheral (6) Pb+Pb collisions and for p+p interactions is
shown in Fig. 4.9. Within the considered forward rapidity region the tracking efficiency
of the NA49 detector is higher than 95% [60], and therefore Fig. 4.9 implies that the bias
due to tracking inefficiency is not higher than 0.5-1.0 MeV/c.

— 15
% E *  Pb+Pb (periph)
=3 [ e Pb+Pb (5%)
— 10 N -
e] L
) [
IS L
8 s I
S brog
< S S SO
\-/i ; B 4 4 i i i i i
e 0 r T i 1
L s ¢+ & 4
ot
-5 -
_10 L Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
0 20 40 60 80 100

% of randomly rejected particles

Figure 4.9: The dependence of ®,,. on the fraction of randomly rejected particles.

4.3.3 Two-track resolution corrections

It has already been shown in the previous analysis of the NA49 experiment [42] that the
limited two-track resolution influences the measured values of ®,,. In order to estimate
such a contribution quantitatively several samples of mixed events (for p+p and different
A+A collisions) have been produced.

Mixed events have been constructed on the basis of the original events, the multiplic-
ities of mixed events have been the same as in the case of real events but each particle
in a mixed event has been taken at random from a different real event. Such a mixing
procedure washes out all possible inter-particle correlations and consequently the ®,,
value calculated for the sample of mixed events has been verified to be consistent with
zero for all data sets. In the next step the sample of mixed events has been processed by
the NA49 simulation software. The resulting simulated raw data have been reconstructed
using standard reconstruction chain (as in the case of real data) and the ®,, measure
has been calculated. (The processing of prepared mixed events through the NA49 sim-
ulation software and through the reconstruction chain has been provided by one of my
colleagues - Waldemar Retyk.) The obtained @, values are negative as expected for the
anti-correlation introduced by the losses due to the limited two-track resolution. The
additive two-track resolution correction is calculated as the difference (A®,,) between
the values of ®,,. after and before this procedure.
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Figure 4.10: Additive correction A®,, . for limited two-track resolution effect versus multiplicity
(N) of accepted particles. See the text for details.

In Fig. 4.10 the values of A®,, versus mean multiplicity are presented for all charged
particles and for negatively and positively charged particles, separately. Mixed events for
p+p, C+C, Si+Si and three centralities of Pb+Pb collisions have been used to determine
the two-track resolution corrections. The lines represent the analytical parametrization
of this dependence given by the formula

APy, ((N)) = —a\/(N) +b

with @ and b being parameters of a fit to the data points. The values of these parameters
are given in Table 4.4 for all accepted charged particles and for negatively and positively
charged, separately.

‘ | a[MeV/c] | b[MeV/c] |

all 0.28 & 0.04 | 0.18 £ 0.20
negative | 0.28 £ 0.04 | 0.07 = 0.11
positive | 0.45 £ 0.06 | 0.34 £ 0.21

Table 4.4: The values of a and b parameters of the fit of two-track resolution corrections versus
mean multiplicity.

The absolute values of the two-track resolution corrections are higher for heavier col-
liding systems where the density of tracks is relatively high and become negligible for
low-multiplicity interactions. The absolute values of A®, . are also higher for positively
charged particles than for negatively charged ones, which is mainly due to higher track
density for positive particles caused by significantly larger number of protons than anti-
protons. The A®,, values are negative indicating that ®,, measured with an ideal de-
tector (with no two-track resolution problems) would be higher, therefore for a given
multiplicity, ®,, corrected for the limited two-track resolution effect equals ‘raw’ ®,,
minus the corresponding A®, .. The error of the corrected ®,, is calculated by adding
in squares the statistical error of the ‘raw’ ®,, value and the statistical error of the cor-
rection. Finally all corrected ®,, values are increased when compared to corresponding
raw’ @, values.
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4.4 Results

The results presented in this section refer to the so-called accepted particles, that means
particles which are accepted both by the detector and by all kinematic cuts and track
selection criteria. The results are obtained for charged particles produced in a broad range
of transverse momenta (0.005 < pr < 1.5 GeV/c). The rapidity of accepted particles
is restricted to the interval 4.0 to 5.5 (rapidity calculated assuming pion mass for all
particles) which corresponds to forward rapidities in the collision of equal mass nuclei
(at 158 AGeV energy the center-of-mass rapidity equals about 2.9 for the fixed target
geometry). As it has been already mentioned the azimuthal acceptance of the NA49
detector is relatively large for forward rapidity region.

Fig. 4.11 shows the distributions of mean (per event) transverse momentum M (pr)
for p+p, Si+Si and the most central Pb+Pb collisions. Points correspond to data and the
histograms to mixed events, in which no inter-particle correlations are present. Data are
not corrected for any experimental effects (such as two-track resolution). Events with zero
accepted particle multiplicity, that can appear especially for low multiplicity interactions
(from p+p up to peripheral Pb+Pb), are not taken into account in figures. One has to
keep in mind that in the case of calculating ®,, such events will be normally included in
the data sample. The small difference between M (py) distributions for real and mixed
events demonstrates that dynamical fluctuations are small in the investigated kinematic
region (forward-rapidity). Moreover, no distinct class of events with unusual fluctuations
is observed. The width of the M (pr) distribution strongly decreases with the colliding
system size as expected from the increasing particle multiplicity.
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Figure 4.11: Distributions of mean transverse momentum for data (points) and mixed events
(histograms). Data points are not corrected for acceptance and limited two-track resolution.
Events with accepted particle multiplicity equal to zero are not used.

The fluctuation measure ®,, seems to be more sensitive to small dynamical fluc-
tuations. The measured values, corrected for two-track resolution, are plotted in Fig.
4.12 versus mean number of wounded nucleons for all accepted charged particles and
also for positively and negatively charged particles, separately. @®,, values are rather
small (when compared for example to o,,) for all investigated systems (|®,,| < 10
MeV/c), but a significant centrality dependence is observed for all charge combina-
tions. The ®,, values increase by about 5 MeV from p+p collisions up to the maxi-
mum value which is observed for the most peripheral Pb+Pb collisions, and then ®,,
values decrease with increasing number of wounded nucleons. The statistical significance
of this decrease can be estimated to be about 5.5, 4.6 and 4.5 o for all charged, nega-
tively charged and positively charged hadrons, respectively (this statistical significance
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Figure 4.12: &, versus mean number of wounded nucleons (Ny). Data points are corrected
for limited two-track resolution. Errors are statistical only. Systematic errors are smaller than
1.6 MeV/c.

= |®,, (bin6) — @pT(bin1)|/\/a¢pT (bin6)® + Op,, (bin1)?, where 0s,, is a statistical error
of ®,, in a given centrality bin). The effect has been found to be stable with respect
to the variation of the track selection cuts. The ®,, value for Si+5i collisions seems to
be systematically (for all charge combinations) lower than that for the most peripheral
Pb+Pb ones although the number of wounded nucleons in both reactions is very close.
This might suggest that (V) does not fully determine fluctuations in A+A collisions.
The ®,, measure calculated for positively charged particles is lower than that for the
negatively charged ones. However, the measured difference of about 2-3 MeV/c is com-
parable with the systematic error. The ®,, value for all charged particles seems to be
higher than that for the negatively charged particles.

Table 4.5 presents the mean multiplicities of accepted particles, the dispersions oy =

(N?) — (N)? of the multiplicity distributions, the mean inclusive transverse momenta,
the dispersions o, of inclusive transverse momentum distributions and ®,,. values for all
data sets used in this analysis. The ®,, values shown in this table have been calculated
for all accepted charged particles and also for the negatively and the positively charged
particles, separately. All values of ®,, are corrected for the two-track resolution effect of
the NA49 detector.

In order to study the dynamical fluctuations in a more differential way two-particle
correlation plots have been prepared using cumulative x variable. As a fist step all pr
values have to be replaced by corresponding x values. An example of such a transformation
for all charged particles at forward-rapidity region is presented in Fig. 4.13 for 5% the
most central Pb-+Pb interactions.
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(N) [on | prMeV/ | op, MeV/] [ @y, [MeV/e] |

p+p (all) 14 |13 304 196 22+ 03
p+p () 0.6 |07 283 179 08+ 0.1
p+p (+) 08 |09 317 206 14+03
C+C (all) 10 |43 300 210 5.4+ 0.7
C+C () 15 |24 279 190 1.8 £ 038
C+C (+) 55 | 2.7 317 224 0.7 0.7
Si+Si (all) 27 7 301 217 49 + 0.8
Si+Si (-) 12 4 277 195 2.6 =05
Si+Si (+) 15 4 320 231 02+ 0.7
Pb+Pb(6) (all) | 39 | 18 299 220 72+ 0.7
Pb+Pb(6) (-) 18 9 270 195 45+ 05
Pb+Pb(6) (+) | 21 | 10 325 237 1.9+ 0.7
Pb+Pb(5) (all) | 73 | 17 305 226 6.6 = 0.7
Pb+Pb(5) (-) 34 9 273 199 45+ 0.7
Pb+Pb(5) (+) | 39 9 333 245 0.6 £ 038
Pb+Pb(4) (all) | 104 | 19 309 230 5.6 £ 0.8
Pb+Pb(4) (-) 9 |10 276 202 38+ 05
Pb+Pb(4) (+) | 55 | 11 337 249 0.6 £0.9
Pb+Pb(3) (all) | 148 | 21 312 233 46+ 038
Pb+Pb(3) (-) 69 | 11 279 204 29+ 038
Pb+Pb(3) (+) | 79 | 12 342 252 13+08
Pb+DPb(2) (all) | 193 | 21 315 234 22 £ 1.0
Pb+Pb(2) (-) 90 | 11 281 205 24£038
Pb+Pb(2) (+) | 103 | 13 344 254 3711
Pb+Pb(1) (all) [ 230 | 19 317 236 14 + 0.8
Pb+Pb(1) (-) | 108 | 11 281 203 0.9 £ 0.6
Pb+Pb(1) (+) | 122 | 12 349 257 29+ 0.8

Table 4.5: Measured inclusive and event-by-event parameters for accepted particles. (N), oy,
pr and oy, values are not corrected for acceptance. ®,,. values are corrected for limited two-
track resolution. The systematic errors of ®,, are smaller than 1.6 MeV /c.
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Figure 4.13: Example of pyr — z transformation for all charged particles for 5% the most central
Pb+Pb interactions. The last panel shows two-particle correlation plot (z1,x2).
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Two-particle correlation plots of the cumulant transverse momentum variable = are
presented in Fig. 4.14 for p+p, C+C, Si+Si and three centralities of Pb+Pb interactions
at 158 AGeV. One can easily observe that the plots are not uniformly populated. A
significant long range correlations on the level of about 40% (the color scale varies from
0.75 to 1.6) are observed for p+p data. This is rather unexpected when compared to
the low ®,,. value. The color scale is the same for all plots (selected as the scale of the
plot for p+p data) in order to show that these long range correlations observed for p+p
data vanish when heavier colliding systems are studied. Instead, short range correlations
become visible as an enhancement of the point density in the region close to the diagonal.
Fig. 4.15 shows the same data but the color scales are different in order to make the
details of these plots visible.

Pb+Pb (3 . Pb+Pb (1

0.6
0.4 0.4
0.2 0.2

% 02 04 06 08 1 % 02 04 06 08 1

Ll | -'-' L
0 02 04 06 08 1

X X

2 2

Figure 4.14: Two-particle correlation plots (z1,z2) for all charged particles. The data are
plotted with the same color scale.

The short range correlations are most prominent for central Pb+Pb collisions and are
consistent with the effect of Bose-Einstein statistics. For the most peripheral collisions
the pattern seen in two-particle correlation plot is different from that for the remaining
reactions. One observes an enhancement in the region close to x; = 1 and x, = 1. As
the expected contamination with non-target interactions and with interactions different
than Pb+Pb nuclei is highest for the most peripheral Pb+Pb collisions the two-particle
correlation plot for peripheral data has been investigated using three different data sets,
three different widths of the reconstructed vertex (Az) and three different sets of |b,|
and |b,| cuts. It has been found that this structure does not depend on event and track
selection criteria used in the analysis and that it is indeed different from that for the
remaining systems.

Fig. 4.16 shows two-particle correlation plots for central Pb+Pb collisions only but
for several charge combinations, namely for all possible pairs, for pairs with opposite
charges and for pairs with the same charge. As it has been already mentioned two-particle
correlations for central Pb+Pb interactions are dominated by correlations at small scales
(short range). A clear Bose-Einstein signal (the effect of Bose statistics) appears as an
enhancement of the point density in the region close to the diagonal. This effect, which
can be observed for the same-sign particles (++ and - -) is much better seen for low
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Figure 4.15: Two-particle correlation plots (z1,z2) for all charged particles. The data are
plotted with different color scales.

momentum particles and decreases significantly for high momentum pairs. The Bose-
Einstein signal is not observed when looking at correlations of particles with opposite
charges (+- pairs) but an enhancement of the point density in the region of small = (peak
at very low momenta) can be explained as an effect of Coulomb attraction of particles

with different charges.

<1
x

%

Pb+Pb (all pairs

X

1.005 0.8

0.6|
0.4]

0.995 02

02 04 06 08 1

1.005

0.995

02 04 06 08 1

Xz

1 Pb+Pb (+- pairs

% 02 04 06 08 1

% 02 04 06 08 1

1.005

0.995

0.995

Xz

Figure 4.16: Two-particle correlation plots (z1,z2) for central (1) Pb+Pb interactions for
different charge combinations. Note that the color scale is slightly different than than in Fig.

4.15.
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4.5 Comparison with predictions of models

As it has been already mentioned ®,, was calculated for a variety of theoretical models. In
most of them the effects of detector acceptance were not taken into account and therefore
their results cannot be directly compared to the data. Moreover, presently available
models (such as VENUS, FRITIOF or RQMD) are usually too much complicated to
properly extract and understand the effects which can influence transverse momentum
fluctuations. It seems that it is much better to prepare simple ”toy models” which can
simulate different physical effects separately. In this section results of such simulations
will be presented. Additionally predictions of one of the "more complicated” models -
the HIJING model [65] will be shown. As the ® measure is sensitive to the detector
acceptance, its effects will be taken into account.

4.5.1 Model with the collective flow

Fig. 4.12 shows that the ®,, measure is a non-monotonic function of centrality with the
maximum at approximately Ny = 40. Such a behavior resembles the dependence of the
magnitude of collective flow - directed (v;) and elliptic (vy) - on Ny [66] (the elliptic flow
plays an important role only in the case of peripheral interactions and is negligible for p+p
interactions). Therefore, a natural suggestion appears that the p; fluctuations measured
by ®,, may be caused by the collective flow. As the most prominent effect is observed for
the most peripheral Pb+Pb interactions this suggestion has been checked using a simple
Monte Carlo analysis corresponding to peripheral Pb+Pb collisions. A generation of the
events has been performed in the following way

1. Events have been generated with fixed multiplicity (after all below described steps
the multiplicity had to be equal to the multiplicity of all accepted particles in pe-
ripheral Pb+Pb collisions).

2. For a given event g (reaction plane azimuthal angle) has been randomly selected
from a flat distribution (0 < ¢ < 27).

3. Particles have been generated independently from each other and have followed the
measured inclusive pr distribution (pr of a given particle has been taken from an
exponential shape in my with 7' = 299/2 MeV (Table 4.5), pion mass has been
assumed for all particles. Rapidity has been chosen from a Gaussian distribution
(pion mass assumed) with y,;4=2.9 and the dispersion o,=1.7.

4. The azimuthal angle of a given particle (¢) has been generated with a distribution
AN

‘95 = 142-v2:cos(2(p—¢pp)). This formula causes that the natural uniform azimuthal
angle distribution of the events is modified by the collective elliptic flow but the
particles still remain independent from each other with respect to their transverse
momenta. For such events the dynamical py fluctuations vanish if the azimuthal
angle acceptance is complete (it has been checked in this analysis). However, the
azimuthal angle acceptance of the NA49 detector is not flat, and consequently the
azimuthal anisotropy can generate a finite value of ®,,, even though the p; values

of particles are independent from each other.

5. As the last step the kinematic cuts (4.0 < y, < 5.5, 0.005 < py < 1.5 GeV/c) have
been applied and the acceptance of the NA49 detector (Table 4.2) has been taken
into account. Finally the ®, . value has been calculated.
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Table 4.6 presents ®,, measure calculated for several values of v, used in the model.
It can be observed that the abnormally large value of v, = 0.45 leads to ®,, as large as
16 MeV/c, but a realistic magnitude of vy, which depends on pr (according to [66] taken
as 0.05 - pr(GeV/c)), results in value of ®,,. which is consistent with zero (®,, = 0.0£0.6
MeV/c). Thus, one can conclude that the effect of the azimuthal anisotropy caused by
the collective flow combined with the incomplete azimuthal acceptance of the detector is
not responsible for the observed dynamical py fluctuations (high ®,,,. value for peripheral
Pb+Pb interactions).

‘ U2 ‘ Dy, [MeV/c] ‘
0.45 16.1 £ 0.5
0.3 72+04
0.2 3.4 £0.5
0.1 0.0+ 0.5
03 7 | 29+05
0.05 - #7{% 0.0 £ 0.6

Table 4.6: The ®,,, values calculated for Monte Carlo model corresponding to peripheral Pb+Pb
interactions. The model incorporates the collective flow (several vy values are used). All pp
values given in GeV/c.

4.5.2 The HIJING model and the model with M (pr) — N depen-
dence

Fig. 4.17 shows the dependence of ®,, on the mean number of wounded nucleons directly
compared to predictions of the HIJING [65] model. For all kinds of collisions the output
from the HIJING generator has been prepared by Robert Korus. In the model default
parameters have been used. Separate plots present results for all charged particles, and
for negatively charged and positively charged particles, separately. In the study of the
HIJING results the same kinematic cuts are applied as in the case of real data. The
black lines correspond to the results of the HIJING simulations where the effect of the
limited NA49 acceptance (pr versus azimuthal angle) is taken into account, whereas the
gray lines refer to the HIJING predictions for full azimuthal acceptance. The difference
between these two lines demonstrates how the limited acceptance of the NA49 detector
influences measured ®,,,. values.

In contrast to the data, ®,, calculated within the HIJING model shows no centrality
dependence; this can be understood as due to the fact that in the HIJING model A+A
collision is an essentially independent superposition of N+N interactions. The fact that
®,, does not change when going from elementary (p+p) interactions through different
centralities of Pb+Pb collisions up to the most central Pb+Pb events at 158 AGeV has
been also observed within the FRITIOF model in the previous study of the author of this
work ([67]), however in this analysis the effect of limited acceptance of the NA49 detector
has been then not taken into account. The very similar values of ®,, for p+p and central
Pb+Pb interactions (160 AGeV) have been also reported in [51] both for the FRITIOF
model and for the UrQMD model without re-scattering. In the UrQMD model the ®,,
value for central Pb+Pb interactions is strongly decreased when re-scattering effects (large
amount of mainly meson-baryon and meson-meson secondary collisions) are incorporated.
In Fig. 4.17 the effects of short range correlations (Bose-Einstein and Coulomb) have not
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Figure 4.17: ®,,. versus mean number of wounded nucleons calculated using the HIJING model
with geometrical acceptance cuts included (black lines) and without geometrical acceptance
restrictions (gray lines). Results are compared to data (points) corrected for limited two-track
resolution (the markers are the same as in Fig. 4.12). The panels represent: all charged,
negatively charged and positively charged particles. Data points contain both short and long
range correlations. The effects of short range correlations are not incorporated in the HIJING
model.

been incorporated in the HIJING model. However it has been estimated in the previous
analysis of the NA49 experiment [42] that the combined effect of short range correlations
produces ®,,. values on the level of 5 MeV /c for central Pb+Pb collisions. The magnitude
of this effect strongly depends on multiplicity and becomes negligible for p+p interactions.
For the HIJING model ®,, values for positively charged particles are, as in the case of
real data, lower than for negatively charged and for all charged particles. The fact that
®,,,. values for positively charged particles are always lower than for negatively charged
ones has been found (using HIJING simulations) to be related to the limited acceptance
and treating protons as pions (assuming pion mass for all produced particles).

When @, has been first introduced [34] it has been believed that its value should
be non-zero for elementary interactions. This non-vanishing value has been suggested
to be connected mainly with strong M (pr) versus N dependence which was observed
for elementary interactions. On the other hand ®,, should vanish for heavier colliding
systems as a result of equilibration. The results presented in the previous section do not
confirm this expectation. ®,,. is indeed close to zero for central Pb+Pb collisions, but the
maximum value is observed not for p+p data, but for colliding systems with Ny, ~ 40 (for
peripheral Pb+Pb interactions). Although the ®,, measure is small for p+p collisions, a
significant structure appears in the two-particle correlation plot. The first candidate for
its origin is (already mentioned) the dependence of M (py) on N, observed for elementary
interactions [34]. In Fig. 4.18 the comparison of (M (pr)) versus N for the HIJING model
and for real p+p data is presented. In the HIJING model both the limited acceptance of
the NA49 detector and all kinematic cuts are included. The HIJING model shows a good
agreement with the data.

The next step is to check whether the two-particle correlation plots for data and for the
HIJING model are similar. In Fig. 4.19 the two-particle correlation plots for p+p data (a)
are compared to the results of the HIJING model (b) and to data obtained from a simple
random generator, which reproduces the dependence of M(pr) on N observed in the
data (c). The multiplicity distribution of all accepted particles generated by the random
generator (c) is the same as in the case of data. Particles are generated independently
from each other, with a Gaussian shaped rapidity distribution and exponential shaped
mr distribution where the inverse slope parameter 7" of a given event depends on the
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Figure 4.18: Mean transverse momentum versus multiplicity of all accepted particles. The
closed symbols represent p+p data at 158 AGeV (data are not corrected for limited two-track
resolution effect) and the open symbols corresponds to p+p events simulated using the HIJING
model (the effect of the limited NA49 acceptance included). Events with accepted particle
multiplicity equal zero are not used.

multiplicity of this event as observed in the data (Fig. 4.18). All kinematic cuts and the
NA49 geometric acceptance are included in the random model. Both models (b) and (c)
qualitatively reproduce the structure of the two-particle correlation plot which is observed
in the data, however, the HIJING model (b) shows additionally a small enhancement of
the point density in the region of high x.

02 04 06 08 1

X, X, X,
Figure 4.19: Two-particle correlation plot (z1,x2) for all charged particles for p+p data (a)

compared to: simulated p+p HIJING events with limited NA49 acceptance included (b), simple
random generator model, which reproduces M (py) versus N correlation for p+p data (c).

The value of ®,, calculated for all charged particles by use of the model (c) equals
1.2 £ 0.2 £ 1.8 MeV/c and within errors is consistent with ®,, for p+p data (2.2 £
0.3 £ 1.2 MeV/c). Nevertheless the small difference (on the level of 1 MeV/c) might
indicate that, in agreement with the analysis presented in [55], one cannot exclude that
there can be an additional source of correlations present in the data. Due to the relatively
high statistical and systematic errors the effect cannot be estimated quantitatively. The
correlations caused by resonances and by charge conservation are expected to be smaller
for negatively charged particles only than for all charged particles and therefore the same
analysis has been carried out for negatively charged particles. The experimental value
of ®,, calculated for negatively charged particles only for p+p interactions is 0.8 £ 0.1
+ 1.2 MeV/c while the model (c) applied for negatively charged particles results in @,,
equal 0.6 + 0.2 £ 0.3 MeV/c. Fig. 4.20 shows two-particle correlation plots for negatively

23



charged particles only for p+p data (a) compared to results from the model where the
dependence of M (pr) on N was reproduced for negatively charged particles only (b). It
can be seen that both plots are very similar. Thus, one concludes that the results on
negative particles from p+p interactions are consistent with the conjecture [68] that the
particles are emitted independently but their y and p; distributions depend on event
multiplicity.
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Figure 4.20: Two-particle correlation plot (1, z2) for negatively charged particles for p+p data
(a) compared to simple random generator model, which reproduces M (py) versus N correlation
for negatively charged particles for p+p data (b).

The HIJING model has also been used to obtain a two-particle correlation plot for
C+C collisions (Fig. 4.21 b), which appears to be similar to that observed for real
events (Fig. 4.15). The structure which can be observed for p+p collisions vanishes for
heavier systems due to the dilution effect resulting from the higher number of uncorrelated
particles (resulting from different N+N interactions). One has to keep in mind that the
®,, measure by its definition is not sensitive to this dilution effect.

% 02 04 'Flt: o8
Figure 4.21: Two-particle correlation plot (z,z2) simulated by the HIJING model for all
charged particles for p+p events (a) and for C+C events (b). Limited NA49 acceptance is taken
into account.

4.5.3 Model with fluctuations of the inverse slope parameter

Results for p+p and the most central Pb+Pb interactions are also compared to a simple
temperature fluctuation model - the concept is proposed and described in [56]. This
model assumes that the only source of fluctuations is event-by-event fluctuation of the
inverse slope parameter (T') of the transverse mass spectra. The inverse slope parameter
has been varied from event to event with a Gaussian shaped distribution of width orp.
Particles have been generated independently from each other. The model has assumed
a Gaussian shaped rapidity distribution for generated particles (pion mass set for all
particles) and an exponential shape of the transverse mass distribution with the mean
inverse slope parameter (1) = 152 MeV for p+p data and 190 MeV for central Pb+Pb
collisions adjusted to agree with the experimental results. All kinematic cuts (y, pr)
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applied for the real data have been also used in this model and the effect of the finite
detector acceptance has been properly taken into account. The mean multiplicity of all
accepted particles is the same as in the case of data (about 1.4 for p+p and about 240 for
the most central Pb+Pb interactions). The ®,, measure has been calculated for several
sets of . Tables 4.7 and 4.8 show the results of calculations for simulations of p+p and
the most central Pb+Pb interactions.

| or[MeV/c] | op/T | @, [MeV/(] |

4 2.6% 0.1 £0.2
8 5.3% 0.7£0.3
16 10.5% 3.1 £0.2
20 13.1% 5.2 +0.2
24 15.8% 70£03
32 21.0% | 122 +0.3
40 26.3% | 17.8 £0.3

Table 4.7: The @, values calculated for Monte Carlo model with fluctuations of the inverse
slope parameter (7). The mean value of 7" has been set to be equal 152 MeV/c. Generated
events correspond to p+p data (the mean multiplicity of all accepted particles is 1.4).

| or [MeV/c] | op/T | @, [MeV/(] |

S 2.6% 19.6 £ 0.7
10 5.3% 73.1 £ 0.9
20 10.5% | 223.7 £ 1.0
25 13.1% | 310.6 + 1.7
30 15.8% | 398.7 £ 2.5
40 21.0% | 594.2 £ 2.0
50 26.3% | 782.0 £4.5

Table 4.8: The @, values calculated for Monte Carlo model with fluctuations of the inverse
slope parameter (7'). The mean value of T" has been set to be equal 190 MeV /c. Generated events
correspond to the most central Pb+Pb data (the mean multiplicity of all accepted particles is
about 240).

The fluctuations of the inverse slope parameter lead to so-called saddle shaped struc-
ture in the two-particle correlation plots. Fig. 4.22 and Fig. 4.23 present example (1, x2)
plots for different levels of the inverse slope parameter fluctuations for the model of p+p
and Pb+Pb collisions, respectively. The results of simulations are always compared to the
data (a). A saddle shaped structure is not visible neither in p+p nor in central Pb+Pb
data. Moreover, ®,, values increase drastically with increasing oy /7" (better seen for
Pb+Pb simulations); consequently the fluctuations of 7" should be very small in order
to reproduce ®,, value for the most central Pb+Pb collisions. The differences between
panels a) and b), ¢) and d) show that fluctuations of the inverse slope parameter are not
the (main) source of correlations in p+p and central Pb+Pb data at top SPS energy.
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Figure 4.22: Two-particle correlation plots (z,z2) for all charged particles for p+p collisions
(a) at 158 AGeV compared to the inverse slope parameter fluctuation model. The mean value
of the inverse slope parameter has been set to be 152 MeV. The dispersions of the Gaussian
shaped inverse slope parameter distributions are: o = 16 MeV (b), o7 = 24 MeV (c), op = 40
MeV (d).
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Figure 4.23: Two-particle correlation plots (z1,z2) for all charged particles for the 5% most
central Pb+PDb collisions (a) at 158 AGeV compared to the inverse slope parameter fluctuation
model. The mean value of the inverse slope parameter has been set to be 190 MeV. The
dispersions of the Gaussian shaped inverse slope parameter distributions are: o = 5 MeV (b),
or = 10 MeV (c), o = 20 MeV (d).

In Fig. 4.24 the predicted dependence of ®,, on 7" fluctuations (the shape of the
curve was taken from [56]) is plotted and compared to ®,, measured for the 5% most
central Pb+Pb interactions. The experimental ®,,, value (1.4+£0.8+1.6 MeV/c) contains
both short and long range correlations. The solid line in Fig. 4.24 corresponds to the T'
fluctuation model presented in [56] which does not include short range correlations. The
dashed line is a combination of this model with a contribution of short range correlations
(additive component) estimated experimentally [42] as 5 MeV /¢, in agreement with theo-
retical arguments [35, 36]. One can see that the observed value of @, is already below the
contribution of the Bose-Einstein correlations and that the inclusion of slope fluctuations
makes the difference even larger. Thus, one concludes, in agreement with the previous
results of the NA49 experiment [42] and with the above study of two-particle correlation
plots, that the data leave no space for significant 71" fluctuations. Even if the fluctuations
of the inverse slope parameter exist in the data they have been probably canceled by other
(negative) correlations.
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Chapter 5

Energy dependence of p7 fluctuations
for central Pb+Pb collisions

5.1 Data sets used in analysis

The experimental material used for the analysis of the energy dependence of p, fluctu-
ations consist of samples of Pb+Pb collisions at 20, 30, 40, 80 and 158 AGeV energy.
The fraction of the total inelastic cross section of A+A collisions (0/04,) was set to 7.2%
(central trigger runs have been used). In Table 5.1 data sets used in analysis are described.

| | year | No. of events | \/syn [GeV] | ymid |

Pb+Pb at 20 AGeV | 2002 229 000 6.27 1.88
Pb+Pb at 30 AGeV | 2002 297 000 7.62 2.08
Pb+Pb at 40 AGeV | 1999 165 000 8.73 2.22
Pb+Pb at 80 AGeV | 2000 228 000 12.3 2.56
Pb+Pb at 158 AGeV | 1996 166 000 17.3 291

Table 5.1: Data sets used in analysis. Listed for 7.2% central Pb+PDb collisions are: year of data
taking, number of events, /syny - center-of-mass energy for N+N pair, y,,iq - center-of-mass
rapidity (rapidity of the center-of-mass in the laboratory frame).

5.2 Event and particle selection criteria

5.2.1 Event cuts

As in the case of the analysis of the system size dependence of p, fluctuations several
event selection cuts are applied to reduce a contamination with non-target interactions.
Only events with a proper quality and position of the reconstructed vertex are accepted
in the analysis. The vertex coordinate z along the beam has to satisfy |z — 29| < Az,
where zg is the nominal vertex position and Az is a cut parameter. The values of zg and
Az are: -581.05 and 0.25 cm for 20 AGeV, -581.3 and 0.3 cm for 30 AGeV, -581.1 and 0.3
cm for 40 AGeV, -581.2 and 0.3 cm for 80 AGeV and -578.9 and 0.3 cm for 158 AGeV.
The values of the cut parameters of the x and y positions of the fitted vertex (Az and
Ay) varies from 0.1 ¢cm (for 158 AGeV) to 0.25 cm (for low energies). The cut on the
ratio of the number of tracks used to fit the primary vertex divided by the total number
of tracks outgoing from the main vertex (ntf/nto) is set to be higher than 0.25 for all
energies.
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5.2.2 Track cuts

For the analysis of the energy dependence of pr fluctuations the same list of the particle
selection cuts is used as in the case of the system size dependence. Namely, the accepted
tracks have to have a good fitting quality, measured points at at least one of the Vertex
TPCs, the distance between the main vertex and the track in the target plane should
be small (|b,] < 2 cm and |b,| < 1 cm), the potential number of points (nmp) should
be higher than 30 and finally the ratio of number of points to the potential number of
points (np/nmp) is required to be higher than 0.5. The above list of cuts significantly
reduces the possible contamination of particles from weak decays, secondary interactions
and other sources.

5.2.3 The NA49 acceptance for the energy dependence of pp
fluctuations

For the purpose of studying the energy dependence of pr fluctuations again only very
forward-rapidity tracks with 0.005 < py < 1.5 GeV/c are used. For all energies rapidity
region is selected as 1.1 < y* < 2.6. For a given particle y} is the rapidity calculated in
the center-of-mass reference system; the rapidities are calculated assuming the pion mass
for all particles. Forward-rapidity region 4.0 < y, < 5.5 used in the previous chapter for
158 AGeV analysis corresponds to 1.09 < yr < 2.59.
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Figure 5.1: NA49 ¢ — pr acceptance of all charged particles for 1.2 < y* < 1.4. The solid lines
represent the analytical parametrization of the common acceptance.

Fig. 5.1 and Fig. 5.2 present examples of ¢ — pr acceptance for 1.2 < y* < 1.4
and 2.0 < yr < 2.2 rapidity bins, respectively. All charged particles are used in the
plots but the azimuthal angle of negatively charged particles (standard configuration of
magnetic field) has been redefined - as described in the previous chapter. One can easily
observe that the regions of a good detector acceptance are different for different energies.
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Figure 5.2: NA49 ¢ — pp acceptance of all charged particles for 2.0 < y* < 2.2. The solid lines
represent the analytical parametrization of the common acceptance.

Therefore in order to quantitatively compare ®,, measures for all five energies the regions
of the common acceptance have to be defined.

The solid lines in Fig. 5.1 and Fig. 5.2 correspond to the analytical parametrization
of the common acceptance limits for all five energies given by the formula:

1
T (5.1)

The parameters A and B depend on the rapidity range as shown in Table 5.2. The same
curves can be used both for the negatively charged particles and for positively charged
particles but in the case of the negatively charged ones (assuming standard configuration
of magnetic field) their azimuthal angle has to be redefined as described in the previous
chapter (section 4.2). The situation is opposite in the case of the opposite configuration of
the magnetic field, namely one has to change the azimuthal angle definition for positively
charged particles. Only particles within the analytical curves are used in the analysis.

All kinematic restrictions (rapidity mainly) and all track selection cuts together with
the requirement to use the same (and - therefore - limited) ¢ — pr acceptance lead to the
fact that for all five energies only about 5.0 - 5.2 % of all charged particles produced in
central Pb+Pb interaction are used in the analysis.

pT(¢)

\ yn [1.0-1.2 [ 1.2-1.4 [ 1.4-1.6 | 1.6-1.8 [ 1.8-2.0 | 2.0-2.2 [ 2.2-2.4 | 2.4-2.6 |
A[dee=GVT [ 600 700 | 1000 | 2600 | 3000 | 2500 | 1800 | 1000
B[9eE 0.2 0.2 0.2 0.5 0.4 0.3 0.3 0.1

Table 5.2: The parametrization of the NA49 y — py acceptance common for all five energies for
positively charged particles (standard configuration of magnetic field). For negatively charged
particles one has to change the definition of the azimuthal angle (see text) and then use the
same parametrization.
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5.3 Error estimates and corrections

5.3.1 Statistical errors

The method of calculating the statistical error of ®,, (so-called subsample method) is
described in the previous chapter (section 4.2).

5.3.2 Systematic errors

As in the case of the system size dependence of transverse momentum fluctuations the
values of event and track cut parameters have been varied (within a reasonable range)
in order to estimate the systematic errors of ®,,.. For a given cut parameter the partial
systematic error has been taken as a half of the difference between the highest and the
lowest @, value. Two event cuts and two track cuts have been considered and as a final
estimate of the total systematic error on ®,, a maximal error resulting from such a study
has been taken (the same procedure has been applied in the previous chapter).

The systematic error of ®,, which comes from the small remaining contamination of
non-target interactions can be estimated by use of ®,, dependence on two vertex cut
parameters - ntf /nto and Az. Fig. 5.3 shows the dependence of ®,,. on ntf/nto ratio for
20, 30, 40, 80 and 158 AGeV data. The observed variation of ®,, with this cut is rather
small and the partial systematic error due to this effect varies from 0.45 MeV/c for 158
AGeV up to a slightly higher value of 2.4 MeV/c for 30 AGeV (see the next table). In
Fig. 5.4 the dependence of ®,, on the allowed distance Az from the nominal position of
the main vertex is presented for all five energies. The observed variation of ®,, with this
cut is quite small for all investigated data sets. The highest partial systematic error has
been found to be 0.7 MeV/c for 80 AGeV interactions.
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Figure 5.3: The dependence of ®,, on one of the event cuts (ntf/nto ratio). Note: the values
and their errors are correlated.

The influence of the remaining fraction of tracks from weak decays, secondary interac-
tions and other sources of non-vertex tracks can be determined by use of the dependence
of ®,,. on track cuts parameters - |b,| and |b,| and np/nmp ratio. Fig. 5.5 and Fig. 5.6
present how the value of ®,, changes with the impact parameter cut and np/nmp ratio,
respectively. It can be easily seen that ®,, is quite stable with both cut parameters.
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Figure 5.4: The dependence of ®,,. on the allowed distance Az from the nominal position of
the main vertex. Note: the values and their errors are correlated.
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Figure 5.5: The dependence of ®,,. on upper cut in the impact parameter |bz|. For each point
the cut on |by| is equal half the cut on |bz|. Note: the values and their errors are correlated.
The dashed line indicates the cut used in the analysis.

A small increase of ®,, with increasing impact parameter cut may be due to the
increasing contamination on non-vertex tracks for higher |b,| and |b,| values (see the
previous chapter). The partial systematic error from @, versus impact parameter cut
varies from 0.4 MeV/c for 80 AGeV to 1.1 MeV/c for 40 AGeV, whereas the partial
systematic error from ®,,. versus np/nmp ratio varies from 0.6 MeV/c for 20 AGeV to
1.1 MeV/c for 30 AGeV.

Table 5.3 presents the possible components of the systematic error resulting from the
variation of the values of cut parameters. The examples are presented for 20, 30, 40,
80 and 158 AGeV for 7.2% central Pb+Pb collisions. The partial systematic errors have
been calculated for all charged particles and for negatively and positively charged hadrons,
separately.

62



20 AGeV
30 AGeV
40 AGeV
80 AGeV
158 AGeV

P é g
<)

N
o

* < > ®m o

(all charged) [MeVic]

10
S * Boa oy att
'G'Q oA i ; i i d
o | .
- i poprdd
_107\\\‘\\\‘\i\‘\\\‘\\\‘\\\

0 0.2 0.4 0.6 0.8 1 1.2

cut on np/nmp

Figure 5.6: The dependence of ®,,. on lower cut on np/nmp ratio. Note: the values and their
errors are correlated. The dashed line indicates the cut used in the analysis.

O, vs. Az | @, vs. ntf/nto | ©,,. vs. |bz| and |by| | ®p,. vs. np/nmp
pr pr pr p

20 AGeV (all) 0.20 1.45 1.20 0.60
20 AGeV () 0.10 0.40 0.40 0.30
20 AGeV (+) 0.25 1.65 1.55 0.60
30 AGeV (all) 0.15 1.70 1.00 0.60
30 AGeV () 0.20 0.30 0.25 0.65
30 AGeV (+) 0.25 2.40 1.05 1.10
40 AGeV (all) 0.45 1.20 0.80 0.40
40 AGeV () 0.35 0.60 0.05 0.30
40 AGeV (4) 0.45 1.00 1.10 0.75
80 AGeV (all) 0.70 1.05 0.15 0.60
80 AGeV () 0.40 0.15 0.40 0.20
80 AGeV (+) 0.60 0.60 0.20 0.75
158 AGeV (all) 0.20 0.45 0.40 0.50
158 AGeV (-) 0.25 0.35 0.95 0.30
158 AGeV (+) 0.55 0.45 0.30 0.75

Table 5.3: The partial systematic errors of ®,,,, values for 7.2% most central Pb+Pb interactions.
All values in the table are given in [MeV/c].

From the above analysis one concludes that the typical systematic error on ®,, deter-
mined as a maximal error from the above calculations is not higher than 1.7 MeV/c for
20 AGeV, 2.4 MeV/c for 30 AGeV and 1.1 MeV/c for 40, 80 and 158 AGeV data.

The observed values of ®,, can be reduced significantly due to the losses of tracks
resulting from the reconstruction inefficiency of the detector and track selection cuts.
The dependence of @, on the fraction of randomly rejected particles has been calculated
(Fig. 5.7) in order to estimate this effect quantitatively. Within forward-rapidity region
at all five energies the tracking efficiency of the detector is higher than 95% and therefore
Fig. 5.7 shows that the bias due to tracking inefficiency and track selection cuts is lower
than 0.5 - 1.0 MeV/c.
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Figure 5.7: The dependence of ®,,. on the fraction of randomly rejected particles.

5.3.3 Two-track resolution corrections

In order to estimate how the limited two-track resolution influences the measured values
of ®,,. five samples (30 000 events in each) of mixed events have been prepared (for 20, 30,
40, 80 and 158 AGeV). Mixed events have been constructed on the basis of the original
events, multiplicities of mixed events have been the same as for real events but each
particle in a given mixed event has been taken at random from a different real event. The
inclusive spectra such as transverse momentum or rapidity distributions have been the
same both for data and mixed events. Such a mixing procedure leads to vanishing of all
possible correlations so the @, . value calculated for the sample of mixed events has been
found to be consistent with zero. It has been checked for all data sets and all possible
charge configurations. In the next step the prepared mixed events have been processed
by the NA49 simulation software and reconstructed as in the case of the real data (see
also the previous chapter). The additive two-track resolution correction is determined as
the difference (A®,,) between the values of ®,, after simulation and reconstruction and
before this procedure (mixed events). In contrary to the system size dependence of A®,, .
for the energy scan mixed events have been prepared for all five energies and therefore any
interpolations of A®,, . and any analytical parametrization of A®,,. versus multiplicity are
not necessary. The values of A®,  for all energies and all possible charge combinations
are given in Table 5.4.

\ | 20 AGeV | 30 AGeV | 40 AGeV | 80 AGeV | 158 AGeV |
A, [MeV/c] (all) | -0.7 £ 0.4 [-03£03[-09+05[-1.7+£04 ] -3.4 £ 06
AP, MeV/c] () [-02£02]044£02 |-08+04]-15+02]-1.7+0.5
A®,,. [MeV/c] (+) |-04+04]-06+0.3[-06+05]-1.9+£05] -42+£07

Table 5.4: The values of two-track resolution corrections A®,, . for all accepted charged particles
and for negatively and positively charged, separately.

The absolute values of the two-track resolution corrections are higher for higher ener-
gies where the multiplicities of produced particles are higher and consequently the den-
sities of tracks are relatively high. The two-track resolution corrections become much
smaller for low-multiplicity interactions (20 and 30 AGeV data). The absolute values
of A®,  are typically higher for positively charged particles than those for negatively
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charged ones, which is mainly due to higher track density for positive particles caused
by larger number of protons than anti-protons. In most cases the values of A®, are
negative thus indicating that the corrected values of ®,, will be higher when compared
with 'raw’ @, values. As in the case of the system size dependence the ®,, corrected for
the limited two-track resolution effect equals ‘raw’ ®,, minus the corresponding A®,, .
The error of the corrected ®,,. is calculated by adding in squares the statistical error of
the ‘raw’ ®,, value and the statistical error of the correction.

5.4 Results

The results shown in this section refer to the so-called accepted particles, that means
particles which are accepted both by the detector and by all kinematic cuts and track
selection criteria. The results are obtained for charged particles produced in a broad
range of transverse momenta (0.005 < pp < 1.5 GeV/c). The rapidity of accepted
particles is restricted to the interval 1.1 to 2.6 in the center-of-mass reference system,
which corresponds to forward-rapidities (the same rapidity region is selected for all five
energies; rapidity is calculated assuming pion mass for all particles).
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Figure 5.8: Distributions of mean transverse momentum for data (points) and mixed events
(histograms). Data points are not corrected for acceptance and limited two-track resolution.
Events with accepted particle multiplicity equal to zero are not used.

Fig. 5.8 shows the distribution of mean (per event) transverse momentum M (py) for
central 20, 30, 40, 80 and 158 AGeV Pb+Pb interactions. Points correspond to the data
and the histograms to mixed events, where there are no inter-particle correlations. Data
are not corrected for any experimental effects (such as two-track resolution). Events with
zero accepted particle multiplicity (there can be a few of them especially for low energies)
are not taken into account in figures but one has to remember that in the case of calculating
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Figure 5.9: Distributions of mean transverse momentum for data divided by distribution for
mixed events (see the previous figure).

®,,. such events will be normally included in the data sample. All charged particles are
used to prepare these plots. The difference between M (py) distributions for real and mixed
events can be observed for low energies (20 and 30 AGeV) - the distributions for data are
a bit wider than for mixed events; it might indicate the presence of dynamical fluctuations
in transverse momentum but as it will be shown later (®,, measure) the possible signal
appears for positively charged particles only. The difference between the histograms for
data and mixed events is better seen in Fig. 5.9 where the ratio od these two histograms
is presented for all five energies. For higher energies M (py) distributions for data and
mixed events become very similar. The width of the M (p;) distribution decreases with
increasing the energy of the colliding system as expected from the increasing particle
multiplicity.

The fluctuation measure ®,,., which is more sensitive to small dynamical fluctuations,
is shown in Fig. 5.10. The measured values are corrected for limited two-track resolution.
In Fig. 5.10 the ®,, values are presented for all charged particles and for the negatively
and positively charged, separately. A significant decrease with increasing energy can
be observed for positively charged particles whereas for negatively charged ones ®,, is
independent of energy (®,, values are nearly in agreement with those for the case of an
independent particle production). This fact seems to be quite surprising, especially that
a non-monotonic structure of the systems size dependence of ®,, fluctuations could be
observed for all three charge combinations. As the ®,, value for all charged particles
can be a non-trivial combination of ®,, for negatively and positively charged particles
a main emphasis should be placed on understanding qualitatively the difference between
positively and negatively charged particles.
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Figure 5.10: @, versus energy for 7.2% most central Pb+Pb interactions. Data points are
corrected for limited two-track resolution. KErrors are statistical only. Systematic errors are
smaller than 2.4 MeV/c.

| | (V) [ov]| pr[MeV/] | op MeV/] | @ [MeV/(]
20 AGeV (all) | 31 6 342 256 12.8 £ 0.6
20 AGeV (-) 10 3 223 166 15+ 04
20 AGeV (+) 21 5 396 271 16.3 £ 0.6
30 AGeV (all) | 39 6 339 259 5.6 + 0.4
30 AGeV (-) 14 4 239 180 0.7 £ 0.3
30 AGeV (1) 25 5 395 278 92+ 0.4
40 AGeV (all) | 45 7 335 259 2.9 + 0.6
40 AGeV () 17 | 4 242 183 1.8 £ 0.5
40 AGeV (1) 28 5 391 282 49+ 06
80 AGeV (all) | 61 9 331 256 04+06
80 AGeV (-) 26 5 270 205 25+ 0.4
80 AGeV (1) 35 6 378 280 14£07
158 AGeV (all) | 77 | 10 331 255 0.9 £ 0.7
158 AGeV (-) 34 6 282 214 1.4 £ 0.6
158 AGeV (+) | 43 7 370 277 04+09

Table 5.5: Measured inclusive and event-by-event parameters for accepted particles. (N), oy,
pr and oy, values are not corrected for acceptance. ®,,. values are corrected for limited two-

track resolution. The systematic errors of ®,, are smaller than 2.4 MeV /c.
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Table 5.5 presents the mean multiplicities of accepted particles, the dispersions oy =
(N%) — (N)? of the multiplicity distributions, the mean inclusive transverse momenta,
the dispersions o, of inclusive transverse momentum distributions and ®,,,. values for all
data sets used in this analysis. The ®,, values shown in this table have been calculated
for all accepted charged particles and also for the negatively and the positively charged
particles, separately. All values of ®,, are corrected for the two-track resolution effect of
the NA49 detector.

Two-particle correlation plots (for all charged particles) of the cumulant transverse
momentum variable x are presented in Fig. 5.11 for 20, 30, 40, 80 and 158 AGeV central
Pb+Pb collisions. It can be seen that the plots are not uniformly populated. The color
scale is the same for all plots (selected as the scale of 20 AGeV data) in order to show how
the correlation pattern changes when the energy is changed. Fig. 5.12 shows the same
data but the color scales are different in order to make the details of these plots visible.
For all five energies short range correlations are visible as an enhancement of the point
density in the region close to the diagonal. Additionally one observes an enhancement in
the region close to ;1 = 1 and x5 = 1 for 20 and 30 AGeV data. (One should remember
about the observation of wider M (py) distributions and about increased ®,,. values also
at lower energies.) Beyond Bose-Einstein contribution and an enhancement in the region
close to 1 = 1 and x3 = 1 one can observe - in the background of the plot - long
range correlations similar to these for p+p interactions at 158 AGeV, however the scale
is different. These long range correlations seem to be slightly reduced for higher energies.
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Figure 5.11: Two-particle correlation plots (x1,x2) for all charged particles for central Pb+Pb
collisions at 20 - 158 AGeV. The data are plotted with the same color scale.

It can be observed that ®,, values for 20 AGeV Pb+Pb collisions are different for
positively and negatively charged particles. A natural suggestion is then to check how
the two-particle correlations plot look like for these two charge combinations. Fig. 5.13
shows that, in agreement with the intuitive predictions, an enhancement in the region
close to 1 = 1 and x5 = 1 can be observed for positively charged particles only, whereas
the negatively charged ones follow the structure observed for higher energies.
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Figure 5.12: Two-particle correlation plots (z,z2) for all charged particles for central Pb+Pb
collisions at 20 - 158 AGeV. The data are plotted with different color scales.
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Figure 5.13: Two-particle correlation plots (z1, z2) for negatively and positively charged particle
pairs for central Pb+Pb collisions at 20 AGeV.

5.5 Comparison with predictions of models

5.5.1 The UrQMD model

The ®,, values can be compared to predictions of the UrQMD model [69, 70] - version
1.3. UrQMD is a transport model allowing for the formation, decay and re-scattering of
resonances and strings. By its construction, in the UrQMD model no fluctuations due
to possible phase transition are incorporated. However, resonance decays and effects of
correlated particle production due to energy (momentum) and quantum number conser-
vation laws are included. In the model default parameters have been used (meson-meson
and meson-baryon scattering effects included). The time during which all particles are
tracked (so-called tim parameter) has been set as 80 fm/c (after kinetic freeze-out). For
each energy (20, 30, 40, 80 and 158 AGeV) from the sample of minimum bias Pb+Pb
events the most central 7.2% interactions have been selected, accordingly to the centrality
of real data recorded by the NA49 experiment. Such selection corresponds to the impact
parameter range 0 < b < 4.35 (linear weighting of b has been used in the model).
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The ®,, values for data have been calculated using all charged particles that come
from the main vertex. Practically it means that pions, protons, kaons and their anti-
particles are used in the analysis (particles from the decays of A, ¢, = and Q are rejected
by use of a list of track cuts). It can be quite natural that also in the UrQMD model
only charged pions, protons and kaons should be considered in calculations. In the study
of the UrQMD events the same kinematic cuts have been applied as in the case of data
(very forward-rapidities only). In order to be in an agreement with data the pion mass
has been assumed for all particles. The pr - azimuthal angle acceptance is common for
all energies and selected to be the same as for the real data. All these kinematic and
acceptance restrictions - similarly as in the case of data - lead to the fact that only 5-6%
of all charged particles produced in central Pb+Pb collision are used to study transverse
momentum fluctuations.
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Figure 5.14: @, versus energy calculated by use of the UrQMD model (black lines) with the
acceptance restrictions the same as for data. Pion mass has been assumed for all produced
particles. Results are compared to data (points) corrected for limited two-track resolution. The
panels represent: all charged, negatively charged, positively charged particles, respectively.

In Fig. 5.14 the ®,,. values versus energy are compared for data and for the UrQMD
model. Separate plots represent results for all charged particles, and for negatively charged
and positively charged particles, separately. Similarly to data the UrQMD model shows
the energy dependence of transverse momentum fluctuations for all charged particles
and for positively charged ones whereas there is no energy dependence for negatively
charged particles. Therefore, as it has been already mentioned, the most important
problem is to understand qualitatively the difference between positively and negatively
charged particles. It should be stressed that - although the same kinematic and acceptance
cuts are used for the data and for the UrQMD model - the ®,, values should not be
directly compared in these two cases. One of the reasons is that models generally do not
incorporate effects of short range correlations (specially Bose-Einstein). Moreover, it has
been shown by the CERES experiment that the measured values of mean p; fluctuations
calculated by use of the UrQMD model with default parameters can be under-estimated
[50] and that switching off secondary scattering (specially meson-baryon re-scattering)
results in the values of p, fluctuations similar to these observed in the data. It has
been also checked that this under-estimation (when re-scattering processes are included
in the UrQMD model) can be even stronger for lower energies. This effect observed by
the CERES experiment might help to qualitatively explain the under-estimation of ®,,
values in Fig. 5.14.

In Fig. 5.15 two-particle correlation plots for UrQMD 20 AGeV interactions are
presented for all possible particle pairs (left) and for negatively (middle) and positively
(right) charged particles, separately. As it has been already mentioned the UrQMD model
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does not exhibit Bose-Einstein effects (an enhancement close to the diagonal) and the main
difference between data and model is that an enhancement in the region close to z; =1
and zo = 1 observed in the data is practically not seen in the model. A rudimentary
enhancement for positively charged particles probably might be observed if one changes
the scale of the plot (Fig. 5.16) but the statistics of the UrQMD data, used in this
analysis, is much smaller than in the case of real events. Nevertheless, even with a better
statistics, it can be rather naive to expect a very similar two-particle correlation plot for
data and model, especially when one remembers that the ®,, value at 20 AGeV for data
is slightly higher than that for the UrQMD model. Anyhow, both data and the model
at 20 AGeV have one common feature - long range correlations similar to those for p+p
collisions.
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Figure 5.15: Two-particle correlation plots (x1,z2) for 20 AGeV Pb+Pb interactions obtained

from the UrQMD model for different charge combinations. The same acceptance is used as for
data.
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Figure 5.16: Two-particle correlation plots (z,z2) for 20 AGeV Pb+Pb interactions obtained

from the UrQMD model for different charge combinations. The same acceptance is used as for
data.

Although the track-by-track identification is not possible for the data it can be quite
interesting to check, by use of the UrQMD model, what is the content of the accepted
particles in the studied forward-rapidity region. The sample of negatively charged particles
is composed mainly by negative pions (94.4% of all negative for 20 AGeV and 89.4% of all
negative for 158 AGeV) and negatively charged kaons (5.6% for 20 AGeV and 9.2% for 158
AGeV), whereas the number of produced anti-protons can be treated as negligible (below
0.1% for 20 AGeV and 1.6% for 158 AGeV). The sample of positively charged particles is
less homogeneous: it contains positive pions (42.8% for 20 AGeV and 69% for 158 AGeV),
positive kaons (8.5% for 20 AGeV and 10.4% for 158 AGeV) and protons (48.7% for 20
AGeV and 20.6% for 158 AGeV). Protons observed in the final state probably originate
mainly from projectile and target nuclei (re-scattered participants). In the studied region
the total multiplicity of protons remains constant for all energies (11.1 - 13.2), in contrary
to multiplicities of newly produced particles such as 77 or K. However, the fraction of
protons in a sample of positively charged particles is significantly higher for lower energies.
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Keeping in mind that re-scattered participants may be strongly correlated in transverse
momentum (due to the momentum conservation law) one can expect that the increased
®,,,. values for lower energies might be connected with the presence of correlated protons
in a sample. The qualitative verification of this hypothesis is presented in Fig. 5.17 where
the ®,, values are calculated separately for different types of particles. The right panel of
Fig. 5.17 shows that the curve for protons qualitatively reproduces the curve for positively
charged particles thus confirming that protons indeed might be responsible for increased
®,,,. values for lower energies.
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Figure 5.17: ®,,. versus energy calculated by use of the UrQMD model, separately for different
types of produced particles. The kinematic cuts and acceptance restrictions for the UrQMD
model are the same as for data. Pion mass has been assumed for all produced particles.

The effect of the limited pr — ¢ acceptance (common acceptance) might modify the
correlations present in the systems therefore before making any solid conclusions one
has to make sure that ®,, behavior versus energy remains qualitatively not changed for
complete azimuthal angle acceptance. Fig. 5.18 presents ®,, values for forward-rapidity
region (also for "4n” acceptance) where no p; — ¢ acceptance restrictions were used. In
the case of so-called ”47” acceptance the only one remaining cut is a limitation for py of
produced particles (0.005 - 1.5 GeV/c). The ®,, dependence on energy both for charged
particles and for (anti-)protons only is comparable with that in Fig. 5.17 thus indicating
that the limited p; — ¢ acceptance does not influence the observed effect significantly. In
the forward-rapidity region (with 0.005 < py < 1.5 GeV/c) the total multiplicity of final
state protons is similar for all five energies and varies between 42.4 and 47.6.

E 20F - - - all charged, forward-rapidity E 20F - - - negative, forward-rapidity E 20F - - - positive, forward-rapidity
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Figure 5.18: @, versus energy calculated by use of the UrQMD model without pr — ¢ ac-
ceptance restrictions. Pion mass has been assumed for all produced particles. The dashed
lines correspond to forward-rapidity region (1.1 < y* < 2.6), the dotted lines to "47” accep-
tance. The panels represent: all charged, negatively charged and positively charged particles.
Forward-rapidity (anti-)protons only are represented by dashed violet line.
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If the re-scattered participating protons (strongly correlated in transverse momentum
due to the momentum conservation law) are indeed responsible for the observed effect (in-
creased @, values for lower energies), the observed correlation should be stronger for the
detector with complete ("47”) acceptance because the number of correlated pairs would
be significantly higher. Moreover, also participating neutrons should be strongly corre-
lated in transverse momentum thus increasing the total correlation in the system. The
results of the UrQMD calculations confirming this hypothesis are presented in Fig. 5.19
where @, is calculated for 747" acceptance (0.005 < pr < 1.5 GeV/c) for protons only
(left) and for protons and neutrons (middle). The total multiplicity of protons is similar
for all five energies and varies between 167.1 and 169.9 whereas the total multiplicity of
neutrons and protons equals 358.9 - 366.1 (the estimated number of wounded nucleons
for 7.2% most central Pb+Pb interactions equals approximately 349). The very strong
correlation observed for protons (®,, on the level of 130 MeV/c) is two times enlarged
when neutrons are included. On the other hand ®,, values for different combinations
of newly produced particles such as pions or anti-protons remain small even for a 47"
acceptance (Fig. 5.19 - right) although the total multiplicity of all pions is much higher
than the multiplicity of protons + neutrons and strongly depends on energy. It seems
to finally confirm the hypothesis that the increased ®,, values for positively charged
forward-rapidity particles at lower energies can be connected with the increased fraction
of correlated participants in the sample. It should be however stressed, that the other
sources of correlations are not excluded neither in the UrQMD model nor in the data
and in principle in real collisions there might be additional, qualitatively new, onsets of
fluctuations that are not incorporated in all the considered models.
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Figure 5.19: @,, versus energy calculated by use of the UrQMD model for ”4n” acceptance
(0.005 < pr < 1.5 GeV/c) for protons only (left), protons and neutrons (middle) and for different
combinations of newly produced particles (right).
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Chapter 6

Comparison of results with other
experiments and discussion

There are a lot of fluctuation measures used in the literature e.g. 0., ayn, Aopr, Xpp,
Fy., Xy, (%) and ®,, however under reasonable assumptions all of them are related
[71]. All fluctuation quantities measure the difference in the width of M (py) distribution
from a "random expectation”. The random expectation can be represented by mixed
events or eventually by Gamma distribution that can be determined by use of parameters
(moments) of inclusive pr and multiplicity distributions. Apart from the fact that all
fluctuation measures are related, their multiplicity dependence can be different. Even
within the same measure different experiments can apply different quality and kinematic
cuts what makes a direct and coherent comparison of the measured values impossible. In
the future it would be very important to invent a method of standardizing the results
between experiments with different acceptance and thus making their results comparable.
In the following, the results on pr fluctuations obtained by different experiments are

summarized.

NA22

The value of ®,,, = 10.94+1.5 MeV/c for charged hadrons has been reported by the NA22
experiment in 77p and KT p interactions [72] at 250 GeV in a rapidity acceptance similar
to that used in this paper. The value obtained by the NA22 experiment is higher than the
result presented in this paper for p+p interactions at 158 AGeV (®,, =2.2+0.3 £ 1.2
MeV/c). This can be caused by the differences in the azimuthal acceptance, energy
and types of interacting hadrons. Additionally, the NA22 experiment has observed a
dependence of @, on the rapidity region showing that ®,,. is significantly higher for mid-
rapidity region and its value is very small in the projectile fragmentation region (forward-
rapidity). This is consistent with low ®,, value for the forward hemisphere presented in
this thesis. ®,, value determined by the NA22 experiment in the mid-rapidity region is
above 25 MeV /c and significantly depends on the lower p;- cut.

CERES

The CERES experiment at the SPS has obtained ®,, ~ 5 MeV /c for charged hadrons in
semi-central Pb+Au collisions at 158 AGeV [50]|. This measurement has been performed
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close to mid-rapidity (pseudo-rapidity ! 2.2 < n < 2.7) in the py range 0.1 < pp < 1.5
GeV/c and with full azimuthal angle acceptance. A somewhat lower value, ®,, ~ 1.5
MeV/c is found in this work for the similar Pb+Pb reaction at forward-rapidities. The
recent CERES results, obtained for minimum bias Pb+Au interactions at 158 AGeV (all
charged particles, 2.2 < n < 2.7, 0.15 < py < 1.5 GeV/c and 27 azimuthal acceptance)
show significant centrality dependence of transverse momentum fluctuations - a very sim-
ilar to that reported in this thesis [73]. In Fig. 6.1 the comparison of ®,,. values for the
CERES and for the NA49 experiment is presented. Both experiments show consistent
structure, however due to differences in azimuthal acceptance, py and rapidity ranges the
absolute values of ®,, are different for CERES and NA49.
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Figure 6.1: Comparison of the system size dependence of transverse momentum fluctuations at
top SPS energy (CERES and NA49 results). Figure taken from [73].

The more recent CERES results [74] present the F},, dependence on the number of par-
ticipants (F},, [49] measures the percent difference of the standard deviations of M (pr)
for the data and mixed events). In Fig. 6.2 the non-monotonic behavior can be ob-
served with a maximum for semi-central Pb+Au collisions at 158 AGeV. Non-statistical
pr fluctuations may be caused by momentum space correlations arising from resonance
decays. Therefore the CERES experiment has compared their results to the cascade mod-
els RQMD and UrQMD. The non-monotonic behavior of F),, as a function of centrality
can be qualitatively reproduced by the RQMD model with re-scattering (the model also
correctly describes mean inclusive pr dependence on centrality) but UrQMD model with
re-scattering fails to reproduce the data. Both the RQMD and the UrQMD models with-
out re-scattering are consistent with the baseline (dotted line in the left panel of Fig. 6.2)
representing the extrapolation from N+N interactions (superposition of N+N).

The most recent CERES results show that the significant centrality dependence can be
observed also for lower energies [75]. The structure of the dependence of pr fluctuations
on the number of participants has been found to be very similar for 40, 80 and 158 AGeV
(minimum bias 40 AGeV, minimum bias 158 AGeV and semi-central 80 AGeV Pb+Au
data have been used; see the figure in [75]). Moreover, the magnitude of the fluctuations
does not depend on beam energy.

Before focusing on the centrality dependence of py fluctuations (see above) the CERES
experiment has been studying the energy dependence of transverse momentum fluctua-
tions by use of central Pb-+Au collisions only at 40, 80 and 158 AGeV (mid-rapidity

! pseudo-rapidity is defined as n = —ln(tg%), where O is an angle between the beam direction and the
direction of a given particle; © varies between zero and m
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Figure 6.2: Transverse momentum fluctuations (left) and inclusive mean transverse momen-
tum (right) as a function of centrality measured by the CERES experiment. Fluctuations are
corrected for short range momentum correlations. Data are compared to predictions of models.
Figure taken from [74].

region). The M (pr) distributions for all three energies have been found to be slightly
wider than the corresponding distributions for mixed events, indicating small but finite
dynamical fluctuations [50]. For 6.5% most central Pb+Au events ®,,. values (calculated
without the removal of short range correlations) vary between 2.4 and 5.0 MeV/c with a
typical error of about 2 MeV /c. It indicates that the possible significant non-monotonic
behavior of pr fluctuations with collision energy (the probable effect of approaching the
phase boundary) or unusually large fluctuations that might indicate the hadronization at
the critical end-point of the QCD phase diagram have not been observed by the CERES
experiment. Moreover, the CERES results show that mean p, fluctuations (when using
¥y, (%) fluctuation quantity [50] that measures the strength of non-statistical fluctuations
in percent of mean inclusive pr - measure different than F),) are small and only weakly
dependent on energy (very similar for SPS and RHIC energies) [74]. These fluctuations
do not show any non-monotonic behavior with energy and their magnitude is far below
the level predicted at the critical end-point [19, 45, 74]. Therefore, the study of the energy
dependence of p; fluctuations at central A+A collisions the CERES experiment suggests
that the critical point may not be located in the pp regime below 450 MeV [50]. Note
that, as suggested in [45] the observation of a large magnitude of fluctuations cannot be
itself a signature of the critical point but should be combined with the non-monotonic
behavior of fluctuation observables.

STAR

The results from the STAR experiment at RHIC [48] show significant event-by-event
dynamical fluctuations in transverse momentum for Au+Au collisions at \/syy = 130 GeV
energy. For 15% most central events and for the mid-rapidity region (|n| < 1.0, 0.15 <
pr < 2.0 GeV/c and complete - 27 acceptance in azimuthal angle) it has been observed
that the distribution of M (py) is about 14% wider (F,, = 14 %) than the uncorrelated
reference represented by the corresponding Gamma distribution [76]. These significant
non-statistical fluctuations have been also observed in the two-particle correlation plot as
a saddle-shaped structure symmetric about the diagonal [77, 48]. The ®,,,. value measured
for all charged particles has been calculated as 52.6 & 0.3 MeV /¢ [76] but its large value
can be connected with significant contribution of correlated particles originating from
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(mini-)jet fragmentation.
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Figure 6.3: Centrality dependence of pr fluctuations (Ao, measure [47] on the vertical axis)
measured by the STAR experiment in minimum bias Au+Au collisions at /syy = 130 GeV.
Figure taken from [76]. See [76] for details.

A non-monotonic but smooth centrality dependence of pr fluctuations (Ao, measure
[47]) has been also observed by the STAR experiment for minimum bias Au+Au collisions
at /syy = 130 GeV (Fig. 6.3). A maximum can be observed for semi-central Au+Au
interactions [76]. The effects of elliptic flow on the Aoy, measure can be safely ignored
in this analysis [78].

Recent STAR results [79] measured in a very similar kinematic region (|n| < 1.0,
0.1 < pr < 2.0 GeV/c and 27 azimuthal acceptance) but for 5% most central Au+Au
interactions at /syy = 20, 130 and 200 GeV demonstrate the presence of the dynamical
pr fluctuations at all three energies. M (py) histograms for real events are wider than the
corresponding distributions for mixed events and this difference seems to slightly increase
with increasing energy.

PHENIX

Event-by-event pr fluctuations have been also measured by another RHIC experiment
PHENIX in Au+Au collisions at /syy = 130 and 200 GeV. The F,, measure [49)],
determining the percent difference of the standard deviations of M (pr) for the data and
mixed events, has been used in the analysis. Dynamical fluctuations have been found
to be very small - on the level of few percent (this can be due to the rather limited
acceptance of the PHENIX detector). Due to large errors no significant system size
dependence has been observed at \/syy = 130 GeV [49], however recent results at \/syn
= 200 GeV (with better azimuthal acceptance and higher statistics) demonstrate strong
non-monotonic centrality dependence of p; fluctuations with a maximum for semi-central
Au+Au collisions [80, 81].

Fig. 6.4 presents PHENIX p; fluctuations for all charged particles near mid-rapidity
region (|n| < 0.35, 0.2 < pr < 2.0 GeV/c and azimuthal acceptance about 180 degrees).
By use of Monte Carlo simulations it has been checked that the effect of elliptic flow is
small and does not explain the observed behavior. The reported correlations have been
found to be consistent with correlations due to jets at large py (lines in figure). This
consistency is even better when additionally jet suppression (jet quenching) is assumed
for more central events (dashed line). Due to large errors at \/syy = 130 GeV it is not
possible to obtain the reliable difference between F),,. values for 130 GeV and 200 GeV
interactions (the possible energy dependence of pr fluctuations).

Fig. 6.5 shows that the trend of the non-monotonic behavior of the system size depen-
dence of p; fluctuations qualitatively agrees for NA49, CERES and PHENIX experiment.
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Figure 6.4: Centrality dependence of pr fluctuations (¥}, versus number of participants) mea-
sured by the PHENIX experiment in Au+Au and p+p collisions at \/syny = 200 GeV. Lines
correspond to Monte Carlo simulations with additional hard-scattering processes (jets). See [81]
for details. Figure taken from [82].
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Figure 6.5: Comparison of the system size dependence of transverse momentum fluctuations
between SPS and RHIC. Figure taken from [73].

Summary of the system size dependence of event-by-event fluctuations

The system size dependence of mean pr fluctuations has been studied by several exper-
iments at different energies, namely by the NA49 and CERES experiments at |/syy =
17.3 GeV, by the CERES experiment at \/syny = 7.7 GeV and partially at \/syy = 10.7
GeV, by the STAR experiment at \/syy = 130 GeV and by the PHENIX experiment at
Vsny = 200 GeV. Several fluctuation measures have been used and different kinematic
and acceptance regions have been investigated but the final results give qualitatively clear
and consistent picture: significant system size dependence of py fluctuations is observed
both at SPS and RHIC energies. This dependence cannot be explained by known and/or
trivial effects such as elliptic flow. The contribution from short range correlations is also
too small to reproduce the data. Both CERES and PHENIX experiments observe the
larger contribution to dynamical py fluctuations at higher pr; this can indicate that hard
scattering processes (jets) might be a source of correlations at high p; (jets inherently
add particles correlated in p;). The PHENIX experiment employs a phenomenological
PYTHIA-based model that estimates the relative contribution due to jet production as
a function of centrality (jet production in A+A collisions is suppressed for more central
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events). The following procedure is used - the PYTHIA jet events are embedded to a sim-
ulation of soft processes with reproduced inclusive pr and N distributions as a function of
centrality. There are two possible embedding ways - with PYTHIA event embedding rate
constant for all centralities and with the rate scaled by the nuclear modification factor
R4 for each centrality bin (nuclear modification factor compares the transverse momen-
tum spectra in A+A and N+N collisions thus measuring the deviation of A+A from an
incoherent superposition of N+N interactions). The later one much better describes the
data (when a correlated ¢g pair - jet - is produced both quark and anti-quark hadronize
into particles but the presence of high density matter in central collisions can affect for
example hadrons coming from one of the quarks that can lead to melting the correlation
- the schematic illustration of jet suppression is presented in Fig. 6.6). Fig. 6.7 shows the
system size dependence of transverse momentum fluctuations at SPS and RHIC energies
compared to the predictions of this model (the cross section for the jet production is
significantly reduced at SPS energies, however non-zero contribution can still be present).
The model seems to explain the anomaly observed in the system size dependence of py
fluctuations.

Figure 6.6: The schematic illustration of jet suppression in the presence of high density matter.
Figure taken from [83].

There are also different models explaining the non-monotonic centrality dependence
of mean p; fluctuations. One of them is a thermalization model (onset of thermal equi-
librium) reasonably explaining RHIC (STAR and PHENIX) results [71, 84]. The string
percolation model [85] gives a good description of the PHENIX and NA49 data. It has
been already mentioned that cascade models (RQMD) with re-scattering reasonably de-
scribe the CERES results [74].

The system size dependence of event-by-event fluctuations has not been studied for
mean transverse momentum only but also for other fluctuation measures. The recent
NA49 results present non-monotonic behavior of the system size dependence of multi-
plicity fluctuations (Fig. 6.8). The system size dependence of mean pr fluctuations and
multiplicity (negatively charged particles only) are very similar and as the M (p;) defini-
tion is connected with multiplicity it would not be surprising that these two quantities
may fluctuate in a correlated way. However, it is quite obvious that a single theoretical
approach explaining all these effects for all fluctuation measures would be very helpful in
understanding the recent promising results.

There might be also a different explanation of the observed non-monotonic behavior of
the system size dependence of both transverse momentum and multiplicity fluctuations.
An increase of the dynamical fluctuations in transverse momentum and multiplicity has
been predicted to occur in A4+A collisions which freeze out near a second-order critical
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Figure 6.7: Comparison of the system size dependence of transverse momentum fluctuations
for Pb+Pb collisions at \/syy = 17 GeV (top) - negatively charged particles only, for Au+Au
collisions at /syn = 130 GeV (middle) and for Au+Au collisions at \/snyy = 200 GeV (bottom).
The lines correspond to the calculations of the model that estimates the relative contribution
due to jet production as a function of centrality for a fixed PYTHIA event embedding rate
(dashed lines) and for an R 4-scaled embedding rate (solid lines). See [83] for details. Figure
taken from [83]. Note that at present the NA49 results are accepted as final.

end-point of the QCD phase diagram [19]. In this work it is argued that the central
Pb+Pb interactions at 158 AGeV probably do not hadronize near the critical end-point.
However, it has been already mentioned in Introduction that for a given energy the freeze-
out temperature is higher for lower centralities (or for lighter ions) and therefore from the
point of view of the phase diagram a reduction of the centrality can result in increasing
of the freeze-out temperature. One can expect an increase of fluctuations if it makes the
freeze-out point to approach the critical point. Additional argument for the fluctuations
at the critical end-point is the simultaneous detection of a maximum both at transverse
momentum and multiplicity (similar N,). On the basis of calculations in [19] and of
the numbers shown in Table 4.5 it can be estimated that such critical fluctuations alone
should give the @,, value on the level of 20 MeV/c. However, one has to remember
that in this theoretical estimate the effect of the limited experimental acceptance of the
detector has not been taken into account. It is expected that the limited acceptance of
the detector would reduce the signal to ®,, ~ 10 MeV/c [86]. This value is close to
the maximum value of ®,, found in this analysis - for peripheral Pb+Pb interactions
(®,, = 7.2+0.7£ 1.6 MeV/c). This theoretical estimate, however, is subject to many
uncertainties, (among them how close the freeze-out is to the critical point).

One has to remember that the non-monotonic behavior of py fluctuations is observed
by several experiments at different energies (not only at 158 AGeV) and the maximum
is placed at different positions. Among different theories and calculations there is no
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NA49 experiment. Figure taken from [14].

agreement concerning the location of the critical end-point in the (7, up) plane. Conse-
quently, before making any reliable conclusions concerning either discovering or ruling out
the presence of the critical point in this domain one should have a more detailed theory
predictions for the location of the critical region.

Fig. 6.8 shows that both p; and multiplicity fluctuations display a very similar sys-
tem size dependence. Recently it has been shown [87] that the event-by-event fluctuations
of mean transverse momentum and multiplicity measured by the NA49 experiment are
correlated indeed. Namely, the non-monotonic behavior of py fluctuations as a function
of the system size can be fully explained by the non-monotonic dependence of multiplic-
ity fluctuations. In [87] it is assumed that the correlation between the mean transverse
momentum of the event and the multiplicity is present both in p+p and in A4+A interac-
tions. Moreover, the correlation strength is assumed to be independent on the collision
centrality. This approach suggests that the ®,, measure can be expressed in terms of
multiplicity fluctuations by the formula [87]

(6T Vn)
T (n.)

where 67 measures the correlation strength between temperature (corresponding to mean
pr in thermal model) and multiplicity (the detailed definition of 67" can be found in [87])
and V(gl:)) is a ratio of variance to mean for the multiplicity distribution of negatively
charged particles. A centrality independent 67" can be determined for example for p+p
interactions (the NA49 data in this thesis) and for forward-rapidity negatively charged
particles \/5% ~ 2.48 MeV. This numerical coefficient applied to the formula 6.1 with

experimental values of ‘?2”_3) (also from the NA49 experiment with the same acceptance

(Pp:r = \/5 (6-1)

restrictions) gives ®,, values comparable to those measured by the NA49 experiment
(open circles and triangles in Fig. 6.9). It shows that the p; fluctuations can be indeed
determined by multiplicity fluctuations only. The analytical formula, however, is not free
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of several approximations and therefore, additionally, a Monte Carlo simulation has been
performed (the full circles in Fig. 6.9; see [87] for the details). Both the analytical formula
and a Monte Carlo simulation show a good agreement with the data confirming the strong
correlation between mean p; and multiplicity fluctuations of forward-rapidity negatively
charged particles registered in the NA49 experiment.
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Figure 6.9: ®,,. as a function of number of wounded nucleons measured for negatively charged

particles by the NA49 experiment (open circles) compared to the simulation from [87] (full
circles) and to the prediction of the analytical formula (6.1) (triangles). Figure taken from [87].

0

By its definition the ®,, measure includes the particle multiplicity and therefore the
fact that the mean transverse momentum and multiplicity fluctuations are strongly corre-
lated seems to be not very surprising. Moreover, one has to point out that the fluctuation
measures used by other experiments should also be influenced by multiplicity fluctua-
tions. Nevertheless, even if the multiplicity fluctuations fully explain the fluctuations
observed for transverse momentum a mechanism responsible for multiplicity fluctuations
still remains unexplained.

Summary of the energy dependence of event-by-event fluctuations

The main motivation to study the energy dependence of pr fluctuations has been the pre-
diction of possible anomalies connected with the onset of deconfinement phase transition
(approaching the phase boundary), particularly it has been expected that the dynamical
fluctuations would be increased for lower SPS energies. The latest results concerning
(K*)/(m") production [15, 17, 14] have made the low SPS energy region truly attractive.
Additionally, the preliminary results on the energy dependence of event-by-event K /7
fluctuations shows increased fluctuations at lower energies (Fig. 6.10).

The energy dependence of py fluctuations has been studied by the CERES experiment
in central Au+PDb collisions at 40, 80 and 158 AGeV but no significant differences between
these three energies has been observed. The event-by-event pr fluctuations measured by
the STAR experiment for central Au+Au collisions seem to indicate a slight increase
with energy (from /syy = 20 to 200 GeV) but in opinion of the author of this thesis it
might be connected with the increased contribution from jet production. Moreover, the
CERES experiment argues that the energy dependence of p; fluctuations between SPS
and RHIC energies is very weak and the magnitude of pr fluctuations is far below the value
predicted at the QCD critical point. The NA49 experiment does not observe any energy
dependence of p; fluctuations measured for negatively charged particles in central Pb+Pb
collisions at full SPS energy range (20 - 158 AGeV). Transverse momentum fluctuations
for positively charged particles are significantly increased for lower energies which might
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Figure 6.10: The energy dependence of event-by-event fluctuations of K /7 ratio measured by
the NA49 experiment. Figure taken from [44]. See [44] for details.

be connected with increased content of protons (re-scattered participants correlated by
momentum conservation law) in a sample of positively charged particles.

A direct comparison of dynamical pr fluctuation, based on the method of determining
the magnitude of residual temperature fluctuations [55] has been presented in [83]. For
the most central interactions the estimated temperature fluctuations are on the level of
1.8%, 1.7%, 1.3% and 0.6% for PHENIX (\/syy = 200 GeV), STAR (y/syn = 130 GeV),
CERES (y/syy = 17 GeV) and NA49 (\/syy = 17 GeV) experiments, respectively. It
shows that there is no significant energy dependence of temperature fluctuations between
SPS and RHIC energies.

Summarizing, due to different acceptance and kinematic cuts in several experiments
one can not directly compare the values of fluctuation measures; however it seems that no
significant energy dependence of event-by-event transverse momentum fluctuations has
been observed. No clear signal of any anomalies or enlarged py fluctuations at regions
close to the expected phase transition has been reported.

The NA49 experiment has been also analyzing event-by-event fluctuations of the net
charge in central Pb+Pb interactions at 20, 30, 40, 80 and 158 AGeV, but only a very weak
dependence on the energy has been observed. Similarly to pr fluctuations no anomalies
or enlarged fluctuations due to the phase transition has been measured. For all five
energies the results are inconsistent with expected suppressed fluctuations in a QGP and
show that the measured fluctuations are consistent with fluctuations due to global charge
conservation [88]. This is also in agreement with the PHENIX results at /syy = 130
GeV [83].
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Chapter 7

Summary, conclusions and future
plans

In this thesis transverse momentum event-by-event fluctuations have been analyzed for
p+p, C+C, Si+Si and Pb+Pb collisions at 158 AGeV and for central Pb+Pb interactions
at 20, 30, 40, 80 and 158AGeV. Due to the NA49 detector features the analysis has
been limited to the forward-rapidity region. Three different characteristics have been
studied: the fluctuations of average transverse momentum (M (pr)) of the event, the @,
fluctuation measure and transverse momentum two-particle correlations.

The first observation for the system size dependence of transverse momentum fluc-
tuations is that event-by-event fluctuations are rather small, namely all measured ®,,
values are below 10 MeV/c and are much smaller than the dispersion of the inclusive py
distribution. However, the correlations observed in p+p collisions are not simply more
and more diluted when going to heavier colliding systems as one could expect if the cre-
ated matter approaches a higher level of equilibrium with increasing system size. Instead,
a significant system size dependence of the ®,, measure is seen with a maximum for
peripheral Pb+Pb interactions. The NA49 experiment is the first SPS experiment that
observed such non-monotonic behavior. A very similar dependence has been shown by
other experiments both at SPS and at RHIC energies. None of the models considered in
this thesis explain this anomaly and therefore solid theoretical predictions and new ideas
are needed to make these interesting results useful and understandable.

The two-particle correlation plot for p+p data shows a prominent structure which has
been found to be connected with the dependence of M (pr) on multiplicity. This struc-
ture disappears when going to heavier colliding systems. Instead, short range correlations
become visible as an enhancement of the point density in the region close to the diagonal.
This effect is strongest for the most central Pb+Pb interactions. No structure charac-
teristic of event-by-event temperature fluctuations is observed for data. The HIJING
model, which has been used for a comparison of the system size dependence of transverse
momentum fluctuations qualitatively reproduces the structure of two-particle correlation
plots for p+p and C+C data. However, in contrast to the data, it shows no centrality
dependence of ®,,,..

The energy dependence of transverse momentum fluctuations that has been studied
for central Pb+Pb collisions at 20, 30, 40, 80 and 158 AGeV does not show any possible
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anomalies connected with the fact that the system is approaching the phase boundary
(from hadron gas scenario to QGP) for a sample of negatively charged particles (pions
mainly). The ®,,. values for negatively charge particles are very close to zero (independent
particles production). Transverse momentum fluctuations are significantly increased for
lower energies when a sample of positively charged particles is considered. However, as
it has been checked by use of the UrQMD model, this anomaly might be explained by
the increased fraction of protons (re-scattered participants strongly correlated in pr) in
a sample of positively charged particles at lower energies. None of the SPS and RHIC
experiments observed significant energy dependence of transverse momentum fluctuations.

Finally, it should be stressed that although the recent experimental results indicate
that event-by-event physics is still accessible for smaller acceptance experiments the most
of currently available event-by-event measurements have been performed in a limited ac-
ceptance - the multiplicity of observed particles being below 20% of the total multiplicity.
Consequently, the sensitivity of these measurements to, in particular, long range corre-
lations is reduced. It is desirable to perform future event-by-event measurements in an
extended acceptance. The planned experiments at LHC accelerators, with significantly
increased multiplicities, may provide new opportunities for event-by-event analysis.

Looking for the critical point by use of the fluctuation analysis

It has been suggested theoretically that enlarged multiplicity and transverse momen-
tum fluctuations should appear for systems that hadronize near the second-order critical
end-point of the first-order phase transition. The results presented in this thesis show
significant non-monotonic behavior of mean py fluctuations. Also multiplicity fluctua-
tions, studied by the NA49 experiment, are very promising. However, one has to keep in
mind that the non-monotonic behavior of p, fluctuations has been observed by several
experiments at different energies and - consequently - for different positions of freeze-out
points. From the one hand there are large theoretical uncertainties in the determination
of the position of the critical point in the (7', ug) plane, from the other hand it has
been suggested that the critical ”"point” can be rather the critical "region” of AT and
App parameters [89]. Therefore one cannot exclude that the observed py and multi-
plicity fluctuations might be a signature of the critical point. Additionally, the recently
observed enlarged K /7 fluctuations at lower energies might be connected with the onset
of deconfinement or possibly with the critical point, or both.

Looking for the critical point of strongly interaction matter is one of the main motiva-
tions of the possible LIGHT ION PROGRAM at CERN SPS that might start after 2009
year. In order to discover or rule out the critical point the (7', 15) plane has to be carefully
scanned. As it has been already discussed in this thesis - the change of the center-of-mass
energy of the system leads to the change of the position of the freeze-out point (see Fig.
1.7). Also changing the system size can effect the position of freeze-out point. It has been
observed by the NA49 experiment (using p+p, C+C, Si+Si and Pb+Pb interactions at
158 AGeV) that the temperatures of both the chemical and thermal freeze-out decrease
linearly with increasing Ny (figure in [90]). The results of a light ion program at CERN
SPS (energy scan of collisions with lighter than Pb ions) together with the existing data
would allow to cover a broad range at the (7', ug) plane (Fig. 7.1). Accordingly to the
current theoretical predictions the second-order critical end-point of the first-order phase
transition can be located inside this region. Fluctuation analysis may become the most
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important tool in discovering the critical point, namely search for the critical point can be
interpreted as a search for the fluctuation peak in the (7', pp) plane. The possible light
ion program at CERN SPS and a search for the critical point can be also supplemented
by programs at RHIC accelerator which is going to decrease the center-of-mass energy
down to the top SPS value.
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Figure 7.1: Phase diagram of strongly interacting matter. The marked area corresponds to the
phase diagram domain possibly covered by chemical freeze-out points in the future SPS study.
Figure taken from [90].
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