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The study of the QCD phase diagram is a central topic in both experimental and theoretical
research in heavy-ion physics. The comprehensive data collected by the NA61/SHINE experiment
during a two-dimensional scan in beam momentum and system size provides a solid foundation
for systematically exploring the properties of strongly interacting matter — including the search
for non-monotonic dependencies of various correlation and fluctuation observables on collision
energy and the size of colliding nuclei. Among the areas of particular interest is the possible
existence of the QCD critical point.

Intermittency analysis is a statistical tool applied in heavy-ion collisions that examines scaled
factorial moments (SFMs) of multiplicity distributions in two-dimensional transverse momentum
space. This method enables the identification of power-law fluctuations, providing insight into
various regions of the QCD phase diagram. While proton intermittency has traditionally been
used to search for the critical point, the present studies have extended this approach to negatively
charged hadrons to gain a broader understanding of QCD interactions.

This thesis presents the results of negatively charged hadrons intermittency for central Xe+La
collisions at beam momentum 13A, 19A, 304, 404, 75A and 150A GeV/c (\/sNynN = 5.1-16.8
GeV) recorded by NA61/SHINE at the CERN SPS. The intermittency analysis is performed in
transverse and cumulative transverse momentum, and statistically independent data sets are
used for each subdivision number. The results provided insight into other possible phenomena
that can cause misleading signals of the critical point, which have also been reported by other
experiments but not fully explored from a physics perspective. Building on these findings, this
thesis investigates the underlying physical mechanisms behind such misleading signals using
data from the CERN SPS.
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Badanie diagramu fazowego QCD jest kluczowym zagadnieniem zaréwno w eksperymentalnych,
jak i teoretycznych badaniach nad zderzeniami ciezkich jonéw. Obszerne dane zgromadzone
przez eksperyment NA61/SHINE podczas dwuwymiarowego skanowania wzgledem pedu wiazki
oraz rozmiaru ukladu stanowia solidna podstawe do systematycznego badania wtasciwos$ci silnie
oddzialujacej materii — w tym poszukiwania niemonotonicznych zaleznos$ci ré6znych obserwabli
korelacyjnych i fluktuacyjnych od energii zderzenia oraz rozmiaru zderzajacych sie jader. Jednym
z obszaréw szczegélnego zainteresowania jest mozliwe istnienie punktu krytycznego QCD.

Analiza intermittencyjna to narzedzie statystyczne stosowane w badaniach zderzen ciezkich jonéw,
ktore analizuje skalowane momenty czynnikowe (SFM) rozkladéw krotno$ci w dwuwymiarowej
przestrzeni poprzecznego pedu. Metoda ta umozliwia identyfikacje fluktuacji o charakterze
potegowym, dostarczajac informacji na temat réznych obszaréw diagramu fazowego QCD. Choé
tradycyjnie analiza intermittencyjna byla stosowana do protonéw w celu poszukiwania punktu
krytycznego, w niniejszych badaniach podejscie to rozszerzono na ujemnie naladowane hadrony,
aby uzyskac szersze zrozumienie oddzialywan QCD.

W niniejszej pracy przedstawiono wyniki analizy intermittencyjnej ujemnie naladowanych
hadronéw wyprodukowanych w centralnych zderzeniach Xe+La przy energiach 13A, 194, 304,
404, 75A 1 150A GeVic (\/sNN = 5.1 —16.8 GeV), zarejestrowanych przez NA61/SHINE na akceler-
atorze CERN SPS. Analiza intermittencyjna zostala przeprowadzona w przestrzeni poprzecznego
i skumulowanego poprzecznego pedu, przy czym dla kazdej liczby podzialéw zastosowano statysty-
cznie niezalezne zbiory danych. Uzyskane wyniki dostarczyly informacji na temat innych mozli-
wych zjawisk, ktére moga powodowaé mylace sygnaly punktu krytycznego, sygnaly te byly
réwniez raportowane przez inne eksperymenty, lecz nie zostaly dotychczas w pelni przeanali-
zowane z fizycznego punktu widzenia. W oparciu o te wyniki, niniejsza praca podejmuje préobe
zbadania fizycznych mechanizméw lezacych u podstaw tych mylacych sygnaléw, wykorzystujac
dane zebrane na CERN SPS.
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THESIS STRUCTURE

ver the past almost 70 years, the study and comprehension of strongly interacting
matter have been one of the challenges of modern particle physics, with theory and
experiment trying to complement each other. From a theoretical point of view, Quantum
Chromodynamics (QCD) provides the basic theoretical framework for this study, describing the
interactions that govern the fundamental constituents of matter. At the same time, experiments
in high-energy nuclear collisions develop tools and techniques for laboratory investigations. This
field is characterized by overlapping and complementary studies between statistical, particle, and

nuclear physics, spanning from the conceptual to the investigative methodologies that evolve.

The Standard Model (SM) successfully explains three of the four fundamental interactions
between particles: electromagnetism, weak interaction, and strong interaction. While the SM
has led to highly accurate predictions, such as the discovery of the Higgs boson in 2012, it still
has several limitations. For example, it fails to explain phenomena like baryon asymmetry, the
inclusion of gravity, the nature of dark matter, and — relevant to this thesis — the understanding
of the phase diagram of strongly interacting matter. In particular, the search for the expected
phase transition and the critical point between the hadronic gas (HG) and quark-gluon plasma
(QGP) remains incomplete, with the precise location of the critical point of hadronic matter in

heavy-ion collisions.

From the experimental point of view, we have High Energy Physics (HEP). Studying strong
interactions goes beyond simply studying particles like electrons. We study heavy ions, which are
atoms that have lost some (or all) of their electrons, leaving behind a nucleus made up of protons
and neutrons. These heavy ions are then accelerated to nearly the speed of light using particle
accelerators to make a collision. When these ions collide, they release a huge amount of energy,
causing the nuclei to break apart and form new particles. The goal of heavy-ion experiments is to
recreate the extreme conditions that existed in the early universe, allowing scientists to study

how matter behaves under such extreme conditions and strong interactions between particles.

In the search for the critical point of strongly interacting matter and the study of the phase dia-
gram, different techniques have been used to analyze particle collisions in heavy-ion experiments.

One of the themes is intermittency. The original purpose of this research was to expand and
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THESIS STRUCTURE

contrast the results of intermittency from the NA61/SHINE experiment with other experiments
and confirm previous works in the area; however, the NA61/SHINE results obtained were not the
ones expected and provided an opportunity for research into the physics of particle correlations,

triggering several discussions that will be covered in this text.

Thesis outline

The goal of this project is to study strongly interacting matter by measuring scaled factorial
moments (SFMs) for a selection of negatively charged hadrons (produced in strong and elec-

tromagnetic interactions) in 12°Xe+!%La interactions at 13A—150A GeV/c beam momentum
(v/SNN =5.1-16.8 GeV).

The present writing is organized into five chapters as follows:
¢ Chapter one contains a brief introduction to this thesis. The Author’s efforts are directed to
write this thesis in a very comprehensive way for future readers.

¢ Chapter two introduces the basic physics concepts related to the phase diagram of strongly

interacting matter and the critical point.

¢ The third chapter summarizes intermittency as a concept and the evolution of this technique

across time and previous results, and also treats the approach used in this work.

* The fourth chapter describes NA61/SHINE as a whole, emphasizing the strong interaction

program and the search for the critical point.

¢ The fifth chapter is the most technical chapter of all, and the Author advises the reader to
be aware of it. Details of the work related to NA61/SHINE are listed here for reproducibility

purposes.

¢ Chapter six summarizes and discusses the results obtained, remarking on the impact of

understanding and discussing physics beyond any data analysis work.

The Appendices organize additional content; furthermore, a compilation of acronyms can be found

at the beginning of this thesis.
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CHAPTER

INTRODUCTION

1.1 The QCD phase diagram overview

The Standard Model of particle physics is a quantum field theory that describes the fundamental
constituents of matter — fermions (quarks and leptons) — and their interactions via three of
the four known fundamental forces: electromagnetism, the weak interaction, and the strong
interaction. These forces are mediated by gauge bosons: the photons, W and Z bosons, and
gluons, respectively. Gravity, although fundamental, is not included in the Standard Model and is
described separately by general relativity. Quarks combine to form hadrons such as protons and
neutrons, and interact through quantum chromodynamics (QCD), the non-Abelian gauge theory

of the strong force.

At extreme temperatures and baryon densities, as realized in relativistic heavy-ion collisions,
QCD predicts a transition from hadronic matter to a deconfined state known as the quark-gluon
plasma (QGP). These transitions are mapped to the QCD phase diagram, which encodes different
states of strongly interacting matter. Understanding matter in its different states is one of the
most fundamental problems in science. Matter exists in various forms, which are determined by
the conditions governing the transitions between phases. These conditions can be summarized
in phase diagrams. A phase transition refers to the transformation of a substance from one
state of matter to another, occurring due to variations in external conditions such as pressure
and temperature. During these transitions, specific quantities often change in a discontinuous

manner.

One example of a phase transition and its corresponding phase diagram is that of water, which

we use daily in its liquid, solid, and gas phases by changing its external conditions (pressure and
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Figure 1.1: Phase diagram of water. Image from https://www.expii.com/t/
phase-change-diagram-of-water-overview-importance-8031

temperature). A water diagram is shown in Fig. 1.1, where the solid black lines represent the
values of temperature and pressure at which phase transitions occur. Notice in the figure that

there is a triple point where the three phases coexist, and the phase transition lines intersect.

The research discussed in this thesis is related to the phase diagram of strongly interacting
matter, known as the QCD phase diagram, which, as we mentioned, is not yet well explored.
The conjectured QCD phase diagram shown in Fig. 1.2 is the temperature-baryon chemical
potential (T — up diagram). The baryon chemical potential is the chemical potential defined as
uB =O6E/5N|s v where E is the system energy, N is the number of particles, S is the entropy, and
V is the volume. Therefore, its meaning is the energy cost to add a particle to the system while

its entropy and volume are fixed.

In principle, QCD could lead to a three-state phase structure as a function of the temperature
T and the baryochemical potential up as shown in Fig. 1.2 I. In this diagram, we can describe

specific scenarios: The quarks are dressed, in more formal terms, confined and bonded by gluons.

11t is not the intention of the author to give a whole lecture on this topic, for a full text and discussion please
review [1]-[3]
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Figure 1.2: QCD Phase diagram. Image from https://www.gauss-centre.eu/results/
elementaryparticlephysics/the-qcd-phase-diagram-and-equation-of-state

But at very high T' and/or up, this gluonic dressing evaporates, leaving pointlike quarks and

gluons, a plasma where quarks and gluons are deconfined; this is the quark gluon plasma.

At low temperatures and density, hadronic matter consists of interacting mesons and baryons.
By increasing the temperature or system density, the system approaches limits beyond which a
description of interacting hadrons breaks down. The result is the boundary curve of the hadronic
matter regime in Fig. 1.2 that is expected to correspond to different transition patterns at low

and high ug.

The QCD phase diagram is one of the central topics in strong interaction studies; however,
although it has been studied both theoretically and experimentally over the years, no firm theo-
retical basis has been established so far. The phase and transition structure is non-perturbative,
and the only tool we have in that domain is lattice QCD [1], [2]. Our current understanding of
evaluating lattice QCD is based on numerical simulations using Monte Carlo techniques, which
break down for finite baryon densities. For this reason, much of what is presently discussed for

the QCD phase structure is based on effective field theory models.

1.2 The critical point

In between the regions of confinement and deconfinement; the diagram in Fig. 1.3 shows a

non-singular cross-over region for 0 < up < ., a critical point (continuous transition) at u., and

3
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Figure 1.3: Expected QCD phase structure with critical point and crossover region.

finally a line of first-order transitions that separates the phases down to 7' = 0, u.. However, the
predictions of the position of the critical point depend entirely on the details of the model, the

number of flavors, and the parameters chosen.

The question remains: could one find evidence for a critical point at some pp and T, at which the

“rapid cross-over” would terminate in a critical point and turn into a discontinuous transition?

Considering the different model proposals for the phase diagram of QCD as a function of temper-
ature and baryon density, various attempts have been made from the lattice evaluation point of
view, from rewriting the method of lattice configurations [4], using analytical continuation [5],

[6], and a power series approach [7].

All mentioned methods have in common at least two main ideas: they start from pyp =0 calcula-
tions and then extend approximately. This does not permit a quantitative error determination
for the results obtained. Given the more or less analytic extension procedure used, the difficulty
of these methods increases uncertainties when the critical point is reached. Whether such a
difficulty indicates such a point is not evident, but it certainly interferes with studies in the

region of large pp and low 7' [1].

However, as pointed out at the beginning of this chapter, the field has different overlapping
investigations, the experimental approach involves seeking experimental evidence of the critical

point in relativistic heavy-ion collisions, building on existing knowledge.

4
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Quark-Gluon Plasma

system size

hadronic matter

Figure 1.4: How to look for the QCD critical point in heavy-ion collisions.

1.3 Heavy-ion physics experiments

The initial relativistic heavy-ion collision experiments took place at the Bevatron in Berkeley
about seventy years ago, utilizing energies between 1-2 GeV [8], and from that point onward,
heavy-ion community collided ions at higher energies at different facilities across the world, such
as the Alternating Gradient Synchrotron (AGS) at the Brookhaven National Laboratory (BNL)
and the Super Proton Synchrotron (SPS) at CERN, providing evidence and unveiling the secrets
of QGP formation.

As time has passed, advancements and developments have evolved, leading to the construction of
more powerful accelerators. In previous years, the path to understanding heavy-ion collisions
was paved through experiments like NA35 and NA49 at the SPS at CERN, which were the
first to study the properties of the quark-gluon plasma. The scientific contributions of NA49
encouraged generations and teams worldwide to build larger experiments and more extensive,

robust interaction programs that are still in operation today. Such as:

¢ The Relativistic Heavy-Ion Collider (RHIC) at the BNL, which started operations in 2000,
and the Beam Energy Scan-II (BES-II) program that has generated a comprehensive set of

results, providing a solid foundation for further discussion.

¢ NA61/SHINE at CERN SPS, heritage of NA49 knowledge and facility with a solid, strong

interactions program alongside a neutrino and cosmic ray programs.

e ALICE at CERN LHC that can achieve colliding energies without precedents.

These facilities use complex detectors and techniques to track and study the millions of par-

5
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ticles produced in each collision?. Relevant to the present work are the results from STAR at
RHIC, which will be discussed in the following section, and previous results from NA49 and
NAG61/SHINE, related to the search for the critical point; these detectors take the lead in tech-
nology combining hardware and software, physics and data analysis to unveil the products of

heavy-ion collisions.

As shown in Fig. 1.4, experimental exploration of the QCD phase diagram involves a two-
dimensional scan in collision energy and system size. By varying parameters such as the beam
energy, mass number of the nuclei, and collision centrality — quantities that can be precisely
controlled in the laboratory — experiments effectively access different combinations of temperature
(T) and baryochemical potential (ug) [9]-[11].

1.4 The experimental search for the QCD critical point

The critical point in QCD phase transitions was first speculated on in the early 1970s as part of
the study of phase transitions [12], particularly in the context of first-order phase transitions.

However, at this time, the exact nature of the QCD phase diagram was still uncertain.
Early experimental efforts

Before the large-scale experiments, various nuclear physics facilities conducted heavy-ion collision
experiments to explore the behavior of nuclear matter at high temperatures and densities. These
facilities include the Bevalac at Lawrence Berkeley National Laboratory (LBNL) and the CERN
Super Proton Synchrotron (SPS).

In the 1980s, the Bevalac accelerator at the Lawrence Berkeley National Laboratory (LBNL)
in the United States was one of the first to conduct experiments with heavy-ion collisions at
relatively high energies. These early experiments primarily aimed to study nuclear matter under
conditions that could lead to the creation of QGP. They provided the first hints of the kind of

energy and collision conditions needed to study the QCD phase diagram.

The CERN Super Proton Synchrotron (SPS) was one of the first major facilities to increase
collision energies for heavy-ion collisions in the early 1990s. The experiments conducted by the
CERN collaborations WA98 and NA49 at the SPS focused on high-energy lead-lead (Pb+Pb)
collisions, where they studied the production of strange particles, jets, and other signatures of
Quark-Gluon Plasma (QGP). These experiments played a crucial role in confirming the theoretical
predictions of QGP, leading to the initial indications of a QGP-like state in these high-energy

collisions.

21n the future, we expect that the list of facilities and knowledge will expand by building complexes like FAIR at
GSI and NICA at JINR.
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During the 1990s, the SPS experiments at CERN also began to show the first signs of collective
flow and strangeness enhancement, phenomena that are expected to occur with the formation
of QGP. Although these experiments provided evidence for the formation of QGP, they did not
directly probe the critical point. Nonetheless, they emphasized the need for further exploration of

the QCD phase diagram at different energies and baryon densities.
Contemporary efforts

By the mid-2000s, both LBNL and CERN began to focus more on searching for the critical point.
This search was driven by experimental signatures that could provide evidence for the first-
order phase transition, such as enhanced fluctuations, critical slowing down, and non-monotonic

behavior of certain observables as a function of collision energy [13].

In 2010, RHIC initiated a series of experiments with lower collision energies, aiming to explore
the transition from a QGP to a hadronic phase in greater detail, and to explore areas of the
phase diagram where the presence of the critical point has been theoretically anticipated. One
significant effort was the BES program at RHIC, which aimed to map out the behavior of the

QCD phase diagram at lower temperatures and higher baryon densities.

As of the 2010s, heavy-ion collision experiments have made significant progress in narrowing
the search for the critical point. RHIC, SPS, and the LHC continue to study the properties of
the QGP and fluctuations that may indicate the presence of a critical point. In addition, new
experimental techniques have been developed to measure particle correlations and fluctuations

with greater precision, which could provide hints of the existence of the critical point.

NAG61/SHINE is particularly important because it explores low-to-intermediate energies in heavy-
ion collisions, which are unavailable to study at other facilities like RHIC or LHC that focus on
higher energies. These lower-energy collisions are crucial because they allow for exploring high
baryon densities, where the localization of the critical point is predicted. A resume of the energy

scan done by experimental search at SPS can be seen in Fig. 1.5.

The search for the QCD critical point in heavy-ion collisions employs sophisticated techniques
aimed at detecting signatures of critical phenomena, including enhanced fluctuations, correlations,

and non-monotonic behaviors. Below is a summary of the most relevant methods currently in use:

¢ Fluctuations and Cumulants: Near the critical point, fluctuations in the number of
produced particles in the net-baryon number of (difference between the number of baryons
and anti-baryons) and net-charge (difference between positively and negatively charged
particles) are expected to be enhanced. These fluctuations are a direct signature of the
critical point. Using cumulants, which quantify the higher-order moments of distributions,

is crucial in analyzing these fluctuations. For example, the net-proton cumulants and net-
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Figure 1.5: Experimental search for the critical point at SPS

charge cumulants can provide insight into the system’s approach to the critical point by

revealing enhanced fluctuations or deviations from normal statistical behavior [14], [15].

¢ Femtoscopy: Femtoscopy techniques, such as Hanbury Brown-Twiss (HBT) interferometry,
are used to study the space-time structure of the collision zone. Femtoscopy measures the
correlations between pairs of particles in the final state, revealing information about the
size, shape, and evolution of the particle-emitting source. The space-time evolution of the
system is sensitive to the dynamics near the critical point. The critical point could manifest
as a change in the size or correlation radii of the source due to the system’s transition from

hadronic matter to a quark-gluon plasma and back to hadrons.

¢ Intermittency refers to the scaling behavior of multiplicity fluctuations over small phases
of space or time. In heavy-ion collisions, intermittency is expected to become more pro-
nounced as the system approaches the critical point. The particles are not uniformly
distributed in space, and small-scale fluctuations might follow a power-law scaling, indica-
tive of fractal-like behavior in the particle distributions. Intermittency provides a signature
of the critical point by demonstrating how fluctuations in particle production intensify at

smaller scales. More details will be discussed in the following chapter.

These techniques aim to detect the critical phenomena associated with the QCD critical point.
However, there is no precise calculation in the currently existing models that can determine its
exact location. At the same time, the results given by the RHIC BES-II program and NA61/SHINE

8
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converge at one point: definitive evidence of the critical point has not been found. The results are
inconclusive or not physically understood; therefore, they are open to discussion in the community
of high-energy physics. The results obtained in the elaboration of this thesis contribute to the
debate that there exist "misleading signals," i.e., results that, if not correctly understood, could
be interpreted as a signal of the critical point. However, these fake signals could be nothing more
than the physics of phenomena unrelated to the critical point. This discussion will be addressed
from the experimental point of view throughout this text, and will also include the most recent

comments from the community.






CHAPTER

INTERMITTENCY ANALYSIS

ntermittency characterizes irregular, scale-dependent fluctuations that deviate from smooth
statistical behavior. As a simplified example, consider placing N particles into a volume
R, which e study heavy-ions is then divided into n subregions (cells) of size L, with n = R/L.
Define %, as the particle count in the m-th cell, constrained by Y %,, = N. By varying n while
holding R and N constant, we investigate how the system responds to finer resolution. Uniform
distributions yield minimal variance, while strong clustering, such as all particles falling in a
single cell, produces pronounced fluctuations [16]. Analytical methods introduced in this chapter

will quantify such behavior, revisiting the conceptual basis of this approach.

2.1 The original concept

The concept of intermittency has evolved significantly over time, now encompassing a broad
class of phenomena characterized by irregular, non-uniform behavior. Observed initially in fluid
turbulence, intermittency was first identified by O. Reynolds [17], [18], who described temporal
intermittency as brief, intense fluctuations interrupting otherwise calm flow conditions. Later
studies revealed that energy dissipation in fully developed turbulence occurs in small, localized
regions — an effect known as spatial intermittency. These findings showed that turbulence
does not evolve smoothly but rather through sporadic bursts in both time and space. In chaos
theory, intermittency further describes systems that alternate unpredictably between ordered
and chaotic behavior. Though the concept played a foundational role in understanding complex
systems, especially in fluid dynamics and chaos, its exploration in high-energy and particle

physics remains limited [19].

11



CHAPTER 2. INTERMITTENCY ANALYSIS

Intermittency in multiparticle production

It was 1986 when A. Bialas and R. Pechanski, inspired by the concept in chaos theory, formally
introduced the concept of intermittency through a scientific publication into multiparticle produc-
tion [20] and extended it two years later [21]; they were inspired by the search for new ways to
understand the abundance of new multiparticle data becoming available. These two publications
depart from two key ideas: firstly, the self-similar cascades, a possible mechanism for particle
production and the effect of self-similarity on the behavior of bin-to-bin fluctuations; secondly,
the relationship between the theoretical particle distribution function and the experimental

distribution, which includes the impact of trivial fluctuations due to finite particle number.

In these publications, the authors proposed to study Scaled Factorial Moments of the number
of particles produced in high-energy collisions as a function of the resolution size of rapidity

intervall, as fluctuations of self-similar cascading [22].

2.2 Scaled Factorial Moments

A
A
Py AM

>

Px

Figure 2.1: Two-dimensional transverse momentum space sub-divided into M x M number of
equally sized cells. Where n; corresponds to the particle multiplicity in a cell, A is the momentum
region, and ¢ is the bin-width. Figure is taken from [23].

Scaled Factorial Moments (SFMs) help to reduce statistical bias caused by the finite number of
particles produced in a single collision. At the same time, this measure is sensitive to significant

dynamic phenomena, such as the emergence of new scales in particle production or the presence

1Rapidity y is used as an example, but the mechanism can be (and will be) set up with any variables in any
number of dimensions.
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of "intermittent" background-cascading fluctuations across different scales. Additionally, this
method enables the identification of significant fluctuations, such as those occurring at the

second-order phase transition [20].

The Scaled Factorial Moments, F.(M) of order r are defined for a two dimensional phase-space as

shown in Fig. 2.1 :
1 M
— ion(ng—r+1
Mizzlnz (ni—r+1)
— S n.
Mizl !

where M is the number of 2-dimensional cells in which the 2-dimensional space is partitioned, n;

(2.1) F.(M)=

is the particle multiplicity in the i—th cell, angle brackets denote averaging over the analyzed
events, and r is the momentum order. The F,(M) equals one for all values of r and M, provided
that the particle density across the subdivision space is uniform and that particle production

processes are uncorrelated.

For the ideal gas of particles in the grand-canonical ensemble, these conditions are satisfied in
the configuration space, where the particle density is uniform throughout the volume, multiplicity

fluctuations are Poissonian, and particles are uncorrelated.

If the dynamics of the particle production is scale-invariant [24], that could be reflected in the
power-law behavior of the SFMs [20], i.e, if the system is self-similar, factorial moments will

follow a power-law dependence on momentum cell-width [20], [25]-[27]:

(2.2) F (M) = (M),

where the intermittency indices ¢, for different orders will obey the linear relation:

(2.3) ¢r=(r-1)-(d,),

with d,, the anomalous fractal dimension of the set formed by the order parameter density
fluctuations, in other words, this last equation means that a cascade of self-similar fluctuations
manifests itself in a power-law dependent on the moment’s bin width. In Fig. 2.2 (left), a linear
dependence of the logarithm of SFMs generated by the Power-law Model [28] as a function of the
logarithm of M, while Fig. 2.2 (right) shows linear dependence of ¢, on r. Details of the Power-law

model are covered in Sec. 4.5.

In summary, intermittency in the context of multiparticle production is defined as a power-law

behavior of the normalized factorial moments of particle number distributions as a function of

13
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decreasing cell size. If such power-law behavior were observed, it could indicate the existence of

self-similar fluctuations in the underlying distribution.
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Figure 2.2: Left: The log-log plot of the SFMs of order r = 2 — 6 from Power-Law model [23] with
intermittency indices (¢2_g) values are shown. Right: Linear dependence of intermittency indices
on the order of moments, r, is shown.

2.2.1 Intermittency and the search for the critical point

The current discussion has explored intermittency as a diagnostic tool within the context of
multiparticle production analysis. However, this is a technique that is associated with the search
for the critical point, as it was mentioned in Sec. 1.4. Let us talk about how these ideas are linked
before continuing to the experimental discussion. Before advancing to the experimental section,

this chapter will summarize the connections between the discussed concepts.

A couple of years after Bialas and Pechanski published their ground-breaking work, J. Wosiek
[25] found evidence of intermittent behavior in the critical region of the two-dimensional Ising
model, raising the general question of whether or not intermittency and critical behavior are
related. Wosiek investigated the presence of intermittency within the two-dimensional Ising
model at its critical temperature. The primary objective was to determine whether such behavior

manifests in statistical physics models, particularly during second-order phase transitions.

In the mentioned publication, Wosiek employs Monte Carlo simulations to analyze the two-
dimensional Ising model?. To detect intermittency, Wosiek partitions the lattice into smaller

subregions — or cells — and computes the magnetization within each cell. He then calculates the

2In brief, the Ising model is a mathematical representation used to describe ferromagnetism in statistical
mechanics. In this model, discrete variables called "spins" can take values of +1 or -1 and are arranged on a lattice,
interacting with their nearest neighbors. The system undergoes a phase transition at a critical temperature, where
the macroscopic magnetization changes from zero (in the disordered phase) to a non-zero value (in the ordered phase).
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SFMs of the magnetization distribution across these cells. The study reveals that at the critical
temperature, the SFMs exhibit a power-law dependence on the cell size. This power-law
behavior indicates self-similar fluctuations across different scales, a feature of intermittency.
Wosiek’s results suggest that as the system approaches the critical point, it displays complex,

scale-invariant structures in magnetization fluctuations.

Shortly after, Helmut Satz proved that the critical behavior of the Ising model indeed leads
to intermittency, with indices determined by the critical exponents [16]. The study concludes
that intermittency is intrinsically linked to the critical behavior observed in second-order phase
transitions. This implies that near the critical point, systems exhibit complex fluctuation patterns
that are not apparent away from the critical point. Satz’s findings provide a deeper understanding

of the nuanced behaviors that emerge in statistical systems undergoing phase transitions.

One of the last breaking points, before igniting a considerable interest among the experimental
strong interactions community, was in 1991. Again, Bialas and Hwa, after the first set of published
experimental results (see Sec. 2.3.1.1), proposed that analyzing particle number fluctuations
in high-energy heavy-ion collisions can serve as an indicator for the formation of quark-gluon
plasma [26]. They suggest that measuring anomalous dimensions in particle spectra derived from
intermittency studies can signal the QGP formation and its subsequent hadronization phase

transition.

Figure 2.3: The log-log plot of the factorial moments of order g = 2 -4 (solid circles) for an
ensemble of 600 critical events generated by the Monte Carlo algorithm described in [29]. The
corresponding theoretical power-law predictions are shown with solid lines.

As a result of these findings, researchers in different facilities began using SFMs to study particle
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multiplicity fluctuations in high-energy collisions, aiming to explore the structure of the phase
transition region. In 2006, N. Antoniou, F. Diakonos, A. S. Kapoyannis, and S. Kousouris in [29]
investigated the phenomenon of critical opalescence within the context of QCD matter 3. In this
study, it was discussed that a similar effect, termed "critical intermittency," can be observed in

high-energy nuclear collisions as a signature of a second-order phase transition in QCD matter.

Also in the same publication, it was stated that critical intermittency manifests in QCD matter
produced during high-energy nuclear collisions, analogous to critical opalescence in conventional
matter. This behavior is characterized by power-law patterns in factorial moments across all
orders, particularly associated with baryon production. The study emphasizes that observing
these power-law behaviors in transverse momentum spectra can serve as experimental signatures
of the QCD critical point. Specifically, the analysis of baryon production and the isoscalar sector
of pions (sigma mode) is highlighted as a key observable. Identifying critical intermittency
patterns provides a set of observables to aid the experimental search for the QCD critical point in

high-energy nuclear collision experiments.

This work bridges the concept of critical phenomena observed in conventional matter with the
behavior of QCD matter under extreme conditions, offering a different approach to detecting

phase transitions in high-energy physics experiments.

2.3 Experimental results of intermittency in heavy-ion collisions

The publication by Bialas and Hwa [26] motivated several experiments at the CERN SPS to
initiate the search for intermittency signals in the early 1990s. This line of investigation has
continued through the 2000s and remains an active area of research in multiple international

experiments to this day*.

These studies use power-law fits to determine intermittency indices based on the cell size depen-
dence of the SFMs. This section briefly reviews the most important results and the discussions

they have generated.

The Table 2.1 provides a summary of the experiments, comparing the collision types, beam
momenta, and approximate center-of-mass energies to facilitate a clear comparison of their
scales. For consistency, all results discussed in this chapter will be presented in terms of beam
momentum unless indicated otherwise. Intermittency results were not published in all the
systems provided in this table. Where GeV/c refers to the momentum of an individual particle,
such as pions in the case of NA22, while A GeV/c refers to momentum per nucleon in beams of

heavy ions where A is the mass number of a nucleus (protons + neutrons).

3Critical opalescence refers to the increased scattering of light near a critical point of a phase transition, leading
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Table 2.1: Experiment comparison, in the study of intermittency related to the phase diagram
and search for the critical point, energy of collisions is compared in beam momenta and center of
mass. Results discussed in this section will be commented on in the beam momenta.

Experiment | Type of collisionn | Beam momenta SNN
(Cﬁfflf SLS) ?P;,Esrflglinnnf)f 60-200A GeVic 8_17 GeV
(CE§§2E2HS) nt+p,p+p 250 GeV/c 22 GeV
(CEill\\]/I(;PS) p+p, ptA 100-280 GeV (muons) —
(CEii?gPS) pP+AO+A S+A up to 200 AGeV/e 17-20 GeV
(CE‘;{,?ISSPS) O+Au, S+Au 60, 200 AGeV/c 8-17 GeV
(CE§§4§PS) é):g: ng;:b up to 158 AGeV/c 6.3-17.3 GeV
I(\;I}EESI;II;I\SIE) p+§e]fi:3;ﬁ;fc’ 13A-150 AGeV/c | 5.1-16.8 GeV
STAR
(BNL RHIC) | PP d+Au, Au+Au up to 100 AGeV 7.7-200 GeV

2.3.1 Early experimental results
2.3.1.1 EMU-07/KLM

In 1989, the Krakow-Louisiana-Minnesota (KLM) Collaboration at CERN analyzed data obtained
from nuclear interactions coming from nuclear emulsions® of oxygen at 60A GeV/c and 2004 GeVe.
An intermittent behavior of the fluctuations in the pseudorapidity phase space was observed in

both beam interactions, as shown in Fig. 2.4 [30].

The proposed SFMs analysis was still in progress and needed to be understood. The KLLM collabo-
ration stated that the origin of the intermittent fluctuations remained unclear and represented a
new challenge for both theoretical and experimental studies. The results were compared with
Monte Carlo simulations; however, the models of multiparticle production (up to this day) do
not predict intermittent behavior. On the other hand, it was pointed out that a jet model with a
scale-invariant decay function was consistent with intermittent behavior; however, the source of

this intermittent signal needed to be studied further.

to a milky appearance in fluids.

4Intermittency has also expanded to Cosmic Ray studies, but is not discussed in this thesis.

5EMU-07 is not a proper name of a collaboration, rather it was tracked to a SPS-CERN research program of
nuclar emulsions this been number 7, having interactions of 604 GeV/c to 2004 GeV/c 160 and 32S Nuclei in Light
and Heavy Absorbers. Other key names for this experiment are IONS/KLM.
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Figure 2.4: intermittency results from KLM collaboration, extracted from [30]. The dependence of
the averaged moments of order 2-6 on the rapidity bin size for oxygen interactions at 60A GeV/c
(up) and 200A GeV/c (down). Solid lines represent linear fits to the data. Plot taken from [30].

2.3.1.2 EHS/NA22

Intermittent behavior was observed 7+ p and K + p collisions at beam momentum 250 GeV/c
and published in [31], (the results can be seen in Fig. 2.5), where the authors found an increase
of the normalized factorial moments. The physics behind this increase was attributed to the
jet cascading mechanism as the most likely interpretation. The fragmentation models used to
compare with experimental data in the same publication do not (fully) reproduce the effect,

suggesting that an improvement of the hadronization picture was needed.

2.3.1.3 EMC

The European Muon Collaboration (EMC) was a consortium of particle physicists formed in 1973
to study high-energy muon interactions at CERN. In 1990, the collaboration published the results
of intermittency analysis in hadron production of muon-proton interactions at beam momenta
100-280 GeV/c [32]. The results present an intermittent behavior in the dependence of the SFMs
on the 1D rapidity bin width. Results are displayed in Fig. 2.6.
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Figure 2.5: Intermittency results for EHS/NA22. Double logarithm plot of SFMs as function
of rapidity, In(F;) vs In 6y for (left) n + p and K + p collisions at 250 GeV/c and (right) the
expectations from FRITIOF 3.0 simulations. Image taken from [31].

Bialas and Seixas interpreted this outcome as a consequence of the projection procedure, which
averages out fluctuations [33]. They proposed that, moving forward, factorial moment analysis
should be conducted in three dimensions as a standard approach when investigating critical

behavior.

2.3.1.4 NA35

Following the first discussion, and motivated by previously published results, the NA35 experi-
ment at CERN SPS also analyzed SFMs’ behavior within the frame of their strong interactions
program using nucleus-nucleus collisions, proton-gold, oxygen-gold, sulphur-gold, and sulphur-
sulphur collisions at 200A GeV/c beam momenta. The reported results of intermittency done in
the (y, ¢, pr) phase space [34], using two methodologies, include an increase in factorial moments
with the number of subdivisions of phase space. Still, this power law did not accurately de-
scribe the rise. These results (see Fig. 2.7 were key motivations for further experimental studies,
alongside other reports from the same collaboration in the studies of the structure of the phase

transition region.

2.3.1.5 WAS80

Negative results on intermittency have also been reported. The WAS80 collaboration analyzed

SFMs on S+S and S+Au collisions in one- and two-dimensions [35]. For all systems studied,
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Figure 2.6: Measured SFMs F; from EMC in [32] F;(i = 2,3,4) as functions of the inverse bin
width for positive hadrons in the rapidity interval -3 < y < 3.

comparisons with predictions of the FRITIOF event generator coupled with a detailed model
of the WAS8O detector show no observed correlated particle emission beyond that predicted by
FRITIOF.

2.3.2 Contemporary results

Despite the assertions of the KLM, EMC, and NA22 collaborations, the original author of the
SFMs’ analysis addressed two interesting perspectives of these results that should not be ignored,
and was crucial in the discussion of the results of the present thesis. The main conclusions are

summarized below:

After the experiments reported an approximate power-law behavior of normalized factorial mo-
ments, as predicted by the hypothesis of intermittency, it was considered that the first statements
in the study of factorial moments were premature, and more complete measurements were needed
to determine the actual size and range of fluctuations in article spectra. Bialas and Seixas showed
in [33] that projections of two- or three-dimensional intermittent distribution in momentum space
on rapidity and/or azimuthal angle, lead to a dramatic reduction of intermittency parameters and
to deviations from the power-law behavior at very small intervals. Implementing this idea could
result in the effects seen in joint rapidity and azimuthal angle spectra. This can be interpreted
as evidence that the effect may be much stronger when measured in the whole 3-dimensional

momentum space.
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2.3. EXPERIMENTAL RESULTS OF INTERMITTENCY IN HEAVY-ION COLLISIONS

Figure 2.7: Intermittency results from NA35. Log-log plots of the corrected normalized factorial
moments Fy vs the number M d of cells for negative hadrons in O-Au collisions, in one dimension
a) y,b) ¢, ¢) pr; and in two dimensions y — ¢, e) y — pr, f) ¢ — pr f. The curves show the results
from the MC calculation. Figure extracted from [34].

The results to be summarized in this section share the main goal: to search for the critical point
of strongly interacting matter. Advocating to find the predictions in [29], SFMs have been used to
look for a power-law behavior. However, it was pointed out recently in the Quark Matter 2025
conference that existing collaborations in the heavy-ion community have results that do not agree
with each other, and an effort should be made to achieve consistency in the way SFMs are studied
[36].

2.3.2.1 NA49

The NA49 experiment at the CERN SPS initiated its investigation into the critical behavior
of strongly interacting matter in 2000. Its findings on the analysis of SFMs, aimed at locating
the critical point, represent a cornerstone in this area of research. NA49 explored signals of
intermittency in the production of low-mass 777~ pairs [37] and protons [38] during central
collisions at mid-rapidity for systems such as C+C, Si+Si, and Pb+Pb at a beam momentum of
158A GeV/c. The experiment measured the second scaled factorial moment Fo(M) and addressed

the problem of interference from a background of misidentified and non-critical protons using the
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Figure 2.8: Results for proton intermittency analysis of NA49 in transverse-momentum space at
forward rapidity (—0.75 < y < 0.75) for central collisions of Si+Si at 1584 GeV/c. Left: Results of
Fo(M), the black circles represent Fo(M) of the data, and the red crosses represent the mixed
events. Right the background subrsacted moments AF9(M), for the same collisions, a power-law
fit for M? > 6000 with an exponent of 0.96 is shown. Figures were extracted from [37].

mixed event method. The background-subtracted moments are defined in this publication as:

(2.4) AFy(M) = F38% (M) — FRX(M),

and analyzed as a function of M?2. Fig. 2.8 presents the results for the second scaled factorial
moment Fy of the 77 7~ pair multiplicity distribution as a function of the number of subdivisions
in transverse-momentum space. These pairs were selected from the forward rapidity region
(y = 0.5). In the case of Si+Si collisions, a power-law increase was observed, characterized by an
exponent ¢ = 0.33 + 0.04. This extracted value suggests a notable intermittency effect; however, it
remains below the theoretical prediction for the critical point, ¢p2 = 0.67. It should be noted that

no investigation of potential systematic biases was carried out.

While in proton intermittency analyses on C+C and Pb+Pb collisions, there were no intermittency
signals obtained, the results for Si+Si for AFa(M) were fitted to a power-law in the region
M? > 6000. The result found was ¢ = 0.967033(stat) + 0.16(syst) with y* =6/d.o.f =~ 0.09-0.51.
This fit is consistent with the critical point predictions.

2.3.2.2 STAR

One of the primary motivations for this thesis is the results obtained by the STAR collaboration.
These results were discussed within a closed "task-group-force" between NA61/SHINE and STAR
before 2021, and opened an intriguing discussion between collaborations that continued the

studies independently.
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Figure 2.9: STAR collaboration results on intermittency. (fop) SFMs F,.(r=2-6) of identified charged
hadrons (h*) multiplicity in central Au+Au collisions at four example energies. Solid(open)
markers represent F.(M) of data (mixed) events as a function of M 2 (bottom) Results for AF,(M)
of the same data set as a function of M? in double-logarithmic scale. Plots from [39].

The STAR collaboration is looking for the QCD critical point at RHIC, as part of their BES-II
agenda [39] using intermittency analysis of all charged particles within a pseudorapidity interval
Inl < 0.5 in Au+Au collisions in a wide energy range from /syny = 7.7—200 GeV and reported in
2023 in Ref. [39] using a modified version of the NA49 definition:

(2.5) AF (M) = F3282(0) - F™%(31),

Many intriguing discussions were born from these results. Figure 2.9 (a)—(d) shows F.(M) 8
of data and mixed events corrected for reconstruction efficiency for r = 2 — 6 in the range of M?
from 1 to 1002 in the most central (0-5%) collisions at VSNN = 7.7—-200 GeV. At the bottom, we
see the results for the same data set but for AF,.(M) for r = 2 - 6; these results are significantly
larger than zero in the large M? region where the increase starts slowing down for M2 > 4000.
Originally, this unusual intermittency-like pattern was interpreted as potentially related to the
critical point. However, in the report’s conclusions, the collaboration suggests that the observed

increase in AF,.(M) warrants further investigation.

6Note that F;(M)=F(M)=Fy(M) and i = q = r. There is an inconsistency in the selection of subindices. Still,
meaning remains the same as pointed out before.
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It is important to note that a formal definition or derivation of SFMs for higher-order moments of
AF,.(M) in eq. 4.8 was never performed in a proper mathematical way. The original formulation
of eq. 4.8 was developed in the context of proton-pair intermittency and specifically for AFq(M)
[37], [40]. Consequently, the calculations performed by the STAR collaboration are based on an
intuitive extension of eq. 4.8, assuming that the same relation remains valid for r > 2. Nonetheless,
this does not exclude the possibility of locating the critical point using this approach. This, in
turn, reintroduces a question that remains unaddressed: why does AF,.(M) exhibit an increasing
trend? Is it perhaps a similar physics as the one reported in rapidity intermittency analyses? Or

is there another physical causation not discussed previously?

2.3.2.3 NAG61/SHINE: a different approach

NA61/SHINE can be regarded as the direct successor to the NA49 experiment, not only due to
the continuity of personnel (many of whom were trained within NA49 before contributing to
other collaborations) but also because the experimental facility itself evolved into what is now
NAG61/SHINE. This will be discussed in greater detail in Chapter 3.

Latest intermittency results of NA61/SHINE are done using as a ground base the results of
NA49, doing proton intermittency analysis, instead of 77 7~. These results have been reported in
[23], [41]. In summary, the results include two approaches. The methodology used in the NA49
experiment for background subtraction from eq. 4.8, as well as the implementation of a new
variable to study intermittency: Cumulative variables. M. Gazdzickiproposed this idea in [42].

This methodology will be fully covered in Chapter 4.1.3.

In brief, instead of using p.,p, phase space it is proposed to use cumulative quantities Q.,®,,
this transformation have the following features: it transforms any distribution into uniform one
and removes the dependence of F,.(M) on the shape of the single-particle distribution, but the
intermittency index of an ideal power-law correlation function remains approximately invariant
[43].

In response to the challenges associated with calculating AF,.(M) for higher-order moments, as
well as the difficulty of properly excluding contributions from non-critical sources that may lead
to fake-intermittency or constitute noise, the use of cumulative variables provides an effective

solution.

In the latest time, and since the Critical Point and Onset of Deconfinement Workshop in 2024
[44], the results displayed using this methodology are called cumulative p7 binning and are

shown as:

AF‘r(M)c :Fr(M)_Fr(l)
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Figure 2.10: Extracted from [23], [41]. Results of proton intermittency analysis of central Ar+Sc
collisions at 13A — 150A GeV/c beam momenta for the NA61/SHINE. On left Results for pr

binning. On right Results for cumulative p7 binning.

where F,.(M) and F,(1) are calculated by employing the cumulative pt binning. F',.(1) = F,.(M) for

uncorrelated particles in pr.

The results of proton intermittency analysis (with a very similar methodology as the one followed

in this thesis) come from central Ar+Sc collisions from 13A—150A GeV/c in beam momenta, an

adapted version of the results is shown in Fig. 2.10 where the results using just p7 binning and

cumulative pr binning show one final outcome: none of the results show a power-law behavior or

increase with M2.
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2.3.3 Results discussion

Although this chapter may seem like an unconventional historical overview of experimental
intermittency studies, it serves an important purpose. The discussion begins with early findings
on rapidity intermittency, particularly the proposal by Bialas and Seixas [33] to extend the

analysis from one to two dimensions. However, their contributions go beyond this.
1. The Handbury-Brown-Twiss effect

In the mid-1990s (1994 and 1996), Bialas and collaborators reignited a less frequently acknowl-
edged debate. They explored alternative explanations for intermittency observed in experiments
such as NA22 and EMU, proposing that Hanbury Brown-Twiss (HBT) correlations, rather than

critical phenomena, could account for the rise in SFMs [45], [46].

It is discussed in the 1994 publication [45] and summarized in Sec. 2.3.1 that there was strong ev-
idence for power-law behavior in momentum spectra across various high-energy processes, which
potentially points to a universal scaling feature. The early results suggest that the exponents
of intermittency appear to be process-independent. At the same time, short-range correlations
between identical pions offer insight into the size of the particle-emitting source. These observa-
tions challenge the assumption that intermittency and the HBT effect are unrelated. Instead,
they suggest that there is compatibility between the two, reflecting scale-invariant fluctuations

in the interaction region.

This implies that intermittency parameters should vary between identical and non-identical
particles. Experimental data from NA22 and EMC reinforce this, demonstrating a power-law in
like-charge particle correlations. Despite HBT accounting for much of the short-range structure
in momentum space, unexpectedly large source-size fluctuations persist. If HBT drives the

intermittency, the interaction volume must fluctuate following a power-law distribution.

Further insight comes from Tadeusz Wibig’s 1996 study [46], which linked Bose-Einstein cor-
relations with intermittency. He emphasized the central role of the particle-emitting source in
shaping both SFMs’ behavior and HBT effects. The study critiques the standard exponential
Bose-Einstein parametrization, tracing it back to string fragmentation models, and explores two-
and three-particle correlations. Simulations without Bose-Einstein symmetrization reveal that
applying full-event symmetrization can artificially enhance small-bin correlations, suggesting it

may overstate the actual effect.

It wasn’t until 2006, A. Bialas [47], discussed the relation between intermittency and Bose-
Einstein correlations was discussed, starting from the point that intermittency, at its core,
seeks evidence of self-similarity in particle spectra. While exact self-similarity is unattainable,

the challenge lies in defining it statistically and identifying its presence through resolution-

26



2.3. EXPERIMENTAL RESULTS OF INTERMITTENCY IN HEAVY-ION COLLISIONS

dependent studies. Power-law behavior in factorial moments and cumulants [14], [15] signals

such self-similarity.

From the discussion of the first experiments, some have concluded that HBT correlations fully
account for intermittency. However, while HBT effects explain short-range correlations in momen-
tum space, they do not account for the defining feature of intermittency: power-law scaling and
self-similar structures. Explaining this behavior requires understanding how the geometry of the
emission region in configuration space gives rise to such scaling in momentum space. Achieving
that power-law behavior in momentum space implies a similar structure in configuration space.
However, a pure power-law over the whole phase space will lead to non-normalizable distributions,

necessitating modifications that introduce theoretical ambiguities.

Brax and Peschanski [48] in 1994 applied Lévy distributions to momentum spectra, obtained
key relations for intermittency exponents, and also proposed that configuration space follows a
stable (Lévy) distribution, potentially due to QCD cascades governed by renormalization group
constraints [49], [50].

In recent years, specifically 2024 and 2025, the fact that the scaling behavior is not uniquely
tied to critical phenomena has been studied in depth in the context of the STAR intermittency
results. Suggesting that the pattern observed emerges more generally as a consequence of the

phase-space partitioning procedure intrinsic to the analysis [51].

In this last-mentioned study, it is stated that the division of phase space into progressively
finer bins naturally induces a power-law-like behavior in SFMs. Even in the absence of critical
dynamics, a localized cluster of correlated particles confined within a single bin can produce
an "intermittency-like" enhancement in AF,(M). For sufficiently small bin sizes A%(M), the
multiplicity within a cluster of characteristic size exhibits scale-invariant behavior, manifesting

as a simple power-law.

It was also discussed that density fluctuations within phase-space cells naturally give rise to the
power-law-like behavior observed in SFMs. [52] A correlated cluster of particles localized within
a single cell can produce an "intermittency-like" enhancement in AF;(M) because the behavior of
these moments is governed by both the multiplicity distribution within a cluster and the spatial

distribution of particles in transverse momentum space.

Whether any of these simplified mechanisms can account for the wide range of experimental
intermittency patterns remains an open question. Addressing this requires further investigation

through dynamical modeling of heavy-ion collisions.
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CHAPTER

NAG61/SHINE EXPERIMENT

he NA61/SHINE experiment [53], [64] (SPS Heavy Ion and Neutrino Experiment) is a
fixed-target facility located in the North Area of the Super Proton Synchrotron at
CERN. It was designed to study hadron production in a wide range of collision systems
and energies. Thanks to its large rapidity acceptance and coverage of low transverse momentum,
NAG61/SHINE is well suited for investigating heavy-ion physics, neutrino beam properties, and

cosmic-ray interactions.

Since the beginning, the experiment’s physics program has grown significantly. It now supports
a variety of research goals, including input for long-baseline neutrino experiments and air-
shower modeling for cosmic-ray studies. All the developments have been made possible by steady
upgrades to the SPS accelerator complex and beamlines. The experiment is expected to continue
operating at least until September 2026, a few months after the start of CERN’s accelerators
Long Shutdown 3 (LS3) [55]. !

This chapter introduces the main goals of the physics program and describes the detector systems

and reconstruction methods used in this analysis, with a focus on the Xe+La data-taking setup.

3.1 Physics heavy-ion program

Fixed-target experiments like NA61/SHINE offer significant advantages in the study of heavy-ion
collisions in comparison to hadron colliders. Their broad rapidity coverage and sensitivity to low
transverse momentum particles allow for detailed investigations of the strong nuclear force, as

well as research in neutrino physics and cosmic-ray interactions. While the latter two topics are

11,93 calendar was consulted for the last time in September 2025.
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Figure 3.1: A sketch of the phase diagram of strongly interacting matter with current (red) and
future (green) experiments studying the transition region of strongly interacting matter.

not the primary focus of this thesis, recent results of those topics reinforce the broad scientific

scope and impact of the experiment [56], [57].

The strong interaction program of NA61/SHINE was initially framed by findings from earlier
experiments such as KLM, EMC, and NA49 (see Sec. 2.3.1). As introduced in Chapter 1, one
of the central questions in modern nuclear and particle physics is the structure of the phase
diagram of strongly interacting matter. While the existence of QGP has been confirmed through
extensive theoretical and experimental work — based on data from A + A collisions at the LHC,
SPS, and RHIC — the nature of the transition between the hadron gas phase and the QGP remains
unresolved. In Fig. 3.1, a sketch of the phase diagram of strongly interacting matter is shown;
the red labels indicate the regions explored by the early stage of heavy-ion collisions in current

experimental programs, while the green labels refer to regions targeted by future programs.

In particular, identifying the structure of the transition region and the possible location of a
critical point remains a significant challenge. As discussed in Chapters 1 and 2, previous studies
using scaled factorial moments revealed fluctuations in particle multiplicities that hinted at
critical phenomena (see Sec. 2.3.1). These results strongly motivated NA61/SHINE to conduct a
systematic scan across beam energies and system sizes [58]. The goal of this extended program
was to help clarify the nature of the phase transition region and to search for direct evidence of

the critical point in strongly interacting matter.

This two-dimensional scan varies the size and energy of the collision system [59] the completed

scan is shown in left of Fig. 3.2, the scan was performed in the range of 13A-150A GeV/c beam
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momenta; the right the pancl displays the chemical freeze-out points of nuclecus-nucleus collisions
studied with the NA49 and NAG1/SHINE strong interactions programmes at SIS, The experiment
studies the interactions of different-sized nuclei, ranging from small p + p to heavy nuclei. The

data analyzed in this thesis corresponds to the collected data of Xe+La interactions in 2017.

The structure of the transition region is explored by studying the final states produced in nucleus-
nucleus collisions with these variations of collision energy and sizes of colliding nuclei. As the
collision cnergy riscs, the number of picns produced per colliding baryon increascs, leading to a
decrease in the baryon chemical potential (¢g}). When the size of the colliding nuclei grows, the
volume of the created matter becomes larger, making hadron-hadron interactions more important
during the later stages of evolution. This increased interaction lowers the freeze-out temperature
as the system size increasces, By scanning across different collision energies and system sizes,
researchers aim to position the freeze-out conditions closer to the phase transition region of

strengly interacting matter, as can be seen on the right of Fig. 3.2.
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Figure 3.2: (left) Overview of NAG61/SHINE ’s system size and collision energy scan. The boxes
display the data collected, and the large boxes indicate systems for which extensive statistics
were obtained, The Xe+La data sets marked in red were studied for this thesis, (right) Display
of the chemical freeze-out points of nucleus-nucleus collisiong studied within the NA49 and
NAG61/SHINE sirong inleraclions programmes al SPS. Images adapled from [58], [569].

The search ftor the critical point in nuclear collisions is promising only at energies above the
onset of deconfinement, which occurs at low SPS energies [60], [61]. This is because the energy
dengity needed for deconfinement at the collision’s early stage is higher than the freeze-out
energy densily relevant [or detecting the critical point. Near a second-order phase transition
like the critical point, the correlation length diverges, making the system scale invariant and
causing large, characteristic fluctuations in particle multiplicity. Other system properties are
also expected to be sensitive to this region. Detecting the critical point involves scanning the

phasze diagram [or regions with increased [lucluations. However, studying luctuations is more
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challenging than analyzing single-particle spectra or mean multiplicities, as conservation laws,
resonance decays, volume variations, and limited experimental acceptance influence particle

fluctuations and correlations.

The current scope of the strong interactions program of NA61/SHINE, has evolved, after the LS2
of CERN accelerators in 2018-2021, the NA61/SHINE experiment was upgraded [59], [62] and
continues taking new measurements at CERN SPS, focussing now on the open charm hadron
production in Pb+Pb collisions [63], [64], nuclear fragmentation cross sections for cosmic ray
physics [57] and hadron production in hadron-induced reactions for neutrino physics [56]. After
the planned LS3 in 2026-2028, NA61/SHINE will continue working with a new Light Ion program
[65].

3.2 Facility

This section describes the principal components of the NA61/SHINE detector, step-by-step, and
how the data is collected. Details concern only the data-taking campaign of Xe+La in 2017. An

overall view of the detector can be seen in Fig. 3.3.

Figure 3.3: Overview of NA61/SHINE detector setup as for 2017. (not to scale).

3.2.1 Beamline and the ion-accelerator chain

In NA61/SHINE, the ability to perform a systematic energy and system size scan was only
possible thanks to the flexibility of the SPS accelerator chain and the customized beamline

setup delivering various nuclei at different energies. Knowing the beam and target descriptions
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is essential to accurately reproduce and simulate events, as well as interpret fluctuations or

systematics in the results.

The CERN accelerator complex provides NA61/SHINE primary and secondary beams of various
ions. The SPS provides a beam at six momenta 134, 194, 304, 40A, 75A, and 150A GeV/c; the
designated beam line that delivers to NA61/SHINE is the H2 beamline [66] that was designed for
the maximal SPS momentum (1504 GeV/c), the minimum value provided (13A GeV/c) is dictated
by the beam stability and quality that the H2 beamline requires.

The beams of ions go through several acceleration steps to achieve the requested momentum in the
SPS accelerator. Afterward, they are extracted to the North Area and delivered to NA61/SHINE.

This process is known as the ion accelerator chain.

The starting point is at the Electron Cyclotron Resonance (ECR), where repetitive microwave
pulses accelerate the ions. Then, the ions are electrostatically extracted into the separator, which
selects the particular charge state depending on the beam type, and right after the separator, the
momentum of the beam is raised to 250A keV/c by the Radio Frequency Quadrupole (RFQ).
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Figure 3.4: (Left) Diagram of the SPS accelerator chain, final destination is NA61/SHINE, in
CERN North Area. (Right) Representation of beam values steps, as they get accelerated in the
Ion accelerator chain, and delivered to NA61/SHINE.

The next step is CERN’s linear accelerator (LINAC3), which increases the beam momentum to
4.2A MeV/c. The beam is then injected into the Low Energy Ion Ring (LEIR), in which it reaches
the momentum of 72A MeV/c and is passed on to the Proton Synchrotron (PS); here, the ion
beam is accelerated even more, up to 5.9A GeV/c and is extracted to the SPS, where the final
acceleration takes place. The beam reaches a momentum of up to 150A GeV/c and is extracted to
the North Area, and in the case of NA61/SHINE, the beam will be delivered in the H2 beamline.
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The H2 beamline delivers the beam using a pair of large spectrometers. The beamline selects a
beam type based on its rigidity, allowing the production of secondary hadrons and ions. Down-
stream collimators lower the beam intensity and then collect precise information on the beam’s

position, intensity, and profile [66].

3.2.1.1 The Xe+La data taking campaign

The choice of beam and target is crucial in any data-taking campaign, as it directly impacts the
type, quality, and scope of the physics measurements possible (see Fig. 3.2, right). The Xe+La
collisions represent a key component of NA61/SHINE ’s strong interaction program. To support
this, from October to December 2017, the experiment recorded Xe+La collisions at six different

beam momenta, enabling a two-dimensional scan across nuclear mass and collision energy.
The Xenon beam

Before 2016, the SPS provided mainly lead (Pb) and argon (Ar) ion beams. In 2017, a new ion
species, 129Xe, was successfully commissioned and delivered to several CERN facilities. These
included NA61/SHINE for fixed-target experiments, the LHC for Xe+Xe collisions, UA9 for
Gamma Factory studies, and the PS for the CHARM irradiation facility [67].

The 129Xe beam was produced by ionizing xenon gas using an ECR ion source. In this process,
electrons are stripped from xenon atoms to form positively charged ions. The ion source utilizes
strong electric fields or plasma to efficiently remove electrons, generating a stable beam suitable

for acceleration and delivery to the experiment, as discussed in the previous subsection.
The Lantanum target

The '39La target used in the Xe+La data-taking campaign in NA61/SHINE consisted of a stack
of three lantanum plates of 25 x 25 x 1 mm?. The material was obtained by the collaboration,
originally in 2014, and stored under a nitrogen atmosphere until 2017. Prior to the data-taking
period, three smaller targets were cut from the least oxidized regions and installed in a helium-

filled box inside the detector, as shown in Fig. 3.3.

After four weeks of beam exposure, a visual inspection revealed white oxidation on the target
surface and traces of lanthanum oxide powder below the target. No intervention was made,
and data taking continued until the end of the run, when significant oxidation had occurred.
However, a second batch of lanthanum was purchased with the exact measurements, but these
vacuum-packed plates appeared more oxidized than the initial ones and were not used. Later

purity tests confirmed their inferior quality [68].

The data of the collisions was taken using two target configurations: target inserted (target IN)

and target removed (target OUT); approximately 90% of the accumulated statistics were collected
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with target IN [69].

3.2.2 Detectors

The following subsection provides a concise overview of the key components of the NA61/SHINE
facility that were employed during the 2017 Xe+La data-taking campaign, with a summary of
the subsystems directly relevant to the analysis presented in this dissertation. The description
provided corresponds only to the mentioned data-taking campaign and might vary for other
NAG61/SHINE analyses, as well as being different from data taken after the CERN LS2. The detec-
tors are described in terms of their function and role within the experimental setup, highlighting

how each contributed to event reconstruction and data quality.

Beam detectors and trigger counters

Beam Position Detectors (BPDs), as the name suggests, precisely measure and monitor the
position and trajectory of the particle beam as it travels toward the target in a particle physics

experiment. Other important issues that BPDs focus on are:

* Beam alignment and steering: ensure the beam is always centered and aimed at the target;

the lack of this could lead to inefficient collisions.

¢ Event-by-event tracking: to record the position of the beam for each event, information that

is crucial for data reconstruction during data analysis
¢ Quality control of the beam: BPDs detect instabilities of the beam path in real time.

¢ Improve detector performance: an accurate knowledge of the beam position allows a better

detector acceptance and calibration.

NAG61/SHINE has three gaseous BPDs, filled with a gas mixture made of Ar and COg, and they
are located along the beamline upstream of the target, as shown in Fig. 3.5. Each BPD consisted
of two orthogonal planes of readout strips that allowed for position measurement in the x-y plane.

This measurement can extrapolate the trajectory of beam particles to the target z-plane. See
Fig. 3.6

In addition to the BPDs, NA61/SHINE uses scintillator detectors and counters; these detectors
are used to identify specific types of events or conditions in real time and generate information to
decide whether to record the data from a given particle collision. They generate a trigger signal
when a predefined set of criteria is met. These devices detect charged particles by converting

their energy loss into light, which is then measured by photomultiplier tubes (PMTs).

35



CHAPTER 3. NA61/SHINE EXPERIMENT
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Figure 3.5: Schematic diagram of the beam counters used in 12°Xe+139La data-taking campaign
in 2017
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Figure 3.6: Schematic layout of the BPD detector.

The NA61/SHINE setup included three scintillating detectors (S1, S2, V1) located on the beamline
upstream of the target as indicated in Fig. 3.5 and one scintillator counter (S3) placed downstream
of the target. In brief:

® S1, S2 capture the signals for readout and trigger electronics, providing precise timing for

the experiment.

¢ V1:is known as a veto counter, a scintillator detector used to exclude unwanted events. The
goal of the veto detectors is to allow the triggering only on the central part of the beam,
therefore removing the beam halo. It consists of a plastic scintillator with a small hole in
the middle.

* S3:is an interaction counter, and also a veto counter. They are placed downstream of the
target to detect interactions of the beam particles. The interaction between the last counter
running in coincidence and the given interaction counter is signaled by the absence of the
beam particle signal in this counter. Hence, to detect interactions, these counters are used

in anti-coincidence (veto) mode in the trigger logic.
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In summary, the BPDs and scintillator counters ensure the precision and reliability of data
collection in NA61/SHINE. The BPDs provide accurate spatial information about the incoming
beam particles, while the scintillators define the timing and nature of each desired event. And

their signals are key to the complete trigger system.

Time Projection Chambers

A Time Projection Chamber (TPC) is a type of gas detector used in particle physics to track
charged particles in three dimensions. It is a commonly used detector in particle physics due
to its large acceptance and detailed spatial resolution. It is primarily used for reconstruction of
particles with high precision or tracking, momentum measurement, particle identification using

dE/dx, and event reconstruction.

A TPC operates by detecting the ionization caused by a particle that passes through the gas-filled
volume. As the particle travels, it ionizes the gas along its path, producing free electrons. These
electrons drift under a uniform electric field towards a readout plane that is typically composed
of pads or wires located at the end of the chamber. The time it takes for the electrons to reach
the redout plane, combined with its position, allows for a very accurate reconstruction of the
particle’s trajectory. Additionally, if the amount of energy lost per unit length (dE/dx) during
ionization is measured, the TPC can provide information for identifying the type of particle that

produced the track.

Figure 3.7: A 3D picture of the NA61/SHINE experiment highlighting the detector’s position and
size.

The NA61/SHINE tracking system comprises four large-volume TPCs, which detect charged par-
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ticles by measuring their three-dimensional position and energy deposition within the detector’s
active volume. A 3D model of the NA61/SHINE setup pointing to the TPCs can be seen in Fig. 3.7.

The Vertex TPCs (VTPC-1 and VTPC-2) (colored in yellow in Fig. 3.7) are positioned between
the coils of two large superconducting dipole magnets (blue), VERTEX-1 and VERTEX-2. The
magnetic fields in these magnets are oriented anti-parallel to the y-axis (pointing downward),
providing a bending power of up to 9 Tm. This provokes positively charged particles to curve
towards the positive direction and negatively charged particles towards the negative direction.
The precise measurement of particle deflection in these magnetic fields allows for determining
the particle’s momentum and charge sign. The magnetic field strength is adjusted for each beam

momentum to optimize the acceptance in the collision center-of-mass frame.

Downstream of the magnets, there are two additional large-volume TPCs, MTPC-L and MTPC-R
(red), that are symmetrically placed around the beamline. These TPCs help improve energy loss
measurements and track charged particles that move toward the Time-of-Flight (ToF) detectors

(purple).

The TPCs are the primary tracking devices in NA61/SHINE, and provide key data for the
reconstruction of charged particle trajectories. Their precise spatial and momentum resolution

makes them fundamental to studying the dynamics and products of nuclear collisions.

Projectile Spectator Detector

In heavy ion collisions, the centrality of the collision is a key measurement (see Appendix B).
To determine how central a collision was, fixed-target experiments use forward calorimeters,
where forward refers to the region along the beam axis, typically in the direction that the
incoming particle was traveling. These detectors enable event centrality estimation by detecting
non-interacting spectators, and they also provide crucial information about the longitudinal
energy flow, which is essential for understanding the geometry and dynamics of collisions. This

information helps to separate the signal from the background in high-energy physics experiments.

In brief, a forward calorimeter typically consists of an absorber material that forces incoming
hadrons to interact and produce a hadronic shower, and active detector layers that detect the
secondary particles produced in the shower. As hadrons interact and lose energy in the absorber,
the energy is sampled by the active layers, allowing the detector to estimate the total energy of

the original hadron.

The Projectile Spectator Detector (PSD) is a zero-degree hadron calorimeter of NA61/SHINE that
measures with high precision the energy of projectile spectators in nucleus-nucleus collisions. The

energy deposit measured by the PSD is used in offline analyses to determine collision centrality.
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Figure 3.8: Schematic of PSD detector

A detector schematic is shown in the left-most panel of Fig. 3.8. The PSD consists of 44 modules of
different sizes: 16 smaller modules (10 x 10 cm?) are located at the center, and 28 larger modules

(20 x 20 ¢cm?) are located in the outer part.

The PSD measures the energy of projectile spectators, enabling centrality of collisions in
NAG61/SHINE, to help classify how head-on or peripheral an event is. Its measurements provide

a critical reference for interpreting fluctuation and correlation data in heavy-ion physics.

Two missing detectors, illustrated in Fig. 3.3, will not be detailed in this section: the Time of
Flight detector (ToF) and the Vertex Detector (VD), both of which were used during this data

campaign; however, during this analysis, both were excluded, see ref. [69] for details.

Trigger system

The trigger system in high-energy physics experiments, including the NA61/SHINE, plays a
key role in event selection, significantly reducing data throughput and experiment complexity.
The NA61/SHINE trigger system uses analog signals from beam detectors (excluding BPDs),
generating trigger decisions through coincidences of these signals. Signals with delays of up to
300 ns relative to the S1 signal can be included in the trigger, enabling online event centrality

selection using signals from other detectors.

The system supports up to four independent configurations (T1-T4), combining coincidences and
anticoincidences to generate trigger signals. The configurations used during data collection with
Xe+La at 150A GeV/c with secondary hadron beams are detailed in Table 3.1. After the triggers
are generated, they are processed by a prescaler module, which selects a fraction of triggers for
inclusion in the data sample, reducing the overall data volume. Further details can be found in
Ref. [70].

The NA61/SHINE experiment offers a uniquely versatile platform for studying the phase diagram

of strongly interacting matter. The goals of the strong interactions program are supported by a
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Table 3.1: Trigger definitions used during the Xe+La data-taking campaign.

Trigger Definition Description

T1 S1-S2- V1 identified beam
T2 S1-S2- S3- V1-PSD identified interaction
T3 varied (See Ref. [69]) unidentified beam

T4 S1-S2-83- V1 unidentified interaction

flexible and well-equipped facility that includes a wide range of detectors and beamline compo-
nents tailored to different collision systems and energies. Together, the design and capabilities
of NA61/SHINE position it as a vital tool in advancing our understanding of strong interaction
physics. In the last section, we turn to the final step of NA61/SHINE before the analysis, the

processing and reconstruction of the data.

3.3 Data processing and Monte Carlo simulations

In high-energy physics experiments, there is a crucial step between the raw detector output
and a meaningful scientific analysis: data processing. Without proper execution, any attempt at
physics analysis would be biased, unstructured, or even misleading. In this section, the steps for
NAG61/SHINE data processing will be discussed.

Reconstruction

Data collected is stored as events; each corresponds to a single recorded trigger and contains
digitized signals from all detector components. These data, often referred to as raw data, undergo
a reconstruction process to convert raw measurements into particle trajectories and related

quantities. An example of a reconstructed Xe+La collision is shown in Fig. 3.9.

The event reconstruction procedure, starting from the raw data, consists of several sequential

steps:

* BPD: An algorithm extracts the positions of beam particles recorded by the three BPDs.
Three measured points are fitted with a straight line, providing the trajectory of the beam

particle.

e TPC:
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— Cluster Finding: This reconstruction algorithm searches for signals in TPC pads
and time slices. Grouped signals are labeled as clusters. If two distinct maxima are
detected within a connected charge region, the algorithm splits them into separate
clusters. Then, the position of each cluster is calculated using the center of gravity

method, using measured charges as weights.

— Local Tracking: local tracks in each chamber are constructed of clusters for each TPC,
always considering the cluster’s proximity and the geometrical topology of tracks in
MTPCs and curved tracks in VIPCs due to the magnetic field.

— Global Tracking: Local track fragments from different TPCs are merged into global
tracks. The track momentum is determined from the curvature of the track in the

known magnetic field.
* Vertices:

— Primary vertex fitting: The beam particle trajectory measured by the BPDs is extrapo-
lated to the target plane, providing x and y coordinates of the interaction vertex in the
NA61/SHINE coordinate system (see Appendix A). All global tracks are extrapolated
to the approximate target z plane (z = —580 cm), and then, a global track fit is used to
find the z coordinate of the interaction vertex. The vertex fitting algorithm returns a

result flag indicating the quality of the fit.

¢ PSD: The final step consists of using the tracks recorded by the PSD readout electronics and
translating them into energy deposits in sections of modules, single modules, and the whole
calorimeter. The new result is that each event contains information on the beam particle
trajectory, trigger configuration, energy deposit in the PSD, and a list of tracks. Each track

possesses momentum, charge sign, mean energy loss, and the number of measured clusters.

Monte-Carlo simulations

Monte Carlo (MC) simulations are integral to the NA61/SHINE analysis, usually helping to
correct for various effects related to detector efficiency, geometric acceptance, and the performance
of reconstruction algorithms; however, they are also used for comparison with current theoretical

physics models.

A dedicated MC generator simulates particle production in an actual physical interaction. The
EPOS 1.99 model was chosen due to its strong agreement with experimental results and continuous

support from its developers.

The interaction of generated particles with the detector material is simulated using the GEometry

ANd Tracking (GEANT) 3.21 framework. Additionally, a specialized detector response simulation
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Figure 3.9: Xe+La collision at 150A GeV/c in NA61/SHINE.

is integrated into the NA61/SHINE software of the GEANT framework. The simulation output
is stored in a format identical to the data recorded by the detector. It is subsequently processed
using the same reconstruction algorithms as those applied to experimental data. In a more

simulation output consists of two components:

* Generated Events (EP0S 1.99): These are pure simulated events originating from EPOS.
They include information on the momenta, species, trajectories, and origins (whether from

primary interaction, decay, or secondary interaction) of the produced particles.

* Reconstructed Events (EPOS + detector effects): These events are processed through the
detector response simulation based on the GEANT package and then reconstructed using
the same algorithm as the experimental data. The MCrec sample includes most of the

information in the reconstructed experimental data.

The two outcomes — MC-generated and MC reconstructed — are used for comparison with the
analyzed data as well as determination of systematic uncertainties. In subsequent chapters, a

detailed discussion of the use of Monte Carlo analyses in Xe+La simulations will be presented.

Throughout this chapter, it was discussed that the success of the strong interactions program
of NA61/SHINE relies on the integration of its high-quality detector components, raw data
collection, and its transitions to reconstructed data. The raw data recorded from the collisions

in the detector serve as a foundation for all subsequent analyses, capturing the fundamental
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signatures of the physical processes being studied. However, it is during the reconstruction process
that these signals are transformed into meaningful observables, such as particle trajectories
and identities, which enables a detailed exploration of the key phenomena aimed to study in the
strong interactions program, including the QCD phase diagram and the search for the critical
point. Together, these elements form the pillars of the NA61/SHINE experimental approach,

ensuring that the physics goals are pursued with accuracy.
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CHAPTER

ANALYSIS METHODOLOGY

With the research questions defined, previous studies on SFMs explained, and instrumentation
detailed, the next step is to turn to the core of this dissertation: the methodology. This chapter
explains the design and reasoning behind the analytical framework employed with a qualitative

focus, as well as the application in the current analysis.

To study the fluctuations and correlations previously discussed within the framework of intermit-
tency analysis, the proper variables must be selected. The sensitivity of SFMs (as discussed in
Chapter 2) is the primary purpose of this dissertation. We selected the two-dimensional trans-
verse momentum space as a domain where a selection of negatively charged hadrons is made for
the calculation of SFMs of rank r = 2,3,4. Starting from the definition of SFMs for the mentioned
2D phase-space:

1 M
<W an(nl -r+ 1)>

i=1

1 M >r
— Y
<M2i—1 '

where, F.(M) referes to the 2D transverse-momentum space that is divided into M x M equal-size

(4.1) F.(M)=

b

cells and n; is the number of particles in the i-th cell. For a fixed value of M, the numerator and

the denominator are averaged over cells and then over events.

Following the discussion in Chapters 1 and 2, this dissertation covers the NA61/SHINE approach.

The next sections will target discussions around the mitigation of background effects, uncertain-
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ties, the contribution of two-particle correlations due to detector effects and physics, and model

comparison:

* pr binning or mixed event method (see also Sec. 2.10),
¢ cumulative pr binning,

* independent sub-sample of events for each data point,
¢ analytical calculation of statistical uncertainties,

¢ momentum-based Two-Track Distance (mTTD),

* systematic uncertainties.

4.1 SFMs dependence on single particle distribution

Various effects and correlations can easily affect the predicted intermittency signal of the critical
point. The first type is due to SFMs’ sensitivity to the shape of the single-particle momentum
distribution; this dependence biases the possible signals of critical fluctuations. Secondly, spurious

correlations are due to detector effects, while others are due to physical correlations.

4.1.1 Equivalent expressions and uncertainties

The standard expressions for the SFMs or order r = 2,3,4, Eq. 4.1, can be reduced to a more brief

expression:

1 7
<W an(n, —-r+ 1)>

i=1

1 M\
= Y
<M2i:1 l>

1 /¥
W <Z ni..(n;—-r+ 1)>

i=1
1 /W >r
2N
M2r<i:1
MZ

but in the denominator, the expression: Z n;, is nothing more than the event multiplicity N,
i=1

Fr(M):

b

therefore:
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and knowing that n;(n;—1)...(n1—r+1)=r! Z ( l), the summation from the numerator is reduced
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giving as a result the form
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This equation can be further simplified for more straightforward calculations during analysis if

we fix r = 2,3,4 separately.

Forr=2
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but the term in brackets is the average of the total number of pairs in M2 cells in one event
(N2(M)),

0. 2M?
(4.3) Fo(M?) = —

vz N2 |

A similar process is followed when fixing r =3, and r =4,
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4
(4.4) Fs(M) = (N)3<N3(M)> !
4.5) Fis(M) = 24M° ——— (N4 (M)) |.

where the terms in brackets are the average number of triplets for » = 3 and quadruplets for r =4

in M cells in one event.

With the help of the modified SFMs’ expression, the statistical uncertainties can be calculated
using error propagation for Eq. 4.3 Fo(M) notice that M? is a fixed parameter without uncertainty,
(IN) is the average multiplicity with variance Var(N)) and also (No(M)) es is the average of pairs
with variance Var(No(M)).

By taking g := (No(M)), h := (N) it is posible to rewrite Fo like:
2

2M
Fo(g,h) = &

By applying error propagation formula, the derivatives of Fo(g,h) respect to g and A are:

0Fy _ 0 (gpp 2 M2
4.6 -2
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Substitution of the derivatives
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Also, it would be very useful to normalize for Fy by
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And finally,
4M* M* g2 16M*g
E _ e Var(g) + 6 Var(h) — 5 Couv(g,h)
F? 4M*g? '
h4
Simplifying each term,
4
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Procceding similarly for the 3rd, and 4th SFM, we obtain:
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The results obtained in this section are necessary for the following steps. The display of results

splits at this point, where two methodologies were analyzed.
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4.1.2 Transverse momentum binning

To address the dependence of the SFMs on the shape of single-particle distribution, NA49
proposed to study AF (see Sec. 2.8), and is referenced in some NA61/SHINE conferences and
papers as mixed event method. In this text, from now on this term will be referred to as pr

binning, where instead of studying Fo(M) we study AFo(M), defined as follows:

(4.8) AF (M) =~ F33%3(pp) — Fmixed(pr),

In the case of this method, particles from different data events are used to generate a mixed
event set. To create a mixed event, we select particles from other events in the original dataset
while preserving the original dataset’s multiplicity distribution. This removes all correlations
between particles in the events, but the multiplicity distribution of data and mixed events

remains identical.

It was shown in [40] that this procedure approximately removes the dependence of AFy(M) on

the shape of a single-particle transverse momentum distribution [38], [40].

4.1.3 Cumulative transverse momentum binning

Since the experimental results on F,.(M) depend on the shape of the single-particle distribution
and the selection of variables used for analysis, as said in Sec. 2.3.2.1, Bialas and Gazdzicki [42]
proposed to study intermittency in terms of variables for which the single-particle density
is constant. It was also shown in the same paper that this method reduces the bias caused
by a non-uniform single-particle distribution, leaving the critical point signal approximately
unchanged [43]. The premise and results of this thesis are derived from a comparison of the two

methodologies.
How does the cumulative transformation work?

Assume that the single particle distribution in a variable x is measured and given by a (non-
negative) function f(x). For a one-dimensional distribution f(x), the cumulative variable, @, is
defined as:

Xmax

(4.9) Q.= f Fads / [ reax,

Xmin Xmin

where xin, and xmax are lower and upper limits of the variable x. For a two-dimensional distribu-

tion f(x,y) and a given x the second variable, @,(x), is defined as:
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y Ymax
(4.10) Qy(x) = f fx,y)dy' / f fGx,y)dy",
Ymin Ymin

with ymin and ymax denoting lower and upper limits of the variable y.

Figure 4.1 shows example distributions to illustrate what the cumulative transformation looks
like once it is applied to the transverse-momentum components p, and p,, The distributions
are shown before (top) applying the transformation and after (bottom) using the transformation.
Examples are from the analyzed data set Xe+La at 150A GeV/c. In Fig. 4.2, a visualization of the

change of variables with the cumulative transformation, as defined in Eq. 4.1.3.
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Figure 4.1: Example distributions of the p, and p, distributions before and after cumulative
transformation [42]. Figures shown on the top panel are the distributions before, and those
in the bottom panel are the distributions after applying the cumulative transformation. (top)
Distributions from left to right of 1D p,,p, and 2D p, vs p,. (bottom) Cumulative distributions
from left ot right @.,®Q, and 2D @, vs @,. Distributions correspond to the data set analyzed in
this thesis 12°Xe+1%%La 1504 GeVie.

4.2 Statistically independent data points

A significant difference between previous studies in SFMs (See Sec. 2.3.1) and those presented in

this thesis consists of the following: previous results for each subdivision number M were derived
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Figure 4.2: Visualization of how variables change before and after applying the cumulative
transformation in the form of a 2D histogram following Eq. 4.1.3. Left p, to @, is transformed
unambiguously (by definition). Right p, to @, is transformed slightly smeared (by definition).

from the same data set. As a result, the measurements for different M values are statistically
correlated, requiring the full covariance matrix for a rigorous statistical interpretation. This

process is numerically demanding [25].

In contrast, the present and latest NA61/SHINE intermittency analysis [23], [41] use statistically
independent subsets of events for each data point for M2. This approach ensures that results for
different M values are uncorrelated, with only the diagonal elements of the covariance matrix

being non-zero.

4.3 Momentum-based Two-Track Distance cut

The TPCs of the NA61/SHINE (as seen in Sec. 3.2.2) are the primary tracking devices; unfortu-
nately, however, they are not perfect, and the main limitation of particle fluctuation analysis is
that the clusters tend to overlap when two particles are too close in space. Therefore, the TPCs
cannot differentiate them. As a consequence, the TPC cluster finder typically rejects overlapping
clusters, causing those tracks to be lost. Furthermore, the TPC track reconstruction can fail,
merging two track fragments. This issue can generate two tracks from a single track, producing

a false intermittency signal due to the sensitivity of the analysis.

The solution to this problem is a tool that eliminates all kinds of spurious correlations resulting
from detector effects. The Momentum-based Two Track distance cut (mTTD from now on) is
introduced to the intermittency analysis by NA61/SHINE as a two-particle acceptance map in

momentum space.

The problem is illustrated in Fig. 4.3. In this illustration, a split track is presented. Although a

standard selection of tracks enables reducing this problem (see Sec. 5.1.2), the problem is not
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Figure 4.3: Illustration of the problem with tracking on NA61/SHINE TPCs. On the left column
is a representation of split tracks.

entirely solved; therefore, the momentum-based Two-Track distance cut (mTTD) can effectively
eliminate split tracks. A previous version of this cut, the geometric Two-Track Distance (gTTD)
cut, was utilized to eliminate a set of tracks positioned too close to be reconstructed using

geometrical two-track distance calculations. However, this process was inaccurate.

The gTTD is still used to determine the proper mTTD cut for the analysis. An example comparing
the Two-Track Distance distribution without any cut, with gT'TD cut, and mTTD cut can be seen
in Fig. 4.4 for the 1?9Xe+13%La data set at 13 A GeV/c. Notice in the left-most column the number
of pairs that are too close in space to each other. In the right column, mTTD was determined
and applied. Top distributions display the number of pairs of data and mixed sets. At the same
time, the bottom shows the ratio of data to mixed sets, enabling a better understanding of the

problematic particle pairs.

To apply the mTTD cut, one must first determine the gTTD cut. In this thesis, the NA61/SHINE
detector geometry and magnetic field information are required, but access to this information is
limited to those members of the NA61/SHINE Collaboration. Still, for other readers, the process
will also be explained; we need to locate a set of points for each track along the experiment. This
is why we need the magnetic field information and the detector geometry; the points for each

track can be obtained using both.

The magnetic field bends the trajectory of charged particles in the x — z planes. Once the location
points have been obtained, it is reasonable at this point to express the momentum of each particle
in the following momentum coordinates, which do not depend on the detector coordinates (see
Fig. 4.5):
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Figure 4.4: Comparison of pair distributions before and after applying the two-track distance
cut. The top columns show the number of pairs for both data and mixed events, while the bottom
columns display the data-to-mixed ratio, providing a clearer view of problematic split tracks.
In the left column, a large number of pairs are found to be too close in space. In contrast, the
right-most column shows the result of applying the mTTD cut, which more efficiently suppresses
close pairs while preserving a larger number of valid pairs.

Sx = Px/Pxz = cos(¥),
(4.11) Sy =DPy/Pxz =sin(1),
p= l/pxz s

where p,. = \/ pa2c +p§ .

Now, to determine the selection itself for each pair of particles, the difference in the new coordi-

nates is calculated as follows:
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Figure 4.5: New momentum coordinate system to calculate mTTD cut.

(4.12)

Asy = Sx,2 ~Sx,1,
Asy=sy2-5y1,

Ap=p2-p1.

The distributions of particle pairs’ momentum difference for pairs with gTTD less than x cm are

parameterized with ellipses in the new momentum coordinates. Such parameterized elliptical

cuts are defined as:

(4.13)

Ap\2 (A
(_P)+&
Tp

(Asx)2 .\
Ts,

rs

y

2
As,,

rsy

Apcos0 —Asxsinﬂ)z N (Apsin@ +As,cosf)>

rpsx erP

where r,s. and r; , represent the semi-major and semi-minor axes of the ellipse defined by Ap

and As,, respectively, while 0 denotes the angle between the positive horizontal axis and the

ellipse’s major axis. The semi-axes of the other ellipses are similarly defined in Eqgs. 4.13. An

illustration can be seen in Fig. 4.6.

One particle from each pair with a momentum value falling within any of the defined ellipses is

rejected randomly. The mTTD cut, based on these momentum correlations, serves as a replace-

ment for the gT'TD cut as shown in Fig. 4.6. Due to its momentum-space definition, the mTTD
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Figure 4.6: Example of the ellipses of rejected particles and in the mTTD coordinate system for
the Xe+La 30A GeV/c. On the left are the ellipses formed by the gT'TD cut; on the right are the
ellipses after applying the mTTD cut.

cut is well-suited for comparing experimental results with model predictions, too. The specific
parameters used for the mTTD cut vary with the collision system size and collision energy, and
the values will be summarized in Chapter 5. This cut is applied throughout the data analysis

and in the model comparisons.

4.4 Two-particle correlation functions

The two-particle correlation functions, Ap7r and grcus of negatively charged particles within
the analysis acceptance, were also studied in the frame of this thesis. These two functions can

reveal the existence of correlation functions due to physics. The variables are defined as follows:
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(4.19) Apr =1/ (p2x—p1.5% +(Dy2—py1)?,

(4.15) qLcms = \/(pl,x ~p2. )+ (pry—p2y)+q3.

The subscript LCMS in q1cus stands for longitudinally co-moving system, and is widely used
in the investigation of Bose-Einstein or HBT correlations in Femtoscopy analysis [71], and the

variable g, is defined as:

Eo— .E 2
(4.16) qg =4. (P21 22 Pz2-E1) 2’
(E1+E2)*—(pz1+pz22)

where E; and E2 are the energies of particles 1 and 2, assuming the mass of a pion (for more

details see Appendix A).
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Figure 4.7: The example shown in this plot corresponds to negatively charged hadrons in
Xe+La interactions at 150A GeV/c for real data (orange), EPOS MonteCarlo generator (red), and
EPOS generator with NA61/SHINE detector effects (blue). (left) Apt correlation function; (right)
grcms correlation function.

The correlation function is the ratio of normalized Ap7 or Aqrcus distributions of data over

mixed events. Example distributions for real Xe+La data at 1504 GeV/c and EPOS can be seen in
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Fig. 4.7. In both columns, we can see in orange the results that correspond to real data, displaying
the expected form in the presence of short-range correlations. EPOS does not have this type of
correlation in its model; therefore, the correlation functions do not present the same hill. The

entire discussion of the results obtained can be found in the results chapter.

The final consideration regarding these correlations is their correspondence with each other.
From the former equations, we understand that the first variable depends only on two dimensions.
At the same time, the second is an extended version widely used in other types of studies, like

Femtoscopy, which helps quantify other types of short-range correlations more extensively.

4.5 Power-Law Model

One very important question remains: what will intermittency actually look like? Critical point
and QGP are not adequately modeled in all actual Monte Carlo tools available worldwide for

simulation studies. How can we study the intermittency approach in the case of a power-law?

Figure 4.8: SFMs of the orders from r = 2 to r = 6 (left) and power-law exponents ¢, ..., g obtained
from their fits (right) for 10000 events with six correlated particles each, generated with the
Power-law model, image extracted from [28].

A tool used in NA61/SHINE to solve this problem is the Power-law Model developed in [28], as a
part of the search for the critical point, studying power-law fluctuations within the framework of
intermittency analysis, which is ongoing. It is a simple model that generates power-law multi-
particle correlations that can be introduced into datasets to be analyzed and studied. The main

features of this model are:

* two controllable parameters: strength of the correlation (power-law exponent) and fraction
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of correlated particles,
¢ configurable number of events,
¢ configurable multiplicity distribution,

¢ configurable inclusive transverse momentum distribution.

This means that the Power-law model can be configured to produce correlated pairs of particles,
given the parameters obtained. Fig. 4.8 is a plot done with this model that gives back a perfect
power-law, as would be expected in intermittency. The advantages provided by this model enable
studies of how other variables behave in the presence of a power-law, as well as to quantify the

results obtained. Results obtained under the Power-law model will be discussed in the following
chapters.
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CHAPTER

ANALYSIS DETAILS

he objective of this analysis is to investigate signals of intermittency (or the absence
thereof) in systems different from those explored in Ref. [23], [41] by NA61/SHINE, and

offer insights of power law reported such as the one in [39].

Reproducibility is a cornerstone of scientific research, ensuring that results can be independently
verified and validated. For this reason, this chapter is dedicated to outlining the methods
and protocols in full detail, allowing for the accurate replication of the experiments by other
researchers for the present analysis, i.e., measuring the SFMs of negatively charged hadrons
within the analysis acceptance in 0-20% central Xe+La collisions at 13A, 194, 304, 40A, 75A
and 150A GeV/c beam momentum performed by NA61/SHINE.

5.1 NAG61/SHINE data analysis

To ensure the quality of the results in this dissertation, a total of three data sets of the Xe+La
energies mentioned were analyzed:

¢ Experimental Xe+La data recorded in the 2017 data campaign,

¢ Simulated EPOS 1.99 data,

¢ Simulated data after GEANT 3 and the standard NA61/SHINE reconstruction. From here
on, it is referred to as EPOS RECONSTRUCTED .
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Table 5.1: Number of events in millions for each beam momentum.

Pbeam [A GeV/c] | \/syn [GeV] Number of events (in millions)
Exp. data | EPOS | EPOS RECONSTRUCTED
13 5.12 3.0 20 20
19 6.12 3.8 20 20
30 7.62 4.6 20 20
40 8.76 3.8 20 20
75 11.94 2.1 20 20
150 16.83 4.7 20 20

The selection procedure for events and tracks is described below, with further details provided in

each section.

5.1.1 Event selection

There are two distinct sets of criteria for event selection. The first set, the non-biasing cuts, does
not involve variables whose values are influenced by the interaction. These cuts do not introduce
bias into the analysis results; instead, they reduce the number of irrelevant events. They are
based on beam position, composition, and time structure. The second set, the biasing cuts, may
affect the analysis outcomes if not applied carefully. These cuts are primarily used to eliminate

background from non-target interactions or to select events based on collision centrality.

A summary of the event selection will be explained and presented in this section, alongside
examples of every selection mark. A list that shows how many events are rejected after each

selection is applied can be consulted in Table 5.2. The code used can be consulted in Ref. [68].

Simulated data already contains only desired reactions; hence, no specific selection is needed.
However, to correct for event losses due to the primary vertex position and the elastically scattered
beam cuts, these selection criteria are applied to reconstructed simulated data. These are detailed
in the Table 5.2.

Interaction trigger

Not all collisions are relevant for the analysis; for example, background and non-interacting
events are excluded from the data set of analyzed events. To remove the events that don’t fit

this criterion, each event is required to have an interaction with the T2 interaction trigger (see

62



5.1. NA61/SHINE DATA ANALYSIS

Table 5.2: Effect of event selection criteria on the Xe+La energy scan data. Shown are the
percentages of total events retained after each successive selection stage.

Experimental data set Percentage of events retained
Pbeam [A GeV/e ] 13 19 30 40 75 150
Total number of events 100 100 100 100 100 100
Interaction trigger 80.32 | 81.25 | 81.24 | 81.30 | 83.85 | 82.81
Beam off-time particles 26.82 | 31.79 | 39.21 | 39.70 | 39.64 | 38.64
Beam quality 26.77 | 31.73 | 39.10 | 39.62 | 39.54 | 36.54
Beam charge 24.80 | 29.71 | 36.03 | 36.97 | 37.32 | 35.32
Beam particles position 24.57 | 29.37 | 35.43 | 36.00 | 36.68 | 34.68

Interaction vertex fit quality | 24.47 | 29.25 | 35.29 | 35.68 | 36.51 | 34.52

PSD status 24.47 | 29.25 | 35.29 | 35.68 | 35.93 | 33.91

PSD peripheral energy 24.47 | 29.24 | 35.19 | 35.01 | 35.71 | 33.71

Interaction vertex z position | 22.30 | 26.54 | 32.49 | 32.91 | 33.55 | 32.55

Tracks ratio 22.27 | 26.48 | 32.41 | 32.84 | 33.46 | 32.46

Centrality 14.86 | 12.16 | 17.24 | 13.01 | 33.46 | 32.12

Sec. 3.2.2). In addition to filtering for genuine interactions, this trigger is also used to isolate the

most central collisions, which are of particular interest for the analysis.

Beam off-time particles

Events where an additional beam particle interacts near the trigger particle can distort fluc-
tuation measurements by mimicking collision products or causing a second, indistinguishable
interaction. To mitigate this issue, a timing-based selection criterion is applied to identify and
remove such events. The primary method uses the time distribution of beam particles relative to
the trigger signal, typically implemented through the WaveForm Analyzer (WFA) criteria. For
Xe+La event selection, this cut ensures that no off-time beam particle is present within a 25 us

window around the S11 signal of the trigger particle.
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Beam quality and charge

The quality of the reconstructed beam can be affected by an undefined trajectory or incorrect
charge identification, which can introduce background events and compromise the accuracy of the
analysis. To address this, two selection criteria based on the Beam Position Detector 3 (BPD-3)

are applied.

The first criterion ensures that only events with well-defined beam signals are accepted. It selects

events with a clear signal, identified charge, and accurate x and y position from BPD-3.

The second criterion specifically verifies the charge of beam ions measured by BPD-3. Figure 5.1
shows the distribution of the charge signals on the x and y planes; the accepted charge region is
indicated with a red ellipse. The parameters of ellipses used to select valid events in the Xe+La
data sets are listed in Table 5.3.

Table 5.3: Parameters of the ellipses (major and minor axis limits and axis ratios) used to define
the BPD-3 charge selection for event filtering.

Pheam [AGeViel | X, | Y, | Y, | Y,
13 4227 | 336 | 3898 | 279
19 4266 | 291 | 3973 | 258
30 4354 | 343 | 4047 | 299
40 4287 | 334 | 3961 | 378
75 4449 | 320 | 4419 | 286
150 4984 | 323 | 4628 | 274

Beam particles positions

Beam particles with badly defined trajectories, like those that bend before reaching the target
or bypass the beam detectors, can also interfere with the analysis. To eliminate such cases, a
selection criterion is applied that requires a well-defined beam position, as measured by BPD-3.
This ensures that the beam has passed through the expected trajectory and was accurately
detected. Figure 5.2 shows the beam position distributions from BPDs, illustrating the applied
cut for both the lowest and highest energy beams. The parameters of the ellipses used to select

events passing this criterion are listed in Table 5.4.
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Figure 5.1: BPD-3 counter charge distributions for Xe+La at 40A GeV/c and 75A GeV/c. In the

vertical axis, the charge is detected in the Y plane; in the horizontal axis, the charge is detected
in the X plane. Red ellipses point to the right BPD charge signals selected.

Table 5.4: Parameters of the ellipses (major and minor axis limits and axis ratios) used to define
the beam particles position selection for event filtering.

Pbeam [A GeVie] | X, Y, Y, Y,
13 0.175 | 0.169 | 0.089 | 0.167
19 0.172 | 0.108 | 0.200 | 0.103
30 0.163 | 0.079 | 0.107 | 0.061
40 0.209 | 0.067 | -0.098 | 0.049
75 0.098 | 0.029 | 0.120 | 0.054
150 0.214 | 0.076 | -0.180 | 0.093

Interaction vertex fit quality

Poorly reconstructed or missing interaction vertices can lead to significant uncertainties in event
characterization. To avoid such issues, a selection criterion is applied to ensure that a well-defined
interaction vertex is reconstructed during the event reconstruction process. This selection accepts
only events where the vertex fit converges and meets a minimum quality threshold. It guarantees

that the event geometry is reliably determined.
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Figure 5.2: BPD-3 counter position distributions for Xe+La collisions at 40A and 75A GeV/c. In

the vertical axis, the position detected in the Y plane; in the horizontal axis, the position detected
in the X plane. Red ellipses point to the right BPD charge signals selected.

PSD status and PSD energy

While the PSD detector is described in Sec. 3.2.2, several issues that arose during the data-taking
period were reported internally in NA61/SHINE. Specifically, some modules were non-functional
or produced unreliable signals, which could compromise the accuracy of the recorded data. To
mitigate this, only well-performing modules were used in the analysis, with selections made
separately for each beam energy. The central modules included for each energy are shown in

Fig. 5.3, and the selected peripheral modules are shown in Fig. 5.4.

For the PSD status criterion, the status of both selected and peripheral modules is reviewed and
accepted if this status is good. For the PSD per energy, the energy of the peripheral modules is

reviewed, and for each Xe+La energy, a limit is established. Limits can be seen in Table 5.5.

Interaction vertex Z position

The reconstructed vertex Z position corresponds to the location along the beamline where the
collision occurs, but not all reconstructed vertices originate from the actual target region; some
come from background interactions outside the target, detector material interactions, or mis-

reconstructed events.

A selection on the vertex Z position is applied by identifying a sharp peak in the vertex distribution
that corresponds to the actual target location. By selecting only events with vertex Z positions

within a defined window around this peak, the values of which can vary with beam energy,
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Figure 5.3: PSD modules selected for Xe+La analysis, selected modules are shown in bright green,
excluded modules are colorless.

Figure 5.4: PSD peripheral modules selected for Xe+La analysis, selected modules are shown in
bright green, excluded modules are colorless.
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Table 5.5: List of PSD energy limit values, PSD peripheral limit values for event selection due to
reported PSD modules malfunctioning.

Pbeam [A GeVic] | PSDgelected | PSDperipheral
13 787 0
19 1382 50
30 2175 125
40 2875 300
75 5225 500
150 8925 2200
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Figure 5.5: PSD energy distributions for Xe+La at 1504 GeV/c. In the vertical axis, PSD energy of
peripheral modules, in the horizontal axis, PSD energy of selected modules. The red line indicates
the cut value.

background events are suppressed. The values of this Z-peak with the corresponding window

selection are listed in Table 5.6.

All tracks vs tracks from the main vertex

During event reconstruction, not all tracks detected in an event necessarily come from the main
collision vertex; some may originate from secondary interactions or background sources. To

ensure that the reconstructed main vertex represents a genuine collision, a selection is applied
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Table 5.6: Vertex z position list for each Xe+La beam momenta

Pbeam [A GeVie ] | Zpeak
13 -603.3
19 -602.9
30 -602.9
40 -602.9
75 -602.9
150 -602.7

based on the number of tracks used in the vertex fit compared to the total number of tracks
detected in the event. Specifically, if the number of tracks included in the vertex fit is below a
certain threshold (values for each energy are listed in Table 5.7), then the ratio of tracks used in
the vertex fit to the total number of tracks in the event must exceed a minimum value. In this
way, the requirement helps reject poorly reconstructed vertices or background events with many
tracks not associated with the primary vertex. Example distributions illustrating this ratio can
be found in Fig. 5.6.

Table 5.7: List of criterion value for all tracks vs tracks from main vertex selection

Pbeam [A GeV/e ] | Tracks ratio
13 0.10
19 0.10
30 0.15
40 0.15
75 0.20
150 0.20

Centrality selection
Experimental data

To determine the centrality of each collision event, the energy deposited in the PSD (Projectile

Spectator Detector), denoted as Epgp, is used as a measure. Centrality reflects how “head-on”
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Figure 5.6: Visualization of the cut Xe+La at 40A GeV/c cut of All tracks vs tracks from main
vertex (Tracks ratio). The red triangle indicates the cut.

or “central” a collision is, with more central collisions producing higher particle multiplicities
and lower spectator energy. In this analysis, only the 0-20% most central Xe+La collisions are
selected. This means that events with E pgp values above a certain threshold — corresponding
to more peripheral (less central) collisions — are rejected. These threshold values vary with the
beam energy and are listed in the associated table. The detailed method for selecting centrality

classes in Xe+La collisions is described in Ref. [72].

Table 5.8: PSD centrality selection for 20% central events in Xe+La interactions listed by beam
momentum energy.

Pbeam [A GeV/e ] | PSD energy, GeV
13 728
19 1063
30 1744
40 2224
75 3716
150 6837
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Table 5.9: Percentage of spectators accepted per each beam momenta in simulated data sets to
match the 20% centrality of experimental data.

Pbeaml[A GeV/ie ] | Number projectile spectators rejected
13 89
19 87
30 83
40 82
75 79
150 67

Simulated data

Energy deposit cannot be directly simulated in Monte Carlo (see Sec. 3.3) simulations. Therefore,
to select the same 20% most central events used in the experimental data, the centrality deter-
mination in simulated data sets is based on the number of projectile spectator nucleons in the
collision. First, the total number of spectators is extracted from the simulation and subtracted
from 139, which is the atomic number of Lanthanum. Treating all events as representing 100%
of collisions, we then calculate the desired quantiles — in this case, the 20% most central events —
based on the number of spectators. The spectator thresholds for each beam energy are listed in
Table 5.9. Events with a number of spectators exceeding these thresholds are rejected, ensuring

a consistent centrality selection between simulation and experiment.
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5.1.2 Track selection

Several selection criteria were implemented to guarantee that the analyzed particles are accu-
rately measured tracks of negatively charged hadrons originating from the primary interaction.
The impact of each selection, expressed as a percentage of all tracks remaining in the analyzed
datasets, is presented in Table 5.10; some cuts are unavailable or are applied differently to the

simulated data sets.

Table 5.10: Track statistics retained after each selection criterion used in this analysis, listed by
beam momentum energy

Track selection for h™, percentage of tracks retained

Pbeam[A GeV/e ] 13 19 30 40 75 150
Track from main vertex 100 | 100 | 100 | 100 | 100 100
Tracks fit quality 66.5 | 65.7 | 63.2 | 66.7 | 65.8 | 66.38
Charged vertex tracks 64.9 | 64.0 | 64.2 | 65.1 | 65.1 | 66.30
Number of clusters 42.2 | 43.3 | 40.9 | 42.2 | 40.1 | 39.32

Number of clusters in VTPC | 29.5 | 31.1 | 30.1 | 30.2 | 30.1 | 30.24

Ratio cut 28.5 | 27.8 | 289 | 28.9 | 29.9 | 29.02

Distance of closest approach | 28.0 | 28.1 | 27.8 | 27.7 | 26.5 | 28.37

Transverse momentum 279 | 27.8 | 274 | 275 | 26.4 | 28.20
Electron removal 255 | 25.6 | 25.8 | 25.6 | 24.6 | 26.38
Negative particles 13.3 | 13.3 | 14.7 | 13.5 | 12.5 | 12.02
Acceptance map 11.8 | 10.5 | 109 | 11.8 | 11.1 | 10.83
mTTD 95 | 95 | 98 | 10.5 | 10.8 | 9.97

Track fit quality

In particle collision events, not all detected tracks correspond to well-measured particles originat-
ing from the main interaction vertex. Additionally, analyzing all charged particles without charge
discrimination may dilute the sensitivity to specific physics signals that are more prominent in

negatively charged particles.
To improve the data quality of the analysis, only particles with a successfully converged mo-
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mentum fit at the main interaction vertex are chosen, ensuring that the selected tracks are

well-reconstructed and truly associated with the primary collision.

Number of clusters and clusters in VIPCs

Tracks with too few reconstructed points can result in poor momentum measurement and lower
overall track quality, which can compromise the reliability of the analysis. By requiring that
each track has more than 30 reconstructed points, the selection guarantees better momentum

reconstruction and track quality; in this way, well-measured tracks contribute to the results.
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Figure 5.7: Example distribution of the Measured points selection, the red line indicates the
value for selected tracks, examples correspond to collisions of Xe+La 75A GeV/c and 40A GeV/c

As reviewed in Sec. 3.2.2, TPCs are the main detectors used for tracking; therefore, a more focused
criterion is applied to ensure a decent momentum reconstruction, the sum of the reconstructed
points in VIPC-1 and VITPC-2 should be greater than 15.

Potential-point ratio

Split tracks, which occur when a single particle’s trajectory is mistakenly reconstructed as
multiple segments, can interfere with the data analysis. To reduce this issue, tracks are required
to have a ratio of measured clusters to potential clusters across all TPCs between 0.5 and 1.1.
This criterion ensures that tracks have a sufficient number of detected clusters relative to what
is expected, removing split tracks that typically have a low ratio. The potential clusters were
calculated for tracks associated with the main vertex, and Fig. 5.8 illustrates the improvement in

the distribution after applying this requirement.
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Figure 5.8: Example of the distributions of the potential-point ratio selection, the red line indicates
the value of the selection, beam momenta correspond to Xe+La 40A and 75A GeVic.

Distance of the closest approach

Some tracks do not originate from the main interaction vertex. To ensure that selected tracks
truly come from the collision point, the difference between the track’s extrapolated position at the
target Z coordinate and the reconstructed vertex position in the transverse (X-Y) plane is limited
(also known as also impact parameter). This track selection criterion enforces that the difference
between the track extrapolation to the target Z position and the reconstructed interaction vertex

is small enough in the X-Y plane.

It was required to be smaller than 4 cm in the horizontal (bending) plane (bx) and 2 cm in the

vertical (drift) plane (by).

Transverse momenta

Other particles with high transverse momentum are not essential to this analysis; therefore, a
window in |p,| and |p,| is established, rejecting particles that have transverse momentum values
less than 1.5 GeV/c for the current work.

Electron removal

The selection of particles for this analysis is meant to focus primarily on negative particles that
are easily detected due to the NA61/SHINE configuration (see See . 3.2). Particles that are not
hadrons, like electrons, are not within the scope of this analysis and are rejected. To do this, a
very simple cut, a geometrical cut based on the 2-dimensional distribution dE/dx vs log;qp. An

example of the distribution is shown in Fig. 5.9.
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Figure 5.9: Example the 2D dE/dx distribution for Xe+La 13A GeV/c. Left distributions represent
the original distribution; the left distribution is the result after the electron removal.

5.1.3 Single-particle acceptance maps

A three-dimensional (ycm,px, P y)l acceptance map was constructed to define the momentum
region chosen for the analysis. This map was generated by comparing the number of negatively
charged hadrons produced in Monte Carlo simulations before and after detector simulation and
reconstruction, specifically using the EPOSand EPOS RECONSTRUCTED datasets described in
this section. Only bins corresponding to regions with at least 70% of reconstructed particles were
included in the acceptance map. An example of such a map, used for negatively charged hadrons
intermittency analysis in Xe+La collisions at 150A GeV/c, is shown in Fig. 5.10. Single-particle
acceptance maps for negatively charged hadrons in intermittency analysis of other datasets are
presented in Ref. [73].

5.1.4 Momentum two-track distance cut

The momentum-based Two-Track Distance cut was introduced in Sec. 5.1.4. In this section, we

will elaborate on the specific values and technical issues associated with it.

For convenience, here is a reminder of the steps needed to calculate the mTTD cut for each energy.

1. Calculate two-track distance distribution.
2. Determine the gTTD cut.

3. Examine the mTTD variables after the gT'TD cut is implemented in the data set.

1Consult Appendix A for details on kinematic variables.
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Figure 5.10: Example of single-particle acceptance map for Xe+La collisions at 150A GeV/c used
for h™ intermittency analysis, see text for details.

4. Determine the ellipses, and apply the cut.

The mTTD cut defines the region with reduced efficiency for measuring two tracks in the
NAG61/SHINE experiment, where it removes remaining split tracks from the data following the
potential point ratio selection. For each pair of selected particle candidates in both recorded and
mixed events for Xe+La at 134, 194, 304, 40A, 75A, and 150A GeV/e.

The TTD represents the average distance between tracks in the x-y plane at eight distinct z-
planes (-506, -255, -201, -171, -125, 125, 352, and 742 cm). By applying the geometrical two-track
distance cut, we reject pairs below the desired value in the distributions and start the study in

momentum variables (See Fig. 5.11).

Then we study the variables obtained from this cut and get the main ellipses in these coordinates;
see Fig. 5.12 (left). Pairs with momentum inside the final three parametrized ellipses must be
rejected. In Table 5.1.4, the mTTD values for each energy are displayed. Final ellipses examples
can be seen in Fig. 5.12 (right).
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Figure 5.11: Example of the momentum Two-Track distance distribution and ratio of data/mixed
before the rejection (left), and after the rejection (right).
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Figure 5.12: Examples of the distributions studied to obtain parametrized values in momentum
coordinates obtained after applying the gT'TD cut. Examples correspond to Xe+La at 30A GeVc.
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mTTD ellipse parameters Xe+La

Pbeam (A GeV/e) 13 19 30 40 75

gTTD value (cm) 3.2 2.7 2.3 2.3 2.5

ry | 0.17 0.098 0.055 0.042 0.027
ApAsy, re | 0.006 0.006 0.0045 0.0045 0.0049

0 5.3 7.8 12.8 16.6 30.5

r; | 0.018 0.015 0.013 0.012 0.014
AsyAsy rg | 0.005 0.0044 0.004 0.004 0.0043

0 0 0 0 0 0

r1 | 0.155  0.093 0.05 0.038 0.021
ApAs, re | 0.005 0.0045 0.0039 0.004 0.0044

0 0 0 0 0 0
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5.1.5 Systematic uncertainties

The systematic uncertainties of the results obtained are addressed by independently modifying
selected biasing selection criteria from the ones described in Sec. 5.1.2. The complete analysis is
performed with the selected alteration, and then the results are compared to those obtained with
nominal selection values. Typically, two modifications for each selection criterion are defined:
tight, with a more constraining value than nominal, and loose, which is less constraining than

the nominal value.

The following alterations were selected for this analysis:

Event selection nominal value | tight | loose

Beam off-time particles 4 s -2 +2
Track selection nominal value | tight | loose
Number of VTPC clusters 15 -5 +5

To perform a quality evaluation on the effect of a given selection criterion on a parameter, a
common method used in high-energy physics was performed, known as The Barlow method [74].
In short, this method introduces a quantitative comparison of the varied values to the statistical
errors obtained in the results and checks if the error introduced by the varied value is significant

or not. If yes, it proposes the calculation of the systematic error.

If the difference between standard and varied value is larger than their statistical error difference,

ie:

|Pnom _Pvarl > \/|0’2[Pn°m] _02[Pvar]|‘

Then, the selection criteria introduced a systematic uncertainty to the parameter, and the
systematic error must be calculated. The systematic uncertainty from the i-th source (selection

criteria) for the j-th variation (¢ight, loose) is:

o’ _[P]:\/|Pdef_Pvar|2_|U2[Pdef]_02[Pvar]|2 ,

SYS,i

and the different settings for the i-th source:
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Osys,ilP1=

(et |/

where m is the number of cut variations for the given cut, the overall systematic uncertainty

n
TRAIPT= | L 0% P
1=

The total uncertainty is calculated as the sum in quadrature of the statistical uncertainties and

from n systematic sources is:

systematic uncertainties.

_ 2 2
Ototal = \/ Ogsqr T Osys -

The next chapter includes a section where the impact of the systematic uncertainties is compared

to the statistical uncertainties before the calculation of the total uncertainty for this analysis.
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CHAPTER

RESULTS ON SCALED FACTORIAL MOMENTS

his chapter presents the results of the SFMs of order r = 2,3,4 (see Eq. 4.1), for selected
negatively charged hadrons produced within the analysis acceptances (see Sec. 5.1.2) in
central (0-20%) 129Xe+139La collisions at beam momentum 13A, 194, 304, 40A, 75A and
150A GeV/e. All the mentioned cuts in Sec. 5.1.1 and Sec. 5.1.2 were applied to the present data

sets.

The analysis investigates the dependence of SFMs on the number of subdivisions, M?, in
transverse-momentum space — an approach central to intermittency studies (see Chapter 2)
using pr binning and cumulative p7 binning analyzed. Independent data sets were used for
each subdivision level (see Sec. 4.2), and statistical uncertainties were evaluated using standard

uncertainty propagation methods (see Sec. 4.2).

The scaling behavior of AF,.(M) and AF, (M), (see Sec. 4.1.2 and 4.1.3) as a function of M 2 was
examined up to a maximum subdivision of M = 150. Additionally, a finer subdivision of M =32
was introduced to reduce the impact of experimental momentum resolution effects. An insightful

and complementary review of the multiplicity distributions can be found in Appendix A.

This chapter is organized as follows. First, several introductory plots pertinent to the two-particle
correlation function are presented. Next, we display the results of the Scaled Factorial Moments
(SFMs) with statistical uncertainties for the two methodologies detailed in the previous chapter.
Subsequently, a subsection provides the results, including systematic uncertainties. Finally, all
results are shown together with the combined final uncertainties. A discussion of these results is
deferred to the concluding chapter. Point values of the plots in this section are available upon

request.
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6.1 Two-particle correlation function

As defined in Sec. 4.4, in this section, the results for the correlation functions of Apr as defined
by eq. 4.4 are presented, for the data sets of Xe+La at 134, 194, 304, 404, 75A, and 150A in
Fig. 6.1. A small hill can be appreciated at all colliding energies, followed by a flat form. The hill

at small values of Apr is the expected form of short-range correlations.

In Fig. 6.2, we present the results for the correlation function of q7,cys defined by Eq. 4.4, for the
same data sets; again, a small hill followed by a flat distribution is seen, which is the expected

form of this correlation function in the presence of short-range correlations.

The presence of short-range correlations of HBT type has been reported in other intermittency
phase-spaces as discussed in Chapter 2, and it was associated to a rising behaviour on SFMs
althought similar plots to the ones presented in this thesis are not available within the scope
of those analysis, this two-particle correlation functions are broadly studied in other analysis
methodologies, in particular in Femtoscopy analysis, where gz, cass is a variable better understood

and key for the specific purposes of them.

It has also been discussed that a power-law in intermittency will also present a sharp peak within
these correlation functions in the first bin, and was introduced in Chapter 3 Sec. 2.2. A proof and
wider discussion of this will be presented in the next chapter when we compare the obtained

results with the Power-law model.
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Apr correlation function
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Figure 6.1: Ap7 correlation function of Xe+La energy scan, beam momentum energies: 134, 194,
304, 40A, 75A, and 150A GeV/c, hill presented is associated with the presence of short-range
correlations.
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Figure 6.2: q7.cus correlation function of Xe+La energy scan, beam momentum energies: 13A—
150A GeVic, hill presented is usually studied in the scope of HBT analysis like Femtoscopy.
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6.2 Results with statistical values

Transverse momentum binning

The results on AF,.(M) (see Eq. 4.8) for subdivisions in pr binning are displayed in Figs. 6.3 — 6.8.
The results shown on the left of each column correspond to full binning (M up to 150), whereas

the results shown on all right columns correspond to fine binning (M up to 32).

The first results obtained were those corresponding to Xe+La at 1504 GeV/c, a system charac-
terized by possessing very high multiplicity and a colliding energy similar to that of the STAR
experiment (see Sec. 2.9 and appendix A). The premise of STAR collaboration was the report of

an increase in the SFMs with bin size, which were very similar to a power-law signal [39].

At the same time, NA61/SHINE was reporting results on proton intermittency in Ar+Sc collisions
at 13A-150A GeV/c, and Pb+Pb 150A GeV/c (see Sec. 2.8 or [23], [41]) and never reported seeing

such a similar increase.

It was not until the present analysis, Xe+La at 150A GeV/c, that the NA61/SHINE collaboration
was able to study a very similar and unexpected increase, displayed in Fig. 6.8. In the left column,
we see the results for full M2 binning, in the right column, the results for the short M? binning.
In the left column, it is clear that there is an increase from point M2 = 1 to M? = 2500, but this
increase stops for larger values of M?2. The right column can be understood as a "zoom" on the

interesting region from the left column, where we see a clear increase of AFo(M) with M2.

This increase is a behavior that propagates with higher order moments of SFMs, as shown in the
same Fig. 6.3, middle and bottom columns. Furthermore, this behavior propagates even to lower

energies of Xe+La interactions (see Figs. 6.3 — 6.8).
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Figure 6.3: Results on the dependence of AF,.(M) of negatively charged hadrons multiplicity, the
number of subdivisions in transverse momentum space M2 is 1 < M2 < 150 on the left panel, and
a magnification 1 < M2 < 32 on the right panel. Only statistical uncertainties are indicated.
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a magnification 1 < M2 < 32 on the right panel. Only statistical uncertainties are indicated.
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number of subdivisions in transverse momentum space M2 is 1 < M2 < 150 on the left panel, and
a magnification 1 < M2 < 32 on the right panel. Only statistical uncertainties are indicated.
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Figure 6.6: Results on the dependence of AF,.(M) of negatively charged hadrons multiplicity, the
number of subdivisions in transverse momentum space M? is 1 < M? < 150 on the left panel, and
a magnification 1 < M2 < 32 on the right panel. Only statistical uncertainties are indicated.
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Cumulative transverse momentum binning

The results on AF,. (M), (see Eq. 4.8) for subdivisions in pr binning are displayed in Figs. 6.9 — 6.14.
The results shown on the left of each column correspond to full binning (M? up to 150), whereas
the results shown on all right columns correspond to fine binning (M? up to 32), meaning that
the right columns are magnifications of the first two points of the left plots; therefore, scales are

increased for the right panel plots.

For M? > 2500, the observed values of F.(M) are consistently lower than F.(M = 1), a trend
attributed to anti-correlations introduced by the application of the mTTD cut. These findings
indicate that both the mTTD and gT'TD cuts systematically suppress F.(M) values for M2 = 2500
in cumulative transverse-momentum space. It is important to note that the mTTD cut is essential
for correcting for detector inefficiencies, specifically those arising from closely spaced track losses
(see Sec. 5.1.4).

The main difference here, not seen in other NA61/SHINE intermittency analyses, is how different
the results are with pr binning compared to those results in cumulative p7r binning. (see
Sec. 4.1.3). The first results displayed an increase of AF,.(M) with M2, while the results obtained
after applying the cumulative transformation do not display any increase at all of AF,.(M). with

M? (see Eq. 4.1.3). The following statements remain valid:

¢ Cumulative transformation eliminates the dependence of intermittency parameters on the

shape of the single-particle distribution.

¢ Importantly, it has also been demonstrated in [43] that this transformation preserves the

essential features of critical behavior.

Therefore if the increase seen in Xe+La results using p7 binning in previous section (see Sec. 4.1.2)
was due to critical behavior (or the Critical Point itself) the increase will hold in the results after
applying the cumulative transformation AF,.(M)), with M2, the results in this section are rather

around the zero-line for all SFMs as can be seen from Figs. 6.9— to 6.14.

We cannot attribute the reported increase in the previous section to critical behavior, but we
cannot deny it entirely. As discussed in Sec. 2.2, the method involves counting particles within
each M? bin to identify pairs, triplets, and quadruplets in the p,, py phase space. However,
following the application of the cumulative transformation, the spatial configuration of particles
is significantly altered. This rearrangement can change the number of identified pairs, triplets,

and quadruplets within each bin.

Given the particle multiplicity in the original dataset and the definition provided in Sec. 2.2, the

transformed distribution may not retain a sufficient number of particles within a single M2 bin
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to reconstruct the same higher-order combinations. Consequently, certain plots expected in this

section may be absent due to the absence of such groupings and are therefore omitted.

This effect becomes particularly evident in cases involving fine binning, such as M2 = 20000.
After the cumulative transformation, detailed in Sec. 4.1.3, the spatial redistribution can split
previously co-located particle groupings across adjacent cells. For example, a triplet that originally
occupied one bin may be divided such that two particles remain in one cell and the third is shifted
to a neighboring cell. In this scenario, only a single pair can be formed in the first cell, while the
second contains no pairs or triplets. As a result, the formation of triplets or quadruplets becomes

unfeasible at such high cell resolutions.
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6.3 Final results: Energy scan

The results on SFMs from Xe+La collisions at beam momenta of 13A-150A GeV/c have been
presented. However, the central question remains unresolved. The unique opportunity provided
by the NA61/SHINE experiment to explore this topic has prompted extensive discussions and

rigorous testing. Two key tests, fundamental to addressing this question, are yet to be discussed.

In line with scientific methodology, it is essential to compare the experimental observations with
predictions from established models or theoretical frameworks. The final chapter, preceding the
conclusions, will focus on this comparison by presenting the last major test and quantifying the

results against two models.

For now, the key findings obtained thus far can be summarized as follows:

* An increase in AF,.(M) with M? was observed across all Xe+La beam energies using the
NA49 methodology — specifically, the pr binning approach — along with the event and track

selection criteria outlined in Sec. 2.3.2.1.

¢ This increase disappears after applying the cumulative transformation (see Sec. 6.2); no
growth of AF,.(M), with M? is observed. This suggests that the presence of critical behavior

can be potentially ruled out.

These observations set the stage for the final chapter, where the experimental results will be
compared with expectations using two representative models, aiming to provide a comprehensive
interpretation of the findings, and a conclusive chapter where the key ideas, and obtained results
will be elocuently discuss, as well as other observations that emerged during the preparation of
the presented results and dissertation (see Appendix A), these discussions were done in parallel
and published in [51], [52] L.

IThose discussion were inspired by the results obtained in this dissertation, but the ideas were proved using
STAR collaboration data, no NA61/SHINE, and was not done for this collaboration due to time constrains.
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Figure 6.15: Final results on the dependence of AF9(M) of negatively charged hadrons multiplicity
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momentum space is shown on the left panel, and the fine binning on the right panel.
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Figure 6.17: Final results on the dependence of AF4(M) of negatively charged hadrons multiplicity
with total error, for all the energies indicated. The large number of subdivisions in transverse
momentum space is shown on the left panel, and the fine binning on the right panel.
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CHAPTER

MODEL COMPARISON

This chapter compares the experimental results with predictions from two theoretical models.
The first is a dynamical model, EP0S1.99 [75], which incorporates multiple sources of particle
correlations, for example, resonance decays, and jet-like structures. The second is the Power-
law Model [28], designed to simulate particle pairs with correlations in transverse momentum
following a power-law distribution, combined with a component of uncorrelated particles (see
Sec. 2.2). The following results compare the Xe+La data set at 0-20% centrality at 1504 GeV/c

beam momenta discussed in Chapter 5.

It is important to clarify that both comparisons are substantially different from each other.
The comparison with EPOS will confirm or deny the final remarks of the previous chapter. The
comparison with the Power-law Model will help understand the data dynamics in the presence of

power-law behavior.

7.1 Comparison with EP0S 1.99

To ensure consistency with the experimental conditions, both models are subjected to a full
detector simulation and reconstruction chain. The simulated particles are passed through the
NAG61/SHINE framework (see Sec. 3.3), which models particle transport, decay, and secondary in-
teractions within the detector geometry. In this section, a comparison of the mentioned simulated

productions discussed will be presented:

e EPOS (pure) A set of simulated events directly from the EP0S1.99 generator, including

information on particle momenta, mass, charge, and origin.
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¢ EPOS with detector effects The same generated events are processed through the full

simulation and reconstruction chain.

Usually, a detailed comparison between model and data is essential to determine whether
observed scaling behaviors, such as the power-law increase in SFMs, can arise from conventional
particle production mechanisms or point to underlying critical phenomena. In our case, we will
use this to better understand the physics related to our analysis from a theoretically modeled

point of view.

In Figs. 7.1 and 7.2 we can see the previously shown results of SFMs in p7 binning and cumulative
pr binning , AF,.(M) vs M? and F(M), vs M? of Xe+La 1504 GeV/c interactions (see Fig. 6.8 and
Fig. 6.14), alongside its simulated counterparts EPOS (pure) and EPOS with detector effects. In
the left panels, the results for full M2 binning, and on the right panels, the maximized version
for short M2 binning.

In Fig. 7.1, the AF,.(M) versus M? results for pr binning are displayed. It can be observed that
neither EPOS (pure) nor EPOS with detector effects exhibits the increasing trend with M 2 seen in
the Xe+La data. This holds consistently for all orders r = 2,3,4, with the corresponding values
remaining close to the dashed line at zero. It is well established that the EPOS model does not
include short-range correlations of the Bose-Einstein type [75], which supports the interpretation
that such correlations are necessary to produce the observed increase. Moreover, the agreement
between EPOS (pure) and EPOS with detector effects confirms that the applied track selection
criteria (see Sec. 5.1.2) effectively remove possible detector-induced correlations, if present, thus
isolating any remaining contributions to genuine physical effects. Additionally, the results from
the correlation function Apy, displayed in Fig. 7.3, also point out the existence of a correlation in
data, but not present in EPOS, supporting the idea of the presence of short-range correlations in
this data set.

After applying the cumulative transformation to the simulated results, a good agreement is
observed between the data and both EPOSsimulations, as shown in Fig. 7.2 AF,.(M)c versus
M?. Apart from the anticorrelations introduced by the mTTD cut (see Sec. 4.3), no visible
increase remains, indicating that unwanted correlations, whether from detector effects or physical

processes, have been effectively removed.
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Figure 7.1: Comparison of AF,.(M) versus M? for Xe+La interactions at 1504 GeV/e, shown
alongside simulations from EPOS (pure) and EPOSwith detector effects. Left panels display
results with full M2 binning, while right panels show results with optimized short M? binning.
Color code is: red for AFy(M), blue for AF3(M), and green for AF4(M) from the experimental
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EPOS (pure) results as empty markers.
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Figure 7.2: Comparison of AF,.(M) versus M? for Xe+La interactions at 1504 GeV/c, shown
alongside simulations from EPOS (pure) and EPOSwith detector effects. Left panels display
results with full M2 binning, while right panels show results with optimized short M? binning.
Color code is: red for AFy(M), blue for AF3(M), and green for AF4(M) from the experimental
data; simulated results from EPOSwith detector effects are shown as gray filled markers, and
EPOS (pure) results as empty markers.
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Figure 7.3: Correlation functions obtained for experimental data, EPOSand EPOS RECON-
STRUCTED .

7.2 Comparison with Power-law Model

As motivation, the Power-law Model [28] uses power-law correlations between particles near the
critical point to generate momentum correlated and uncorrelated particles. It was introduced in
Sec. 2.2.

A feature of the Power-law Model is that we can configure it to produce correlated pairs of
particles, given the parameters obtained in Xe+La 150A GeV/c analysis. Then we can embed
these pairs into the data (by replacing a percentage of the original particles with correlated ones)
and check what it will look like. The results obtained for pr binning, AFy(M) vs M? are shown in
Fig. 7.4 and results obtained for cumulative p7 binning, AFo(M). vs M? are shown in Fig. 7.5.

This brief study differs from the main analysis and the comparison with EPOSin its objective: it
aims to introduce particles that are intrinsically correlated, as produced by the model, into the
real data at varying percentages. The goal is to distinguish between signals from short-range
correlations and those of a power-law nature. Two embedding scenarios were analyzed and
compared to the previously discussed Xe+La results at 150A GeV/c. In Case 1, 25% of the particles

were embedded into the Xe+La data, while in Case 2, 80% of the particles were embedded.

The steps for embedding and calculations on SFMs in this comparison are the following:

¢ Power-law generated correlated pairs based on the multiplicity distribution obtained for
this data set.
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* We replace 25% and 80% of the original particles with particles of the power-law from the

set without acceptance map and mTTD.

¢ We repeat the analysis procedure: create a mixed data set from the embedded data set, and

apply mTTD. (Correlated pairs are not acceptance map proof.)

* We recalculate SFMs’ results for non-cumulative and cumulative binning.

Data and Power law model
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Figure 7.4: Comparison of two embedding scenarios with the original Xe+La results at 150A GeV/c
(shown in orange) for AFs(M) vs M?. In Case 1 (blue), 25% of model-generated correlated particles
were embedded into the Xe+La data, while in Case 2 (magenta), 80% were embedded.

The results obtained for pr binning, AFe(M) vs M2, support the original statement about
cumulative transformation see Sec. 6.2 shown in Fig. 7.5. A strong signal very different from the
original Xe+La data set is observed in both cases, and this power-law increase remains present

after the cumulative transformation is applied.

Additionally, another plot was made to measure the impact of power-law correlated particles
within the short-range correlations frame. Fig. 7.6 shows the correlation function of Apr for the

discussed cases.

Fig. 7.6 shows that a power-law-like correlated particle, if it exists within the dataset, will produce
a highly different Apr correlation function compared to the data. Plot in color orange represents
the results seen in the previous chapter for Xe+La 150A GeV/c, where a hill was reported within

the Ap7 range between 0 to 100 MeV. Whereas the results obtained after embedding the power-
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Figure 7.5: Comparison of two embedding scenarios with the original Xe+La results at 150A GeV/c
(shown in orange) for AFo(M), vs M?. In Case 1 (blue), 25% of model-generated correlated
particles were embedded into the Xe+La data, while in Case 2 (magenta), 80% were embedded.
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Figure 7.6: Comparison of two embedding scenarios with the original Xe+La results at 150A GeV/c
(shown in orange) for Apr correlation function. In Case 1 (blue), 25% of model-generated cor-
related particles were embedded into the Xe+La data, while in Case 2 (magenta), 80% were

embedded.
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law particles have a completely different shape in the correlation function, rather than a peak in

the smaller bins that decreases quickly with higher values of Ap 7.

This chapter has provided two complementary analyses that reinforce and clarify the findings

presented earlier:

* A comparison with EPOS simulations — both in their pure Monte Carlo form and including
detector effects — demonstrates that the analysis procedure effectively removes detector-
induced correlations. As a result, the observed increase in AFo(M) reported in Chapter 5.1.5

can be attributed only to genuine short-range correlations, such as those of HBT type.

¢ An embedding study, introducing power-law-like particles at two different fractions into the
original Xe+La dataset at 150A GeV/c, showed that the resulting fluctuation patterns differ
distinctly from those induced by short-range correlations. This confirms that the observed

signal in the data is not a product of power-law behavior.

These findings pave the way for the conclusions, building upon the observations from Chap-
ter 5.1.5 and the discussions throughout this chapter. The next and final chapter will synthesize
these insights and revisit the broader context introduced in Chapter 2.
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CHAPTER

SUMMARY AND CONCLUSIONS

This dissertation reports on the analysis of negatively charged hadrons on Scaled Factorial Mo-
ments in strong interacting matter in 0-20% central Xe+La collisions at 13A, 194, 30A, 40A, 75A
and 150A GeV/c recorded by the NA61/SHINE experiment at the CERN SPS.

The work included a brief review of the intermittency results obtained by previous collaborations
and the discussions sparked by them, methodology in NA61/SHINE, results, and comparison

with models. In brief:

¢ A review of intermittency analysis in high-energy physics in different experiments to study

strongly interacting matter was discussed in Chapter 2.

* The NA61/SHINE approach to SFMs analysis to study the phase diagram of strongly
interacting matter and possible existence of the critical point, using cumulative variables

and statistically independent data points, was discussed in Chapter 3.

¢ The NA61/SHINE experimental facility and strong interaction program were discussed in
Chapter 4.

* The event and track selection were discussed in detail in Chapter 5.

¢ Results on SFMs of negatively charged hadrons in transverse momentum space and
cumulative transverse momentum space were presented in Chapter 6. Possible biases in
the experimental results were estimated using the EPOS 1.99 model and the Power-law

model, and studied in Chapter 7 to understand misleading signals due to physical effects.
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Figure 8.1: Final results on the dependence of AFy(M) of negatively charged hadrons multi-
plicity with total error, for all the energies studied in this dissertation in Xe+La collisions with
NAG61/SHINE for transverse momentum binning.
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Figure 8.2: Final results on the dependence of AF3(M) of negatively charged hadrons multi-
plicity with total error, for all the energies studied in this dissertation in Xe+La collisions with
NAG61/SHINE for transverse momentum binning.

The key physics result of the thesis is the absence of any indication of a power-law correlation
in the 0-20% central Xe+La collisions. The presence of short-range correlations of the HBT
type could explain the misleading signals reported in pr binning. This increase in AF, (M) was
reported by another collaboration in a close collision energy range. A summary of these results
can be found in Figs. 8.1, 8.2 and 8.3.
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Figure 8.3: Final results on the dependence of AF4(M) of negatively charged hadrons multi-
plicity with total error, for all the energies studied in this dissertation in Xe+La collisions with
NA61/SHINE for transverse momentum binning.

In contrast, the results in cumulative transverse momentum don’t exhibit any increase. This
premise concludes that there is no indication of a power-law increase with cell size. Since
cumulative transformation preserves the scale-invariant power-law correlations but destroys
other types of non-scale-invariant correlations, the presented results in the non-cumulative
momentum phase might not be an indication of critical behaviour in strongly interacting matter.

A summary of these results can be found in Figs. 8.4, 8.5 and 8.6.

Although the results obtained by studying negatively charged hadrons were not predicted initially
to present signals of the critical point, a comprehensive study of the SFMs in this direction was
needed to further understand the behavior of particles from an experimental point of view using

SFMs and a wider comprehension of the tool used.

Furthermore, a discussion not included in the main part of this dissertation was sparked, as
mentioned at the end of Chapter 6; so far, short-range correlations were presented as the main
responsible factor for misleading signals of a power-law, which is consistent with findings from

the literature review in Chapter 2. However, other sources might also contribute to this effect.

Due to time constraints, these additional sources were not discussed within the scope of this
thesis. Nonetheless, a discussion based on Monte Carlo models and STAR data was presented in
[62] and expanded in [51].

The first publication [52] raised questions about the shape of the multiplicity distribution in each

subdivided cell and its apparent Poisson distribution. Evidence supporting this can be found in
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Figure 8.4: Final results on the dependence of AF4(M). of negatively charged hadrons multi-
plicity with total error, for all the energies studied in this dissertation in Xe+La collisions with
NA61/SHINE.
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Figure 8.5: Final results on the dependence of AF4(M). of negatively charged hadrons multi-
plicity with total error, for all the energies studied in this dissertation in Xe+La collisions with
NA61/SHINE.

Appendix A. Additionally, from reported observations of charged particle density fluctuations in
central Au+Au collisions at RHIC/STAR, the authors propose that analyzing factorial moments
in relativistic heavy-ion collisions is a viable method to investigate density fluctuations linked
to correlation phenomena, including new particle production mechanisms such as multiparticle

bunching.
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Figure 8.6: Final results on the dependence of AF4(M). of negatively charged hadrons multi-
plicity with total error, for all the energies studied in this dissertation in Xe+La collisions with
NAG61/SHINE. The large number of subdivisions in transverse momentum space is not shown
due to the small amount of data available; fine binning is displayed.

Furthermore, in the second publication, the authors emphasized that a power law is not nec-
essarily an exclusive signal of critical behavior. As reviewed in Chapter 2 of this dissertation,
several studies suggest that a scaling relation between higher-order factorial moments of hadron
multiplicity distributions and the second factorial moment may serve as a diagnostic tool for

identifying the QCD critical point.

However, the publication [51] demonstrates that the observed scaling behavior may not be
exclusive to critical phenomena, but could instead result from the phase-space cell-partitioning

procedure used in the analysis.

Whether the critical point exists — or whether its potential location could be revealed by a
combination of tools — remains an open question. It is also possible that theoretical predictions
are still a puzzle to solve, as predictions for the location of the critical point vary widely depending

on the model employed.

Based on the results obtained in this dissertation, it is not possible to confirm or deny the existence
of the critical point. However, the conclusions suggest the presence of multiple correlations in
particle physics that have not yet been fully considered or quantified in the study of the QCD
phase diagram. These correlations could yield intriguing results that call for more refined tools

and computational methods.
The search for the critical point of strongly interacting matter in the NA61/SHINE is coming

119



CHAPTER 8. SUMMARY AND CONCLUSIONS

to an end, since the strong interactions program has switched to the mentioned open charm
topic, however other future experiments might be able to study more directions using SFMs to
study the phase diagram of strongly interacting matter, the crossover region and the existing

theoretical predictions of the critical point.
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APPENDIX

KINEMATIC VARIABLES

NAG61/SHINE coordinate system

Chapter 3, provides an overview of the NA61/SHINE detector and its coordinates. The system’s
origin is located at the beamline’s center in the VITX-2 magnet. The system is right-handed, with
the z axis coinciding with the beamline axis. The y axis is vertical and parallel to the electron
drift velocity in TPCs, while the x axis is horizontal.

The azimuthal angle is defined as:

(A.1) ¢ = arctan Py .
DPx
The polar angle, denoted by 6 = arcsin %, measures the angle between a particle’s direction and

the z axis. When 6 = 0, the particle moves parallel to the beamline. The 0 range between 0 and
2.

Total momentum and transverse momentum variables

The total momentum length is defined as the square root of the momentum components in the

coordinate system described, added in quadrature:

(A.2) p=1\/pi+p3+p2.

The z axis is considered parallel to the beamline, which means that the transverse variables are

determined by their x and y components.The transverse momentum length is:

(A.3) pr=1\/pPi+p; .
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Two-particle transverse momentum difference

The two-particle transverse momentum difference, Apr is defined as:

(A4) Apr = \/ (P2, —Px)* + Dy, —Py)

where py,, pPx,, Py, Py, are x and y components of the transverse momentum of particle 1 and 2,

respectively.

Collision energy

The Lorentz-invariant Mandelstam variable describes the energy available in the center of mass:

(A.5) f = \/(Ebeam +Etarget)2 = (Pbeam +ptarget)202 .

Typically, the energy per pair of nucleons at the center of mass is represented as \/syn, where
Mpeam, Mtarget, and my all have the same value. In experiments using a fixed target, ptarget

equals zero, and Earget equals the mass of the ion utilized as the target.

(A.6) VSNN = \/ (Epeam + MN)? = PloamC? -

Rapidity

Rapidity is a measure of velocity in the realm of relativity due to its properties under the Lorentz
transformation. When multiple Lorentz boosts are performed in the same direction, they can be

represented by a single boost. The transformation of velocity is given by:

" " + '
(A.7) B =lvlcl = £ ﬁ, ;
1+8p
The velocity transformation is a non-linear. To address this issue, we use "rapidity" which is

defined as f=tanhyory= %%‘; The rapidity is linear, y = y+y when undergoing a longitudinal

Lorentz boost.

Alternatively one expresses particle’s rapidity by its energy (E) and momentum component (p)

parallel to the transformation direction:

1. E+p,c
A8 =-1 .
(A.8) y=3 nE_pZC
Inversely one can get:
(A.9) E=mpcoshy, p,=mrsinhy,

where mp = /m?2+ p%, . And using the mass of a pion for the calculations presented in this thesis.
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Rapidity can be easily transformed from the laboratory to the center of mass (CMS) frame:

(A.10) YCMS, frame = YLAB, frame + YCMS ,

where ycums is defined as:

PbeamC

(A.11) ycMs = arctan ,
Epeam +m

Pbeam 1S the beam momentum, Epeam =1/ p%eamc2 + m%v is the beam energy with m as the mass
of a pion. In this thesis, rapidity is given in the center-of-mass frame.

In this thesis, the term "mid-rapidity" refers to a region in the y-axis that is close to y=0,
specifically between y=0 and y=0.75. This refers to particles that are approximately perpendicular
to the beamline direction in the center of the mass system. The areas above y =0 and below y =0

are commonly known as the forward and backward rapidity regions, respectively.
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APPENDIX

MULTIPLICITY DISTRIBUTIONS PER CELL

With a keen understanding of intermittency that can emerge from the discussion in Chapter 2,

one might ask about the multiplicity distributions of each cell.

Intermittency divides cells and counts the number of pairs, triplets, or quadruplets. It then
divides the 2D phase space into subcells, counts again, and repeats the process. One can do an
average distribution of the particles for each subdivided cell, or one might try to think about
how the multiplicity distributions change while doing these divisions. Are these distributions

Poissonian?

If we consider this, a significant problem arises at the end of the subdivision. The number of cells
is M? = 24000; therefore, examining each multiplicity distribution is a very difficult task, which
is one of the reasons why people have studied scaled factorial moments. There are questions

unanswered in this matter.

First, let’s check some example multiplicity distributions following this idea. In the following
plots, I will present the multiplicity distribution of one cell with a corresponding Poissonian
distribution; this will be the Poisson distribution obtained given the mean calculated from the

original distribution. Next to it is the 2D cell of p, — py phase space.

Results obtained indicated that the multiplicity distributions are indeed Poisson-like, but the
sources of these density fluctuations can be from different origins than the ones discussed in this

dissertation.

Multiparticle bunching Intermittency states that the density fluctuations in the subdivided
cells lead to the power-law-like behavior of SFMs, and it is said that this is a potential sign of
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Figure B.1: Example Multiplicity distribution for cell when M? = 4 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.2: Example Multiplicity distribution for cell when M? = 16 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).

the critical point. But, a correlated bunch of particles that appear only in one cell can also be
responsible for an “intermittent-like” behavior of AF,.(M). Further discussion can be found in
[52].

Furthermore, it is possible to demonstrate that the observed increase or the power-law behavior
on AF,.(M) of scaled factorial moments is not exclusive of critical phenomena [51]. Not only can
particle bunching or HBT correlations be responsible. But to determine whether this simplified
scenario can account for the broad range of experimental observations, further studies are

needed.
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Figure B.3: Example Multiplicity distribution for cell when M? = 100 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.4: Example Multiplicity distribution for cell when M2 = 196 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.5: Example Multiplicity distribution for cell when M? = 324 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.6: Example Multiplicity distribution for cell when M? = 1600 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.7: Example Multiplicity distribution for cell when M? = 4900 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.8: Example Multiplicity distribution for cell when M? = 10000 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.9: Example Multiplicity distribution for cell when M? = 19600 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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Figure B.10: Example Multiplicity distribution for cell when M? = 32400 with a Poisson fit(right).
Example of the 2D p, — p, distribution of the same cell for illustration (left).
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APPENDIX

CENTRALITY DETERMINATION

The determination of centrality in Xe+La analyses within NA61/SHINE was performed by Dr.
Oleksandra Panova [72], [76]. In this work, only the resulting selection criteria were used for

event analysis; in this text, I present a summary of her method.

In NA61/SHINE, centrality is estimated using data from the Projectile Spectator Detector (PSD)
(See Sec. 3.2.2), which measures the total energy of all particles within its acceptance. The PSD
is optimized to detect projectile spectators — nucleons that do not participate in the collision. For
central collisions, fewer spectators reach the PSD, resulting in lower measured energy, whereas

peripheral collisions produce higher PSD energies.

Figure C.1 shows an example of the mean PSD energy versus track multiplicity for each PSD
module. Following standard NA61/SHINE procedures, only modules exhibiting a clear anticorre-
lation between these two quantities were used for centrality determination. Additionally, only

modules that functioned reliably during the entire data-taking period (See Sec. 3.3)were included.

The total energy measured in the selected modules is referred to as PSD energy and denoted as
(Epsp). An online centrality preselection was applied using the T2 trigger (See Sec. 3.2.2). To
evaluate the centrality range covered by this trigger and refine the selection, the PSD energy

distributions from T1 and T2 triggered Xe+La events were compared:

e T1:includes all beam events (some without interaction).

¢ T2: includes events after applying all interaction and quality cuts.
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APPENDIX C. CENTRALITY DETERMINATION

Figure C.1: Mean energy measured in each PSD module as a function of multiplicity of tracks
measured by TPCs for Xe+La collisions at 40A GeV/c for 45 PSD modules. Only PSD modules
with the anticorrelation were chosen for centrality selection. The range of the mean multiplicity
is from 0 to 300. The range of the mean energy measured in each PSD module depends on the
PSD module: the minimum is zero, and the maximum varies from 30 GeV for outer modules to
400 GeV for central modules. Image from [76].

An example of these distributions at 40A GeV/c is shown in Fig.C.2 (left). Both are normalized
to their integral in a reference region. The interaction probability (P) for T1-triggered events is

calculated as:

where [ = 0.276 + 0.035cm is the La target thickness, p = 6.17+0.01 g/cm? is its density, m =
138.9055 x 1.6605 x 10~24 = 230.653 x 10~2* g the atomic mass, and o the interaction cross-section
obtained from the GLISSANDO model, a Monte Carlo implementation of the Wounded Nucleon
Model [77].

The fraction of events selected by the T2 trigger is estimated using:
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Figure C.2: Example distributions of the energy measured in the selected modules of the PSD for
Xe+La collisions at 40A GeV/c recorded using the T1 and T2 triggers. Distributions are scaled
to their integrals in the normalization region (to the left of the vertical grey line). Right: The
cumulative distribution of the energy measured in the selected modules of the PSD for Xe+La
collisions at 40A GeV/c recorded using the T2 trigger multiplied by Cr9. Image from [76]

where T'1i,¢ and T2;,; are the integrals of the scaled PSD energy distributions for T1- and

T2-triggered events, respectively.

The cumulative PSD energy distribution for Xe+La collisions at 40A GeV/c (T2 trigger, scaled
by Cr2 is shown in Fig. C.2 (right). Horizontal lines indicate 5%, 10%, 15%, and 20% centrality
intervals, while vertical lines correspond to the Epgp values that define these centralities. For

the present analysis, only the 20% most central collisions were selected.
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