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SEARCH FOR THE CRITICAL POINT OF STRONGLY INTERACTING MATTER

(PROTON INTERMITTENCY ANALYSIS BY NA61/SHINE AT CERN SPS)

ABSTRACT

Haradhan Adhikary, M.Sc.
Jan Kochanowski University, Kielce

April 2023

Supervisor: prof. dr hab. Marek Gazdzicki

The existence and location of the critical point of strongly interacting matter are objects of

both experimental and theoretical studies. As the critical point has properties of the second-

order phase transition, it is expected that in its vicinity the system will have special properties.

NA61/SHINE approach involves a two-dimensional scan in beammomentum and system size of

colliding nuclei, focusing on measuring particle number fluctuations in transverse-momentum

space. The study uses second-scaled factorial moments of the multiplicity distribution to

quantify these fluctuations and systematically searches for any non-monotonic dependence of

the observables on collision energy and nucleus size.

This thesis presents the first results of proton intermittency for central Pb+Pb collisions at

13A (√sNN ≈ 5.1 GeV), 30AGeV/c (√sNN ≈ 7.6 GeV), and Ar+Sc collisions at 13A, 19A, 30A,

40A and 75A GeV/c (√sNN ≈ 5.1-11.9 GeV) recorded by NA61/SHINE at the CERN SPS. The

intermittency analysis is performed using both transverse and cumulative transverse momentum,

and statistically independent data sets are used for each subdivision number. The results are an

important milestone in the search for the critical point of strongly interacting matter.

The presented results do not show evidence for the critical point of strongly interacting

matter in the scanned region of the QCD phase diagram. An upper limit on the fraction of

critical-proton pairs and the power of the correlation function is obtained based on a comparison

with the Power-lawModel developed for this purpose. The theoretical background for the critical

point and its significance in understanding the phase structure of strongly interacting matter is

provided.
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POSZUKIWANIE PUNKTU KRYTYCZNEGO SILNIE ODDZIAŁUJĄCEJ MATERII

( ANALIZA INTRMITENCJI PROTONÓWW NA61/SHINE PRZY CERN SPS )

ABSTRAKT

mgr Haradhan Adhikary
Uniwersytet Jana Kochanowskiego w Kielcach

April 2023

Promotor: prof. dr hab. Marek Gazdzicki

Zarówno istnienie punktu krytycznego materii silnie oddziałującej jak i jego położenie są przed-

miotem intensywnych badań eksperymentalnych oraz teoretycznych. EksperymentNA61/SHINE

wykonał skan dostępnego obszaru diagramu fazowego przeprowadzając zderzenia różnych jąder

(proton-proton, beryl-beryl, argon-skand, ksenon-lantan oraz ołów-ołów) przy różnych pędach

wiązki (13A–150A GeV/c,√sNN ≈ 5.1–17 GeV). Zebrane dane umożliwiają systematyczne po-

szukiwanie spodziewanych sygnałów punktu krytycznego poprzez analizę niemonotonicznych

zależności obserwowanych wielkości od energii zderzenia i rozmiaru systemu.

Jako że punkt krytyczny ma właściwości przejścia fazowego II rodzaju, oczekuje się, że w

jego pobliżu układ będzie przejawiał specjalne właściwości. Jedną z analizowanych wielkości

jest liczba wyprodukowanych cząstek w przestrzeni pędu poprzecznego opisana za pomocą

skalowanych momentów silni (intermitencja).

Niniejsza praca przedstawia analizę oraz pierwsze wyniki pomiaru intermitencji proto-

nów wyprodukowanych w zderzeniach argon-skand przy pędach wiązki 13A, 19A, 30A, 40A

oraz 75A GeV/c zarówno dla pędu poprzecznego, jak i dla kumulatywnego pędu poprzecz-

nego. Prezentowane wyniki stanowią istotny wkład w poszukiwania punktu krytycznego silnie

oddziałującej materii. Nie wskaxują one na jego istnienie w badanym obszarze diagramu

fazowego QCD, ale dzięki porównaniu z opracowanym w tym celu modelem możliwe było

wyznaczenie górnej granicy ilości krytycznych protonów w zależności od siły korelacji.
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Chapter One

Introduction

There are various states of matter. A good example of this is water, which has several different

phases we can experience daily. The ice cube is considered to be in a solid state due to its

specific characteristics. The state of matter may change or undergo a phase transition when

certain characteristics, such as temperature, are altered. The ice cube will dissolve into liquid

water when heated.

2.2. Phase diagram of nuclear matter

The external parameters required to obtain given phase of matter can be presented

as a phase diagram. In the example of water the common way of expressing the

phase diagram is plotting regions of temperature and pressure where given phase

exists with the phase transition marked by the lines dividing different phases (see

fig. 1 (left)).

For nuclear matter the most common parameters is the temperature and the

baryochemical potential. These parameters are not measured directly in the

collisions of nuclei but they are determined from the models based on measurements

of various different observables. The comparison between phase diagram of water

and nuclear matter can be find on fig. 1.

Figure 1: (left): Phase diagram of water (right:) Phase diagram of nuclear mater

By changing the collision energy and colliding system size probing the phase

diagram of nuclear matter is possible. The phase diagram is relatively well scanned

with proton + proton interactions with bubble chamber experiments at the low

end of the energy spectrum through SPS, ISR, RHIC, and LHC experiments at the

high end. NA61/SHINE is also providing additional, very precise reference data on

proton + proton interactions at SPS energy range.

10
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Figure 1.1 The well-known phase diagram of water. One of the important points on
this water phase diagram is the critical point, where the difference between the liquid
and gas phases disappears, see text for details. The figure is taken from Ref. [1].

The well-known water phase diagram is shown in Fig. 1.1, which depicts phases of water,

solid, liquid and vapour, at different pressures and temperatures. Some important points on this

1



phase diagram include the triple point (denoted by A), where all three phases exist together, and

the critical point (CP) (denoted by B), where the distinction between liquid and gas disappears.

A line of first-order liquid-gas transition ends at the CP where the transition is of the second-

order [2]. Properties of water phases and transitions between them are given by properties of

electromagnetic interactions.

Similarly, the system of strongly interacting particles in equilibrium, known as strongly inter-

acting matter [1], is governed by the strong interactions. The binding force that holds protons

and neutrons together to form nuclei and quarks and gluons together to form hadrons is known

as the strong interaction — one of the fundamental forces in nature. In the Standard Model (see

Sec. 1.1) of particle physics, the strong interaction is described in the framework of a relativistic

quantum field theory called Quantum Chromodynamics (QCD) (see Sec. 1.2), where point-like

quarks and gluons are the elementary constituents. The structure of the strongly-interacting-

matter phase diagram (see Fig. 1.2) is one of the most important topics in nuclear and particle

physics.

Since the discovery of sub-hadronic particles, quarks and gluons, it became clear that hadrons

are built from quarks and gluons and hence have substructure. It has been speculated that at high

temperatures (T) and/or baryochemical potential (µB), densely packed hadrons will "dissolve"

into a new phase of quasi-free quarks and gluons, the quark-gluon plasma (QGP) [3]. Experi-

ments on high-energy nuclear collisions seem to confirm this hypothesis. Consequently, the

primary focus in studying the phase diagram of strongly interacting matter is the structure of the

phase transition region between the hadron gas (HG) [4] and QGP [3, 5]. The transition at low

T and high µB is believed to be of the first order and happens along a line which ends with de-

creasing µB at QCD CP [6] (see Sec. 1.5) and then turns into a crossover region (see Sec. 1.4.1).

The experimental measurements serve the purpose of gaining insights into the transition region

and decisively answering the question of the existence and location of QCD CP in nature.

2



1.1 Standard Model

The Standard Model of particle physics is a theory classifying all known elementary particles

and explains three fundamental interactions: strong, electromagnetic, and weak. All elementary

particles can be divided into two groups:

(i) bosons – particles having integer spin,

(ii) fermions – particles having half-integer spin.

There are four gauge bosonswith spinS = 1 and theHiggs bosonwith spinS = 0. The fermion

sector has six quarks (up, down, charm, strange, top, and bottom) and six leptons (electron,

electron neutrino, muon, muon neutrino, tau, and tau neutrino). They are paired to form three

generations, which have similar properties. All of them have anti-particles. Interactions between

particles are exchanged by force carriers – bosons. Each type of fundamental force has specific

carriers: strong – gluons, electromagnetic – photons, weak –W± and Z0 bosons.

The building blocks of almost all visible matter are up and down quarks, which combine to

create protons, and neutrons - constituents of atomic nuclei. The recent discovery of the Higgs

boson has provided crucial insight into how elementary particles gain mass, thereby completing

and reinforcing the self-consistency of the Standard Model. Within this model, the theory of

strong interactions is known as QCD, playing a critical role in our understanding of particle

physics.

1.2 Quantum chromodynamics

The quantum chromodynamics explains the physics behind the strong interaction [7]. Its relevant

fields are quark and gluon, with associated particles of quarks and gluons. These particles

interact through an internal degree of freedom known as the color. The term "chromodynamics"

describes the dynamics that arise from this degree of freedom in the strong interaction. The two

main features of the QCD theory are:

(i) asymptotic freedom: Wilczek, Gross [8], and Politzer [9] discovered asymptotic freedom

in the strong interactions, revealing that particle interaction weakens at shorter distances.

3



This discovery enabled precise predictions of high-energy experiment results within the

framework of perturbative quantum field theory [7].

(ii) color confinement: QCD’s color confinement [10] is a notable characteristic that com-

plements its asymptotic freedom. It entails that particles with color charges, like quarks

and gluons, cannot exist independently in vacuum. Consequently, they cannot be detected

directly.

Providing information on the dynamics of quarks and gluons, QCD can describe different phases

of matter governed by strong interactions.

1.3 Phase diagram of strongly interacting matter

The diagram shown in Fig. 1.2 [11] illustrates the phases of matter that can be observed in

a system described by QCD and is commonly referred to as the phase diagram of strongly

interacting matter. This representation is based on the state-of-the-art of QCD findings.

The phase diagram presented in Fig. 1.2 has similarities to that of water’s phase diagram

(see Fig. 1.1). In this diagram, temperature (T) is plotted on the ordinate and baryon chemical

potential (µB) on the abscissa, replaces the pressure in the water phase diagram. It depicts

regions covered by the different phases and their boundaries. Several phases are distinguished

in this diagram, including hadron gas [4], nuclear-matter [12], QGP [5], quark-matter [13, 14],

and color-flavor-locked (CFL) [15] phase. To achieve the objectives of this thesis, two phases

are briefly discussed below.

1.3.1 Hadron gas phase

Ordinary matter comprises quarks and gluons confined in hadrons (protons, neutrons and oth-

ers), constituting atomic nuclei and electrons, forming atoms and chemical elements together.

An ensemble of strongly interacting particles at low temperatures and relatively low bary-

onic chemical potential (low energy density) can be considered as a matter in the form of

hadron gas (HG) [4] (see Fig. 1.2). Lattice calculation of strongly interacting matter at finite

4



QCD phase diagram: an overview M. Stephanov
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Figure 3: The contemporary view of the QCD phase diagram – a semiquantitative sketch.

This transitional crossover region is notoriously difficult to describe or model analytically
– description in terms of the hadronic degrees of freedom (resonance gas) breaks down as one
approaches crossover temperature (often calledTc), and the dual description in terms of weakly
interacting quarks and gluons does not become valid until much higher temperatures. Recent ter-
minology for the QCD state near the crossover (T ∼ (1− 2)Tc) is strongly coupled quark-gluon
plasma (sQGP).

Transport properties of sQGP have attracted considerable attention. For example, generally,
the shear viscosityη is a decreasing function of the coupling strength. The dimensionless ratio of
η/h̄ to the entropy densitys tends to infinity asymptotically far on either side of the crossover – in
dilute hadron gas (T → 0) and in asymptotically free QGP (T → ∞). Near the crossoverη/sshould
thus be expected to reach a minimum [6]. The viscosity can be indirectly determined in heavy
ion collisions by comparing hydrodynamic calculations to experimental data. Such comparison [7]
indeed indicates that the viscosity (per entropy density) of this “crossover liquid” is relatively small,
and plausibly is saturating the lower bound conjectured in [8].

2.5 Physical quark masses and the critical point

The first order transition line is now ending at a point known as the QCD critical point or end
point.2 The end point of a first order line is a critical point of the second order. This is by far
the most common critical phenomenon in condensed matter physics. Most liquids possess such
a singularity, including water. The line which we know as thewater boiling transition ends at
pressurep = 218 atm andT = 374◦C. Along this line the two coexisting phases (water and vapor)
become less and less distinct as one approaches the end point(the density of water decreases and
of vapor increases), resulting in a single phase at this point and beyond.

In QCD the two coexisting phases are hadron gas (lowerT), and quark-gluon plasma (higher
T). What distinguishes the two phases? As in the case of water and vapor, the distinction is only

2The QCD critical point is sometimes also referred to aschiral critical point which sets it apart from another known
(nuclear) critical point, the end-point of the transition separating nuclear liquid and gas phases (see Fig. 3). This point
occurs at much lower temperaturesO(10MeV) set by the scale of the nuclear binding energies.
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Figure 1.2 A semi-quantitative illustration of the contemporary view of the phase
diagram of strongly interacting matter. Different phases of matter are marked on the
phase diagram: 1) hadron gas [4], 2) nuclear matter [12], 3) QGP [3, 5], 4) quark
matter [13, 14] and 5) CFL [15] phases. Also, the hypothetical QCD CP and crossover
are mentioned. The green line at small temperatures and high densities shows the
nuclear liquid-gas transition, also ending at a critical point (n-cp). The figure is taken
from Ref. [11].

temperature, T and baryon chemical potential, µB suggest that the QCD thermodynamics in the

HG can be effectively modeled by hadron resonance gas (HRG) [16, 17].

1.3.2 Quark-Gluon Plasma phase

As mentioned above, quarks and gluons are confined in hadrons at low energy densities. How-

ever, with increasing temperature and/or baryon density, a phase transition may occur to the

state where the ordinary hadrons no longer exist, and quarks and gluons become the relevant

degrees of freedom. The idea of asymptotic freedom (see Sec. 1.2) evolved into a concept

of a new state of matter. In 1978, Shuryak coined the name of the new state of matter as

quark-gluon plasma (QGP) [5].

Many years of intense experimental and theoretical studies of high-energy nucleus-nucleus

collisions led to the conclusion that QGP exists in nature. To create the QGP state, nuclei must

accelerate to velocities close to the speed of light and collide, creating a dense medium of quarks
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and gluons. Signatures of the new state of matter in heavy ion collisions were first observed

in the measurements of the CERN SPS (Super Proton Synchrotron) heavy-ion experiment [18].

This was followed by the detailed description of the properties of the QGP by experiments

working on the Relativistic Heavy Ion Collider (RHIC) [19, 20] at BNL.

Nowadays, the primary focus in investigating strongly interacting matter is to understand the

structure of the phase diagram, particularly the phase transitions [21, 22] between HG and QGP.

1.4 Phase transition between HG to QGP

The transition from the HG phase to the QGP phase is probably similar to the transition from

liquid water to water vapour [11]. The first-order transition line ends at the second-order critical

point, and the cross-over transition follows. In Fig. 1.2, the first-order phase transition is marked

by a solid blue line separating the HG andQGP phases. There, the HG-QGP phase transition also

separates regions with broken chiral symmetry [23] (HG state) and restored chiral symmetry [24]

(QGP state). For many years, chiral transition [25] and deconfinement [26] were considered to

occur at the same T and µB [27, 28]. The later studies [29, 30] suggest that these two transitions

might be separated in the strongly interacting matter phase diagram.

1.4.1 Cross-over region

The temperature-driven change at zero µB is not a thermodynamic singularity but a smooth

crossover [31] between HG and QGP. Most of the theoretical knowledge of the phase diagram

is restricted to the vicinity of µB = 0, where lattice QCD [32] methods can be employed. In

this limit, the lattice calculations have shown that the change from the low-temperature phase,

where the degrees of freedom are hadrons, to the high-temperature phase described by quarks

and gluons is an analytic crossover [33].

1.4.2 QCD CP

Due to the sign problem [34], studying QCD on the lattice at a finite chemical potential is

exponentially difficult. Nevertheless, several different model approaches [35, 36, 37, 38, 39, 40]
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indicate that the transition in this region is the first-order. Since the first order line originating

at zero T cannot end at the vertical axis µB = 0, the line must end somewhere in the middle of

the diagram [11]. This suggests that there is a hypothetical end-point that has properties of a

second-order phase transition, referred to as QCD CP in this thesis.

At QCD CP, the system exhibits critical phenomena, such as diverging correlation length,

which is associated with forming long-range correlations [41] and emerging universal be-

havior. The first lattice prediction for the location of QCD CP (T = 160 ± 3.5 MeV and

µB = 725 ±35 MeV) has been reported in 2002 in Ref. [42]. Existing lattice methods can also

be viewed as extrapolations from µB = 0, but finite T. There are two promising approaches to

determine the location of QCD CP; one is simulations at finite imaginary values of µB [43], and

another approach is Taylor expansions around µB = 0 [44].

There are many model to predictions on the location of QCD CP in the phase diagram. Some

of them are summarized in Fig. 1.3 and Table 1.1.
QCD phase diagram: an overview M. Stephanov
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Figure 4: Comparison of predictions for the location of the QCD critical point on the phase diagram. Black
points are model predictions: NJLa89, NJLb89 – [12], CO94 – [13, 14], INJL98 – [15], RM98 – [16],
LSM01, NJL01 – [17], HB02 – [18], CJT02 – [19], 3NJL05 – [20], PNJL06 – [21]. Green points are lattice
predictions: LR01, LR04 – [22], LTE03 – [23], LTE04 – [24]. The two dashed lines are parabolas with
slopes corresponding to lattice predictions of the slopedT/dµ2

B of the transition line atµB = 0 [23, 25].
The red circles are locations of the freezeout points for heavy ion collisions at corresponding center of mass
energies per nucleon (indicated by labels in GeV) – Section 5.

3.4 Predictions from models

In the absence of a controllable (i.e., systematically improvable and converging in theV → ∞
limit) method to simulate QCD at nonzeroµB, one turns to model calculations. Many such calcula-
tions have been done [12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. Figure 4 summarizes the results. One
can see that the predictions vary wildly. An interesting point to keep in mind is that each of these
models is tuned to reproduce vacuum,T = µB = 0, phenomenology. Nevertheless, extrapolation to
nonzeroµB is not constrained significantly by this. In a loose sense, most lattice methods (see next
Section) can be also viewed as extrapolations fromµB = 0, albeit with reliable input fromfinite T.

4. Lattice results on the critical point

This section is devoted to brief (and necessarily incomplete) descriptions of currently devel-
oped lattice methods for reaching out into theTµB plane. The comments below are selective and
are meant to complement the original contributions in this volume. For a more comprehensive
description of these methods, as well as other methods not discussed here, the reader may consult
the most up-to-date review of Schmidt in these proceedings [2] as well as an earlier review by
Philipsen [26], both of which also contain further references to original papers.

4.1 Reweighting

The first lattice prediction for the location of the criticalpoint was reported by Fodor and

9

Figure 1.3 Comparison of predictions for the location of QCD CP on the phase
diagram (see Ref. [11]). Black points are model predictions, and green points are
lattice predictions. The two dashed lines indicate the magnitude of the slope d2T

dµ2

obtained by lattice Taylor expansion [44]. The gray region indicates the possible
location of QCD CP, as predicted by the latest lattice QCD calculations [45].

The latest lattice QCD calculation [45] suggests that a possible QCD CP in the phase diagram

7



Table 1.1 Model predictions of the location of QCD CP, see details in Ref. [11].

Source (T, µB) MeV Comments Label

MIT Bag/QGP none only 1st order, no chiral symmetry —

Asakawa, Yazaki ’89 (40, 1050) NJL, Case I NJL89a

Asakawa, Yazaki ’89 (55, 1440) NJL, Case II NJL89b

Scavenius , et al ’01 (93,645) linear σ-model LSM01

Scavenius , et al ’01 (46,996) NJL 3NJL05

Fodor, Katz ’01 (160, 725) lattice reweighting LR01

Hatta, Ikeda ’02 (95,837) effective potential (CJT) CJT02

Antoniou, Kapoyannis ’02 (171,385) hadronic bootstrap HB02

Ejiri, et al ’03 (170,420) lattice Taylor expansion LTE03

Ejiri, et al ’03 (172,189) lattice Taylor expansion LTE04

may exist for,

T (µB) < 130 MeV and µB > 400 MeV .

Also, calculations of the equation of state as a function of T and µB have been performed using

direct simulations at imaginary chemical potential [46], and calculations using up-to-eighth order

Taylor expansions in µB [44]. Results of such calculations agree well for µB/T ≤ 2 - 2.5 [47].

There are no conclusive predictions of QCD CP from the lattice QCD calculations and

different models. It is necessary to do an experimental search in order to determine whether or

not QCD CP exists and, if it exists, where it is located in the QCD phase diagram.

1.5 Strongly interacting matter in heavy-ion collision

The phase diagram of strongly interacting matter can be accessed experimentally in nucleus-

nucleus collisions at ultra-relativistic energy. Experimentally, the structure of the phase diagram

is explored by studying the final states produced in relativistic nucleus-nucleus collisions. By

varying collision energy and size of colliding nuclei, one can change T and µB of the matter [48].

Experimental programs at the Brookhaven Alternating Gradient Synchrotron (AGS) [49],
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Relativistic Heavy-Ion Collider (RHIC) [22, 50] at Brookhaven, and the CERN Super Proton

Synchrotron (SPS) [18] have concentrated on studying the phase diagram of strongly interacting

matter. Several new facilities will join the study in the future. These are the Nuclotron-based

Ion Collider facility(NICA) [51] at the Joint Institute for Nuclear Research (JINR) in Dubna,

Russia, the Compressed Baryonic Matter (CBM) Experiment [52] at the Facility for Antiproton

and Ion Research in Europe (FAIR) [53] at Darmstadt, Germany, and the J-PARC heavy ion

project (J-PARC-HI) [54] at the Japan Proton Accelerator Research Complex (J-PARC) in Tokai,

Japan.

Figure 1.4 shows a region of the T − µB phase diagram explored by NA49 [55] and

NA61/SHINE [56] experiments. Experimentally determined chemical freeze-out [57] points for

NA49 (blue squares) and those predicted for NA61/SHINE (green circles) based on the hadron

gas model [58] are indicated.
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Figure 1.4 Experimentally determined chemical freeze-out points for NA49 [55] (blue
squares) and those predicted for NA61/SHINE [56] (green circles) based on the thermal
hadron gas model [58]. This is an updated version of the plot from Ref. [59].
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1.6 Critical point search strategy

This section presents concepts andmethods relevant to the experimental investigation of strongly

interacting matter’s critical behavior at the CERN SPS. The characteristic signatures of QCD

CP can be observed if the freeze-out point [57, 60] is located close to QCD CP. The analysis

of the existing experimental data indicates that the location of the freeze-out point in the phase

diagram depends on the collision energy and the mass of the colliding nuclei (see Fig. 1.4).

Thus, the experimental search for QCD CP requires a two-dimensional scan of collision energy

and the system size. Nuclear collisions provide a possible method for finding QCD CP, but only

at energies higher than the energy of the QGP creation [61], which was determined empirically

to be at the low SPS energies [62].

1.7 QCD CP search observables
an updated version of the plot shown first in Ref. [26].

Pb+Pb

13
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Be+Be
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    Xe+La 

 C
P

 s
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n
a
ls

Figure 3: Sketch of the ”critical hill” expected in the search for the critical point in the two dimen-

sional plane (system size) - (collision energy). At the hill the characteristic fluctuation signals of the

critical point are maximal, see Sec. II E for details.

The study of fluctuations and correlations is significantly more difficult than the study of

single particle spectra and mean multiplicities. In general, results on fluctuations are sensitive

to conservation laws, resonance decays and many of them also to the unavoidable volume

fluctuations of colliding nuclear matter. Moreover, they cannot be corrected for a limited

experimental acceptance.

This review is organized as follows. In Sec. II experimental strategies, as well as techniques

and problems for the search for the critical point are briefly presented. Search results from

experiments at the CERN SPS, in particular NA49 and NA61/SHINE, are reviewed in Sec. III.

Conclusions and an outlook in Sec. IV close the paper.

6

Figure 1.5 A sketch of the "critical hill" that is shown in the search for QCD CP
in the two-dimensional plane (system size)-(collision energy). The maximum of the
characteristic fluctuation signals of QCD CP is located at the hill. The figure is taken
from Ref. [63].

Fluctuations are considered promising signatures of QCD CP. A second-order phase transi-

tion is characterized by the divergence of the correlation length. The system has been made to be
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scale-invariant. This leads to characteristic fluctuations, for example, particle multiplicity [6].

Thus, a region with significant fluctuations as illustrated in Fig. 1.5 [63], may signal QCD CP.

Experimental studies were strongly motivated by these expectations.

NA61/SHINE searches for QCD CP using such quantities as central moments of multiplicity

distributions of higher-order [64], intensive and strongly intensive measures of particle multi-

plicity and kinematic variable fluctuations [65], short-range correlations [66] and intermittency

analysis [67]. The latter is the subject of this thesis.

1.7.1 Multiplicity fluctuations in a large momentum acceptance

The expected signal of QCD CP is a non-monotonic dependence of various fluctuation and

correlation measures in the NA61/SHINE energy-system size scan. Special interest is given to

the fluctuations of conserved charges such as electric, strangeness, or baryon number.

In particular, NA61/SHINE has studied the net-electric charge fluctuations for p+ p, central

Be+Be, andAr+Sc interactions [68] (seeAppendixB.1). No evidence for QCD CP has been found.

Moreover, transversemomentumfluctuations have beenmeasured by theNA49 andNA61/SHINE

experiments [69, 70]. No evidence for QCD CP has been found.

1.7.2 Short-range correlations

Short-range correlations have been studied by NA61/SHINE. The dependence of Levy exponent,

α (see Appendix B.1.3) for Be+Be andAr+Sc at 17 GeV byNA61/SHINE is approximately inde-

pendent of transverse mass (mT ), and far from the conjectured value for QCD CP, α = 0.5 [71].

No evidence for QCD CP has been found.

1.7.3 Intermittency analysis

Intermittency refers to the random deviations from regular behavior, characterized by scale

invariance, fractality, and stochastic nature of the underlying physics [72]. The intermittent

multiplicity fluctuations in high energy collisions [73] were discussed as the signal of the critical

point in particular by Satz [74], Antoniou et al. [75] and Bialas, Hwa [76] (see Chapter 2).
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The pioneering work of Wosiek [77] showed that intermittent behavior is expected at the

phase transition of the second order. Further studies [74, 75, 73] also suggested intermittency

at QCD CP. This inspired studies utilizing scaled factorial moments [78] to analyze particle

multiplicity fluctuations in search for QCD CP (see Sec.2.1). The results of NA49 on critical

fluctuations of the proton density in nucleus-nucleus collisions at 158A GeV/c [78] suggest that

effects related to QCD CP have been observed in collisions of medium-size nuclei at the top

SPS energy (see Sec. 2.4).

This motivated NA61/SHINE to perform a systematic scan in collision energy and system

size through the analysis of the scaled factorial moments (SFMs) of the second and higher

orders as a function of the phase space cell size in the transverse momentum plane to answer the

question, does QCD CP exist in nature? Also, if QCD CP exists in nature, where is it located in

the QCD phase diagram?

1.8 Thesis’ outline

Search for QCD CP by proton intermittency analysis of Ar+Sc and Pb+Pb data of NA61/SHINE

is the subject of this thesis. The second-scaled factorial moments for mid-rapidity protons using

cumulative variables of transverse momenta and statistically independent data points have been

measured.

This thesis consists of eight chapters, and it is organized as follows: Chapters 1 and 2 intro-

duce the basic concepts and experimental searches for the critical point of strongly interacting

matter. Innovative methods used by the author when analyzing the proton intermittency are

presented in Chapter 3. They include using cumulative variables and statistically independent

data points. Chapter 4 describes important for the thesis aspects of the NA61/SHINE facility.

Analysis details are given in Chapter 5. It includes the event and track selection cuts, with spe-

cial attention paid to the selection of proton candidates. The single and two-particle acceptance

maps used for the selection of proton candidates are also presented. Results on second-order

scaled factorial moments of proton multiplicity distribution in transverse-momentum space at

mid-rapidity are presented in Chapter 6. Chapter 7 discusses the comparison of the experimental

12



results with models, concluding that there is no evidence for the critical point. An upper limit

on the fraction of critical-proton pairs and the power of the correlation function is also obtained

based on a comparison with the Power-law Model. A brief summary and conclusions are given

in Chapter 8. Supplementary information is given in Appendixes A- E.

1.9 Novelty and author’s contributions

The first proton intermittency results of 0–10% central 208Pb + 208Pb collisions at 13A and

30A GeV/c, and 40Ar + 45Sc collisions at 13A, 19A, 30A, 40A, and 75A GeV/c are reported in this

thesis. To get these results, the analysis procedure started with defining and applying quality cuts

on events and tracks in experimental and Epos1.99 model data. Also, the centrality selection for

208Pb + 208Pb collisions at 13A and 30AGeV/cwas performed using data-based and model-based

methods, which are discussed in detail in this thesis.

One of the novelties of these analyses is the use of cumulative variables and statistically

independent data points in the intermittency analyses. Also, the momentum-based two-track

distance (mTTD) cut introduced in this thesis is a new tool for the intermittency analysis to

account for the detector losses of close-in-space tracks properly. The new approach to proton

intermittency analysis is discussed in detail in Chapter 3. The NA61/SHINE Collaboration will

use a similar prescription for intermittency analysis of other data sets.

The results show no indication of QCD CP. To quantify these results, the exclusion plots for

the fraction of critical-proton pairs, and the power of the correlation function are obtained based

on a comparison with the Power-law Model [79].

The NA61/SHINE Collaboration at CERN SPS has released the proton intermittency results

in 0–10% central 40Ar + 45Sc collisions at 13A–75A GeV/c as final results [80]. The publication

draft with the proton intermittency results from the Ar+Sc energy scan is under review by

the NA61/SHINE Editorial Board. The NA61/SHINE Collaboration released the preliminary

results for 0–10% central 208Pb + 208Pb collisions at 13A and 30A GeV/c [81], which will be

finalized for another publication.

The results were presented by me in talks and posters at eight international conferences and
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schools. Besides obtaining the important and unique physics results presented in this thesis,

I was responsible for tests of the new TPC reconstruction software of NA61/SHINE using

experimental and Monte Carlo data. Moreover, I actively participated in the NA61/SHINE

data-taking and the MTPC installation campaign at the CERN SPS.
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Chapter Two

Intermittency analysis

in high energy physics

Intermittency refers to random deviations from smooth or regular behavior [72]. The idea of

"intermittency" which was first introduced to the study of turbulent flow [82], later became

important in the physics of particle production, especially as a way to study fluctuations. In

the pioneering article of Bialas and Peschanski [73] introducing intermittency analysis to high-

energy physics, it was proposed to study the scaled-factorial moments of the multiplicity of

particles produced in high-energy collisions as a function of the resolution-size of rapidity

interval. Wosiek found an evidence of intermittent behavior in the critical region of the two-

dimensional Ising model [83]. This raised the general question of whether or not intermittency

and critical behavior are related. Satz showed that the critical behavior of the Ising model indeed

leads to intermittency, with indices determined by the critical exponents [74]. Later, Bialas and

Hwa reported [76] that intermittency parameters could serve as a signal of second-order phase

transition in a statistical system. This initiated experimental studies of the structure of the phase

transition region via studies of particle multiplicity fluctuations in high-energy collisions using

scaled-factorial moments.

2.1 Scaled factorial moments

The use of scaled-factorial moments (SFMs) [73] allows one to decrease the statistical bias

due to the finite multiplicity of produced particles in a single collision. At the same time, this
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measure is sensitive to interesting dynamical phenomena, such as the emergence of new scales

in particle production or the existence of an "intermittent" background - cascading fluctuations

at different scales. Moreover, this method allows one to identify unusually large fluctuations,

such as fluctuations at the second-order phase transition. The SFMs, Fr(M) of order (rank) r is

px

py
∆

δ = ∆/M

ni = 5

Figure 2.1 Two-dimensional transverse-momentum space is sub-divided intoM ×M
number of equally sized bins. The ni is the particle multiplicity in a given sub-interval,
∆ is the momentum region, and δ is bin-width. The figure is taken from Ref. [84]

.

defined as [73]:

Fr(M) =

〈
1
MD

MD∑
i=1
ni...(ni − r + 1)

〉
〈

1
MD

MD∑
i=1
ni

〉r , (2.1)

where MD is the number of equally-sized subdivision intervals in which the D-dimensional

space is partitioned, ni is the particle multiplicity in a given sub-interval, angle brackets denote

averaging over the analyzed events, and ∆ is the momentum interval as shown in Fig. 2.1.

The Fr(M) equals one for all values of r andMD providing:

(i) multiplicity distribution in ∆ is Poissonian,

(ii) particle production is uncorrelated,

(iii) particle density in sub-division space is uniform.
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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 gas volume,multiplicity

fluctuations are Poissonian, and particles are uncorrelated. The momentum distribution is

generally non-uniform, and thus, in the momentum space, it is more convenient to use the so-

called cumulative variables [85]. By construction, particle density in the cumulative variables

is uniformly distributed (see Sec. 3.1.2).

If the dynamics of the particle production are scale-invariant [86], that could be reflected in

the power-law behaviour of the SFMs [73]:

Fr(M) = Fr(∆) · (MD)φr . (2.2)

The logarithm of SFMs can be written as:

log10Fr(M) = φr · log10M
D + log10Fr(∆) . (2.3)

Figure 2.2 (left) shows the linear dependence of the logarithm of SFMs as a function of the

logarithm ofMD (for D = 2).
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Figure 2.2 Left: The log-log plot of the scaled-factorial moments of order r = 2, 3, 4,
5, 6 (full-color circles) from the Power-Law model [84] and also intermittency indices
(φ2, φ3, φ4, φ5, φ6) values are shown. Right: Linear dependence of intermittency
indices on the order of moments, r are shown.

The associated intermittency indices, φr are predicted [78, 87] to follow the pattern:

φr = (r − 1) · (dr/D), (2.4)
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with dr, the so-called anomalous fractal dimension of the set formed by the order parameter

density fluctuations. Figure 2.2 (right) shows linear dependence of φr on r.

For the mono-fractal set, dr is independent of r, and it is related to the corresponding fractal

dimension, dF , through the relation, dr = D − dF . Such behaviour is analogous to critical

opalescence in conventional matter [88]. This initiated experimental studies of the structure of

the phase transition region via studies of particle multiplicity fluctuations using SFMs.

2.2 First intermittency analyses

The pioneering paper by Bialas and Hwa [76] served as the motivation for the CERN SPS

experiments (EMC [89], NA22 [90], and KLM [91]) to begin the search for intermittency signal

at the beginning of 1990. These studies use power law fits to determine intermittency indices, φr,

based on the bin size dependence of the scaled-factorial moments of successive rank r in the

pseudo-rapidity, η (see Appendix A.5). Figure 2.3 (left) shows the anomalous dimensions,

Figure 7: Anomalous dimensions dr = φr/(r − 1) of pseudo-rapidity spectra of hadrons produced in

µ+p, h+p, p+AgBr, O+AgBr and S+AgBr collisions at
√
sNN ≈ 20 GeV [13].

An extended analysis of the emulsion data of the KLM collaboration was published in

Ref. [63]. Corrections were applied for the non-uniform rapidity distribution and the inter-

mittency indices were determined both for 1-dimensional (pseudo-rapidity) and 2-dimensional

(pseudo-rapidity and azimuthal angle) subdivisions of phase space. The resulting anomalous

dimensions for S+(Ag Br) collisions at 200A GeV/c are plotted in Fig. 8. One observes that

the values of dr are consistent with being independent of r for both analyses and confirm the

earlier results. However, the values of dr are roughly 5 times larger in the 2-dimensional analy-

sis. A strong reduction of the measured power φr with decreasing dimensionality of the analysis

was explained by Bialas and Seixas [33] as due to averaging of fluctuations via the projection

procedure. Thus the factorial moment analysis in three dimensions seems to be mandatory in

future searches for the critical behaviour.

Motivated by these results the WA80 [64] and NA35 [65] experiments at the SPS revisited

intermittency analysis in nucleus-nucleus collisions at 200A GeV/c. WA80 did not have mo-

mentum measurement and inferior 2-track and angular resolution compared to the emulsion

19

Figure 8: Left: Scaled factorial moments of rank i from two-dimensional analysis in pseudo-rapidity

and azimuthal angle as a function of subdivision size for the 19% most central S+(Ag Br) collisions

at 200A GeV/c [63]. Right: The corresponding anomalous dimensions dr versus order r are shown by

squares, whereas the circles show results for the one-dimensional analysis in pseudo-rapidity.

experiment. They concluded that they observed no significant intermittency effect in S+S and

S+Au collisions when taking into account statistical and systematic uncertainties.

The NA35 streamer chamber experiment performed momentum measurements in central

p+Au, O+Au, S+S and S+Au collisions which were subjected to a fully differential 3-

dimensional (rapidity, transverse momentum, azimuthal angle) intermittency analysis. Al-

though the factorial moments were found to increase with the number of subdivisions of phase

space this rise was not well described by a power law. Instead, a conventional model supple-

mented by Bose-Einstein correlations provided a satisfactory description.

In summary, the intermittency analyses of charged particle production in oxygen and sulphur

induced reactions did not lead to conclusive results on the existence of a second-order phase

transition in these reactions. More recent theoretical investigations suggest that when the

hadronization of a QGP occurs near the critical point the hadronization of the chiral condensate

will lead to intermittency in the production of protons and low-mass π+π− pairs with known

intermittency index. A search for such effects is in progress in the NA49 experiment and will

be discussed below.
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Figure 2.3 Left: Anomalous dimensions, dr = φr
r−1 , of pseudo-rapidity spectra of

hadrons produced in µ + p (EMC), h + p (NA22), p+AgBr, O+AgBr, and S+AgBr
(KLM) collisions at√sNN ≈ 20 GeV. Right: From an extended intermittency analysis
of the emulsion data of the KLMcollaboration: intermittency analysis in 1-dimensional
(pseudo-rapidity) (shown by circles) and 2-dimensional (pseudo-rapidity and azimuthal
angle) (shown by squares) as a function of subdivision size for the 19% most central
S+(Ag Br) collisions at 200A GeV/c [92]. Plots are taken from Ref. [63].

dr = φr
(r−1) , of pseudo-rapidity spectra of hadrons produced in µ + p (EMC), h+ p (NA22),

p+AgBr, O+AgBr, andS+AgBr (KLM) collisions at√sNN ≈20GeV.The anomalous dimension
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stays constant for the heaviest system, for S+AgBr collisions at 200A GeV/c, but increases

strongly for the small systems.

Later, an extended intermittency analysis was performed, where corrections were applied

for the non-uniform rapidity distribution and the intermittency indices were determined both for

one-dimensional (pseudo-rapidity) and two-dimensional (pseudo-rapidity and azimuthal angle)

sub-divisions for S+AgBr collisions at 200AGeV/c emulsion data of theKLMCollaboration [92].

The values of dr from both one-dimensional and two-dimensional are shown in Fig. 2.3 (right).

The values of dr are approximately 5 times larger in the two-dimensional analysis than in the

one-dimensional analysis. Bialas and Seixas [93] explained this result as being due to the

averaging of fluctuations via the projection procedure, and suggested that in the future, the

factorial moment analysis in three dimensions should be mandatory for searching for critical

behavior. Note that the proton intermittency analysis results reported in this thesis are done

in the transverse-momentum plane for a small rapidity window. This is an analysis in three

dimensions.

Motivated by previous findings, the WA80 [94] and NA35 [95] experiments at CERN SPS

conducted intermittency analysis in nucleus-nucleus collisions at 200A GeV/c. WA80 found

no significant intermittency effect in S+S and S+Au collisions [96]. However, NA35 observed

an increase of factorial moments with the number of subdivisions of phase space, but the

power law did not describe this rise accurately [97]. The puzzling results motivated further

experimental studies of the structure of the phase transition region via analyses of particle

multiplicity fluctuations using SFMs [78].

2.3 Intermittency in search for QCD CP

One of the main goals in heavy-ion collisions is to locate QCD CP in the phase diagram of

strongly interacting matter (see Sec. 1.4.2). Intermittency analysis is a tool to find evidence for

QCD CP in high-energy nuclear collisions. The signal of QCD CP is discussed as intermittent

multiplicity fluctuations by Satz [74], Antoniou et al. [75] and Bialas, Hwa [76]. At QCDCP, the

divergence of the correlation length (ξ) occurs due to the second-order phase transition [98]. The
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particle density-density correlation function exhibits power-law scaling, inducing intermittent

behaviour of particle multiplicity fluctuations [99]. Other system properties [6] are also sensitive

to the vicinity of QCD CP, and these fluctuations have specific characteristics [76, 99]. If

there are no long-range interactions, then all anomalous fractal dimensions are equal, i.e.,

the system is a simple fractal, as demonstrated explicitly for the Ising model [74]. These

system properties can be measured by calculating SFMs at various system scales in transverse-

momentum space [93, 100].

QCD-inspired considerations [11] suggest that the order parameter for the phase transition is

the chiral condensate 〈q̄q〉 [101], where q represents the quark field. The isoscalar σ-field [102]

is the quantum state that contains both the quantum numbers and the critical properties of the

chiral condensate. If this state can be formed in high-energy collisions, there are two possibilities

for observing the properties of Eqs. 2.2 and 2.4:

(i) The sigma condensate will decay into pairs of π+ and π− with an invariant mass greater

than that of two pions. Using universality class arguments, it was predicted that the

exponent of expected power-laws in transverse-momentum space (D = 2) would have the

value d = φ2 = 2
3 [100].

(ii) Measuring proton number fluctuations [103] is a promising method for QCD CP search

in heavy-ion experiments. The singularity of the baryon number susceptibility, which

diverges [104] at QCD CP, is reflected in the fluctuations. Protons carry both baryon and

electric charges, and d = φ2 = 5
6 is expected here [88].

The ideal QCD CP signal derived for the infinite system in equilibrium, Eqs. 2.2 and 2.4,

may be distorted by various effects in high-energy collisions, including the system’s finite

size [105, 106], evolution time, other particle correlations, and measurement acceptance and

resolution [107]. In addition, QCDCP searches in high-energy collisions require the selection of

the momentum-space region’s dimension, interval size, and location. Unbiased results can only

be obtained by analyzing variables and dimensions where the singular behavior appears [93,

108, 109], otherwise, the critical fluctuation signal can be distorted.
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2.4 Intermittency results on search for QCD CP

The NA49 experiment at the CERN SPS began searching for evidence of the critical behavior of

strongly interactingmatter in 2000. Over the past decade, there has been interesting experimental

exploration of intermittency and fractality in high-energy collisions.

NA49 searched for intermittency signals in the production of low-mass π+π− pairs [110] and

protons [78] at mid-rapidity in themost central collisions (12%, 12%, and 10%) of "C"+C, Si+Si,

and Pb+Pb at a beam energy of 158AGeV/c (√sNN ≈ 17.3 GeV). They used the second scaled-

factorial moment (SSFM), F2(M), and estimated the large background from misidentified and

non-critical protons using the mixed event method (see Sec.3.1.1). The background subtracted

moments, ∆F2(M) ≈ F data
2 (M)− Fmixed

2 (M) were calculated as a function ofM2.
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Figure 13: The second factorial moment F2(M) in transverse momentum space for: (a) C+C (window

of analysis [285, 314] MeV), (b) Si+Si (window of analysis [300.9, 304] MeV) and (c) Pb+Pb (window

of analysis [285, 286] MeV) systems. The full triangles represent the moments of NA49 data while the

open triangles the moments for the corresponding mixed events.
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for: (a) C+C, (b) Si+Si and (c) Pb+Pb systems. The line in (b) shows the result of a power-law fit

for M2 > 2000 with exponent 0.33.

mixed events. The combinatorial background subtracted moments ∆F2(M) are plotted versus

M2 in Fig. 14. At larger values of M2 the results are consistent with being constant for “C”+C

and Pb+Pb whereas one finds an increase for the “Si”+Si system. Here a power law function

provides a good fit (χ2/dof ≈ 0.3) with an exponent Φ2 = 0.33 ± 0.04 where the error was

estimated by exploiting the subsample method. The extracted exponent indicates a significant

intermittency effect, but is smaller than the expectation for the CP of Φ2 = 0.67. This might

well be a consequence of the difficulty of isolating the π+π− pairs from the σ decays.

Recently another analysis method was developed to estimate critical exponents of fluctua-

tions arising from the existence of a CP. This technique studies finite size scaling of the particle

source size parameters as obtained from Bose-Einstein interferometry analysis [70]. The results
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of analysis [285, 286] MeV) systems. The full triangles represent the moments of NA49 data while the

open triangles the moments for the corresponding mixed events.
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mixed events. The combinatorial background subtracted moments ∆F2(M) are plotted versus

M2 in Fig. 14. At larger values of M2 the results are consistent with being constant for “C”+C

and Pb+Pb whereas one finds an increase for the “Si”+Si system. Here a power law function

provides a good fit (χ2/dof ≈ 0.3) with an exponent Φ2 = 0.33 ± 0.04 where the error was

estimated by exploiting the subsample method. The extracted exponent indicates a significant

intermittency effect, but is smaller than the expectation for the CP of Φ2 = 0.67. This might

well be a consequence of the difficulty of isolating the π+π− pairs from the σ decays.

Recently another analysis method was developed to estimate critical exponents of fluctua-

tions arising from the existence of a CP. This technique studies finite size scaling of the particle

source size parameters as obtained from Bose-Einstein interferometry analysis [70]. The results
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Figure 2.4 Left: SSFMs, F2(M) of the low-mass π+π− pair multiplicity distribution
is shown in transverse-momentum space at forward rapidity (y ≥ 0.5) for the most
central collisions of Si+Si (12%) at √sNN ≈17.3 GeV. The data (circles) is com-
pared to the mixed events (crosses). Right: The background subtracted moments,
∆F2(M) ≈ F data

2 (M)− Fmixed
2 (M), of the low-mass π+π− pair multiplicity distri-

bution are shown in transverse-momentum space at forward rapidity (y ≥ 0.5) for the
same collisions. A power-law fit for M2 > 2000 with an exponent of 0.33 is also
shown. The plots are taken from Ref. [110].

The SSFMs of the low-mass π+π− pair multiplicity distribution versus the number of

subdivisions of the transverse-momentum space are presented in Ref. [110]. The selected pairs

covered the forward rapidity region (y ≥ 0.5). For Si+Si collisions power-law increase was

21



observed with an exponent φ2 = 0.33 ± 0.04 (see Fig. 2.4). The exponent extracted indicates

a significant intermittency effect, but it is smaller than the expected critical point value of

φ2 = 0.67. No systematic biases were studied.

Figure 10: Acceptance of the NA49 and NA61/SHINE experiments for pions (a), kaons (b) and protons

(c) at the SPS at 30A GeV (geometrical acceptance in grey, acceptance for identification in color), as

well as that of the STAR detector at RHIC (lines) at the equivalent energy
√
sNN = 7.7 GeV.

hand, STAR at RHIC is a collider experiment with practically energy independent rapidity ac-

ceptance |y| . 0.7, but without the low transverse momentum region (see curves in Fig. 10).

The track density in the detector increases only moderately with collision energy. However,

the projectile spectator regions are not accessible to measurement and the collision centrality

selection has to be based on the multiplicity of produced particles.
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Figure 11: Second scaled factorial moments F2(M) of the proton number in transverse momentum

space at mid-rapidity (−0.75 < y < 0.75) for the most central collisions of (a) “C”+C (12%), (b)

“Si”+Si (12%), and (c) Pb+Pb (10%) at
√
sNN = 17.3 GeV. The circles (crosses) represent F2(M) of

the data (mixed events) respectively.
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Figure 12: The combinatorial background subtracted moments ∆F
(e)
2 (M) corresponding to the mo-

ments of Fig. 11 in bins of transverse momentum for the most central collisions of (a) “C”+C (centrality

12 %), (b) “Si”+Si (centrality 12 %) and (c) Pb+Pb (centrality 10 %) at
√
sNN = 17.3 GeV. The line

in the middle plot shows the result of a power-law fit for M2 > 6000 with exponent 0.96.

Results of a search for critical fluctuations in the chiral condensate via a similar intermittency

study of low-mass π+π− pairs was published by the NA49 collaboration in Ref. [72]. The chiral

condensate is believed to decay into π+π− pairs near the mass threshold when deconfined matter

hadronises. As in the case for protons these fluctuations may be detectable by studying SSFMs

of the π+π− pair number, provided the combinatorial background can be sufficiently reduced.

Pions were required to have laboratory momenta exceeding 3 GeV/c and identification was

based on the ionization energy loss of the tracks in the TPC detectors. For further analysis

low-mass π+π− pairs satisfying

2mπ + ε1 ≤ mπ+π− ≤ 2mπ + ε2 (18)

were considered, where mπ+π− is the pair invariant mass, ε1 = 5 MeV was chosen to remove the

enhancement of pairs from Coulomb attraction and ε2 = 34, 24, 1 MeV for “C”+C, “Si”+Si,

and Pb+Pb respectively was optimised to reduce the combinatorial background. Finally the

remaining background was estimated by pairs from mixed events which were made to satisfy

the same criteria.

The SSFMs of the π+π− pair multiplicity distribution versus the number of subdivisions M2

of the transverse momentum phase space are shown in Fig. 13 for pairs from data and from

mixed events. The rapidity region covered by the selected pairs essentially extends forward of

y & 0.5. One observes that only for “Si”+Si the SSFMs rise faster for the data than for the
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Figure 2.5 Left: F2(M) for protons in transverse-momentum space at for-
ward rapidity (−0.75 < y < 0.75) for the most central collisions of Si+Si
(12%) at √sNN ≈17.3 GeV. The circles (crosses) represent F2(M) of the
data (mixed events), respectively. Right: background subtracted moments,
∆F2(M) ≈ F data

2 (M)− Fmixed
2 (M), of proton number in transverse-momentum

space at forward rapidity (−0.75 < y < 0.75) for the most central collisions of
Si+Si (12%) at√sNN ≈17.3 GeV. The line in the plot shows the result of a power-law
fit forM2 > 6000 with an exponent of 0.96. Plots are taken from Ref. [78].

Figure 2.5 (left) shows that F2(M) values increase withM2 for Si+Si collisions, while the

mixed events remain constant. No intermittency signal was observed for proton production in

C+C and Pb+Pb collisions, but power-law fluctuations were observed in Si+Si reactions with an

exponent consistent with the critical point predictions. Figure 2.5 (right) shows the background

subtracted, ∆F2(M) values increasing withM2. A power-law fit in the regionM2 > 6000 gave

the result φ2 = 0.96+0.38
−0.25(stat)± 0.16(syst) with χ2/d.o.f ≈ 0.09− 0.51 [78].

The STAR Collaboration is searching for QCD CP at RHIC [50] through intermittency

analysis of charged particles within |η| < 0.5 in Au+Au collisions at √sNN ≈ 7.7-200 GeV.

Results are reported in Ref. [111]. Figure 2.6, (a)-(d) shows Fr(M) data and mixed events

corrected for reconstruction efficiency, from the second-order to the sixth-order in the range

of M2 from 1 to 1002 in the most central (0-5%) Au+Au collisions at √sNN = 7.7-200 GeV.

∆Fr(M) (r = 2-6) is significantly larger than zero in the large M2 region, where the increase
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FIG. 1. (a)-(d) The scaled factorial moments, Fq(M)(q = 2-6), of identified charged hadron (h±) multiplicity in the most
central (0-5%) Au+Au collisions at four example energies in the

√
sNN = 7.7-200 GeV range. Solid (open) markers represent

Fq(M) of data (mixed events) as a function of M2. (e)-(h) ∆Fq(M) (q = 2-6) as a function of M2 in the most central (0-5%)
Au+Au collisions at four example energies in double-logarithmic scale. Statistical uncertainties are obtained from the Bootstrap
method.

the center of the TPC along the beam line (|VZ | < 50
cm for 7.7 GeV) to optimize for the uniformity in the
response of the detectors [13]. Background events, which
include interactions with the beam pipe, are rejected by
requiring a vertex radius Vr less than 2 cm from the cen-
ter of STAR (Vr < 1 cm for 14.5 GeV). To avoid self-
correlation [13, 41], the centrality is determined from the
uncorrected charged particle multiplicity within a pseu-
dorapidity window of 0.5 < |η| < 1, chosen to be outside
the analysis window of |η| < 0.5. The centrality is repre-
sented by the average number of participating nucleons
〈Npart〉 obtained by fitting the reference multiplicity dis-
tribution with a Monte Carlo Glauber model [41, 42].
The number of events for

√
s
NN

= 7.7, 11.5, 14.5, 19.6,
27, 39, 54.4, 62.4, and 200 GeV, are 3.3, 6.8 13.1, 16.2,
32.2, 89.3, 441.7, 46.7, and 236.0 million, respectively.

Charged hadrons, including protons (p), antiprotons
(p̄), kaons (K±), and pions (π±), are identified us-
ing the TPC and TOF detectors. TPC particle iden-
tification is performed using the measured energy loss
(dE/dx), with K± and π± requiring a momentum range
of 0.2 < pT < 0.4 GeV/c, and p and p̄ requiring a
momentum range of 0.4 < pT < 0.8 GeV/c. In addi-
tion, the mass squared from the TOF detector is used
for particle identification, with K± and π± requiring
a momentum range of 0.4 < pT < 1.6 GeV/c, and p
and p̄ requiring a momentum range of 0.8 < pT < 2.0
GeV/c. A maximum distance of closest approach (DCA)
to the collision vertex of 1 cm is required for each candi-
date track, which helps to suppress contamination due to
weak decays and tracks from secondary vertices [12, 38].

Tracks must have at least 20 points used in track fit-
ting out of the maximum of 45 hits possible in the TPC.
To avoid multiple counting of split tracks, more than
52% of the total possible fit points are required. When
measuring scaled factorial moments, it is observed that
a large number of background effects significantly in-
fluence the results [25, 27, 43, 44]. These effects, in-
cluding the conservation laws, Coulomb repulsion, res-
onance decays, and experimental acceptance, need to
be taken into account in the calculation of the SFMs.
In our analysis, the mixed event method is applied to
eliminate background contributions [25, 27, 31]. There-
fore, an additional observable is defined as ∆Fq(M) =
Fq(M)data − Fq(M)mix [25, 27, 28, 31], where the mo-
ments from mixed events representing the background
contributions are subtracted from the data. In the fol-
lowing analysis, we will exclusively use ∆Fq(M) instead
of Fq(M).

Experimentally, the values of SFMs are influenced by
the efficiency of the detector since they are calculated
from the measured multiplicity distribution of particles.
To recover the true SFM from the experimentally mea-
sured one, the efficiency correction is calculated via the
cell-by-cell method [43], which assumes a binomial re-
sponse of the TPC and TOF detectors [43, 45–47]. Ac-
cording to the detector simulations in the STAR experi-
ment, the detector response is close enough to the bino-
mial distributions within statistical significance up to the
6th-order cumulants [3, 13, 48]. The cell-by-cell method
is verified by encoding the tracking efficiency of the de-
tector into a cascade ultrarelativistic quantum molecular

Figure 2.6 (a)-(d) The scaled-factorial moments, Fr(M) (r = 2-6), of identified charged
hadron (h±) multiplicity in the most central (0-5%) Au+Au collisions at four example
energies in the√sNN = 7.7-200 GeV range. Solid (open) markers represent Fr(M) of
data (mixed events) as a function of M2. (e)-(h) ∆Fr(M) (r = 2-6) as a function of
M2 in the most central (0-5%) Au+Au collisions at four example energies in double-
logarithmic scale. Plots are taken from Ref. [111].

slows down forM2 > 4000. A distinct scaling behavior between the higher-order and second-

order scaled-factorial moments, ∆Fr(M)/∆F2(M) scaling, is reported in Au+Au collisions at

all energies [111]. It is important to note that the event selection and acceptance criteria for the

SPS results differ significantly from those of the RHIC-BES program.

A systematic search for QCD critical fluctuations has been conducted by the NA61/SHINE

collaborations at CERN SPS. They measured intermittency in nucleus-nucleus collisions and

conducted a two-dimensional scan of system size and collision energy for the first time. Refer-

ence [79] reports the recent results from the NA61/SHINE Collaboration on QCD CP search in

40Ar + 45Sc collisions at 150AGeV/c via proton intermittency analysis using cumulative variables

and statistically independent data points. Following this study, the NA61/SHINE Collaboration

is continuing the systematic search for QCD CP via proton intermittency analysis. The thesis

will report the results of Ar+Sc and Pb+Pb collisions [80]. Intermittency analysis of negatively

charged hadrons produced in Xe+La and Pb+Pb collisions is ongoing.

In the meantime, various model studies have been conducted to understand the experimental
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data. It includes studies reported in Refs. [112, 113, 114, 115, 116, 117, 118] along with the

Critical Monte-Carlo (CMC) [88] and Power-Law Model [84].

These new and upcoming results of intermittency analysis may answer the question about

the nature of the transition region and, in particular, whether or not the critical point of strongly

interacting matter exists.
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Chapter Three

New approach to proton intermittency

analysis

In the proton intermittency analysis presented here, only the second scaled-factorial moment (SSFM)

is taken into account due to the limited statistics. The SSFM, F2(M), can be obtained by setting

r = 2 and for two-dimensional space of transverse momentum, D = 2 in Eq. 2.1:

F2(M) =

〈
1
M2

M2∑
i=1
ni(ni − 1)

〉
〈

1
M2

M2∑
i=1
ni

〉2 , (3.1)

where the transverse-momentum space is partitioned intoM ×M equal-size bins and ni is the

number of protons in the i-th bin. For a fixed value ofM , the numerator and the denominator

are averaged over bins and then over events.

As discussed in Sec. 2.4, the NA49 experiment [55] at CERN SPS searched for an inter-

mittency signal in the production of protons at mid-rapidity [78] in a the transverse-momentum

plane using the SSFM. The proton spectra in transverse momentum are non-uniform. Moreover,

for eachM point, the full set of data was used. Thus, the results for different M are correlated.

Statistical uncertainties were obtained using the Bootstrap method [119].

In this chapter, I’ll discuss the new approach to proton intermittency analysis that the

NA61/SHINE experiment uses to search for QCD CP. The novelty comprises of:

(i) cumulative transformation method (Sec. 3.1.2),

(ii) independent sub-sample of events for each data point (Sec. 3.2),
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(iii) analytical calculation of statistical uncertainties (Sec. 3.3),

(iv) momentum-based Two-Track Distance (mTTD) cut (Sec. 3.4).

3.1 Intermittency analysis of non-uniform distributions

The intermittency signal of CP will always be affected by various biasing effects. The most

important one is due to the fact that SFMs are sensitive to the shape of the single-particle

momentum distribution. This dependence biases the signal of critical fluctuations. In the past,

the mixed event method was utilized to correct the bias. Figure 3.1 (top) shows intermittency

Figure 10: Acceptance of the NA49 and NA61/SHINE experiments for pions (a), kaons (b) and protons

(c) at the SPS at 30A GeV (geometrical acceptance in grey, acceptance for identification in color), as

well as that of the STAR detector at RHIC (lines) at the equivalent energy
√
sNN = 7.7 GeV.

hand, STAR at RHIC is a collider experiment with practically energy independent rapidity ac-

ceptance |y| . 0.7, but without the low transverse momentum region (see curves in Fig. 10).

The track density in the detector increases only moderately with collision energy. However,

the projectile spectator regions are not accessible to measurement and the collision centrality

selection has to be based on the multiplicity of produced particles.

0 5000 10000 15000 20000
2.0

2.5

3.0

3.5

4.0

4.5

F
2(

M
)

M2

 (a) ``C" + C

 data
 mixed

0 5000 10000 15000 20000
2.0

2.5

3.0

3.5

4.0

4.5

F
2(

M
)

M2

 (b) ``Si" + Si

 data
 mixed

0 5000 10000 15000 20000
2.0

2.5

3.0

3.5

4.0

4.5

F
2(

M
)

M2

 (c) Pb + Pb

 data
 mixed

Figure 11: Second scaled factorial moments F2(M) of the proton number in transverse momentum

space at mid-rapidity (−0.75 < y < 0.75) for the most central collisions of (a) “C”+C (12%), (b)

“Si”+Si (12%), and (c) Pb+Pb (10%) at
√
sNN = 17.3 GeV. The circles (crosses) represent F2(M) of

the data (mixed events) respectively.
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Figure 12: The combinatorial background subtracted moments ∆F
(e)
2 (M) corresponding to the mo-

ments of Fig. 11 in bins of transverse momentum for the most central collisions of (a) “C”+C (centrality

12 %), (b) “Si”+Si (centrality 12 %) and (c) Pb+Pb (centrality 10 %) at
√
sNN = 17.3 GeV. The line

in the middle plot shows the result of a power-law fit for M2 > 6000 with exponent 0.96.

Results of a search for critical fluctuations in the chiral condensate via a similar intermittency

study of low-mass π+π− pairs was published by the NA49 collaboration in Ref. [72]. The chiral

condensate is believed to decay into π+π− pairs near the mass threshold when deconfined matter

hadronises. As in the case for protons these fluctuations may be detectable by studying SSFMs

of the π+π− pair number, provided the combinatorial background can be sufficiently reduced.

Pions were required to have laboratory momenta exceeding 3 GeV/c and identification was

based on the ionization energy loss of the tracks in the TPC detectors. For further analysis

low-mass π+π− pairs satisfying

2mπ + ε1 ≤ mπ+π− ≤ 2mπ + ε2 (18)

were considered, where mπ+π− is the pair invariant mass, ε1 = 5 MeV was chosen to remove the

enhancement of pairs from Coulomb attraction and ε2 = 34, 24, 1 MeV for “C”+C, “Si”+Si,

and Pb+Pb respectively was optimised to reduce the combinatorial background. Finally the

remaining background was estimated by pairs from mixed events which were made to satisfy

the same criteria.

The SSFMs of the π+π− pair multiplicity distribution versus the number of subdivisions M2

of the transverse momentum phase space are shown in Fig. 13 for pairs from data and from

mixed events. The rapidity region covered by the selected pairs essentially extends forward of

y & 0.5. One observes that only for “Si”+Si the SSFMs rise faster for the data than for the

24

Figure 3.1 Top: F2(M) of protons in non-uniform transverse-momentum space at
mid-rapidity for the most central collisions of (a) C+C (12%), (b) Si+Si (12%), and
(c) Pb+Pb (10%) at √sNN ≈17.3 GeV [78]. The black circles (red crosses) represent
F2(M) of the data (mixed events) respectively. Bottom: the background subtracted
SSFMs, ∆F2(M) for the most central collisions of (a) C+C (12%), (b) Si+Si (12%),
and (c) Pb+Pb (10%) at √sNN ≈17.3 GeV are calculated using mixed event method.
Statistical uncertainties were obtained using the Bootstrap method. Plots are taken
from Ref. [78].

analysis results [78] of proton multiplicity at mid-rapidity in the most central (12%, 12%, and
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10%) of C+C, Si+Si, and Pb+Pb collisions at 158A GeV/c (√sNN ≈ 17.3 GeV) from the NA49

experiment.

In these analyses, SSFMs were shown as a function of the number of sub-divisions in the

transverse-momentum space. The black circles (red crosses) represent F2(M) of the data

(mixed events). The background-subtracted SSFMs [78],

∆F2(M) ≈ F data
2 (M)− Fmixed

2 (M), (3.2)

were calculated to eliminate the bias due to non-uniform spectra using the mixed event method

as shown in Fig 3.1 (bottom).

In the new approach, the cumulative transformation technique is used to eliminate bias rather

than the mixed event method. In the subsequent subsections, two methods are briefly discussed.

3.1.1 Mixed event method

In the case of the mixed event method, particles from different data events are used to generate

mixed events. Figure 3.2 graphically shows the procedure for the random mixing of particles

fromdifferent events. Each particle in eachmixed event comes from a different data event. Mixed

   random selection

          reconstructed data                mixed event

Figure 3.2 The procedure of randommixing of particles from different events is shown
graphically to remove correlations between particles. Each open circle represents one
event, and the color circle corresponds to the track of that event. The left box for
reconstructed data and right box for mixed events.

events are constructed in this way to remove all correlations between particles. By construction,

the multiplicity distribution of the data and mixed events are identical. Figure 3.4 (red circles)
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shows the dependence of the SSFMs on the number of sub-division for mixed events constructed

using the Power-law Model (see Sec. 7.2) setting the intermittency index to φ2 = 0.83 for r =2.

It was shown that this procedure approximately removes the dependence of ∆F2(M) on the

shape of a single-particle distribution [78].

3.1.2 Cumulative transformation method

As it is discussed, the experimental results on F2(M) do depend on the shape of the single-

particle distribution and on the choice of variables used for analysis. Bialas and Gazdzicki [85]

proposed to study intermittency in terms of variables for which the single-particle density is

constant. It was also shown [85] that this method reduces the bias caused by a non-uniform

single-particle distribution leaving the CP signal unchanged. In this thesis, the suggested new

variables are referred to as the cumulative variables.

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,

Qx, is defined as:

Qx =
x∫
a

f(x′)dx′
/ b∫

a

f(x′)dx′ , (3.3)

where a and b are lower and upper limits of the variable x. For a two-dimensional distribution

f(x, y) and a given x the cumulative transformation defined as:

Qy(x) =
y∫
a

f(x, y′)dy′
/ b∫

a

f(x, y′)dy′. (3.4)

The cumulative variable has the following properties:

(i) its value depends on the ordering of particles in x, and thus it is the same for all variables

which preserve the ordering,

(ii) the single-particle distribution in the cumulative variable is uniform, and it ranges from 0 to 1.

The property (i) gives a new way to compare the results obtained in different experiments.

The property (ii) removes the dependence of the intermittency parameters on the shape of the
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Figure 1: Example of the effect of the cumulative transformation of transverse momentum components, px and
py of proton candidates selected for intermittency analysis of the NA61/SHINE 40Ar + 45Sc at 150A GeV/c data.
Distributions before (top) and after (bottom) the transformation.

of 10 cm length and 5 cm diameter (degrader) was placed in front of the center of the PSD in order to
reduce electronic saturation effects and shower leakage from the downstream side caused by the Ar beam
and its heavy fragments.

Primary beams of fully ionized 40Ar nuclei were extracted from the SPS accelerator at 150A GeV/c beam
momentum. Two scintillation counters, S1 and S2, provide beam definition, together with a veto counter
V1 with a 1 cm diameter hole, which defines the beam before the target. The S1 counter also provides the
timing reference (start time for all counters). Beam particles are selected by the trigger system requiring
the coincidence T1 = S1∧S2∧V1. Individual beam particle trajectories are precisely measured by the
three beam position detectors (BPDs) placed upstream of the target [1]. Collimators in the beam line
were adjusted to obtain beam rates of ≈ 104/s during the ≈ 10 s spill and a super-cycle time of 32.4 s.

The target was a stack of 2.5 x 2.5 cm2 area and 1 mm thick 45Sc plates of 6 mm total thickness
placed ≈ 80 cm upstream of VTPC-1. Impurities due to other isotopes and elements were measured
to be 0.3% [29]. No correction was applied for this negligible contamination.

Interactions in the target are selected with the trigger system by requiring an incoming 40Ar ion and a
signal below that of beam ions from S5, a small 2 cm diameter scintillation counter placed on the beam

6

Figure 3.3 Example of the effect of the cumulative transformation of transverse-
momentum components, px and py, generated from the Power-law Model [84]. Distri-
butions before (top) and after (bottom) the transformation.

single-particle distribution. At the same time, it has been verified [120] that the transformation

preserves the critical behaviour is given by Eq. 2.2, at least for the SSFMs.

An example of the cumulative transformation of transverse-momentum components, px and

py generated from the Power-law Model, is shown in Fig 3.3 where distributions before (top)

and after (bottom) the transformation are shown. Figure 3.4 shows the dependence of SSFMs on

the number of sub-divisions in the cumulative-transformed transverse-momentum plane using

data generated within the Power-law Model.

3.2 Statistically-independent data points

The intermittency analysis gives the dependence of scaled-factorial moments on the number of

sub-divisions of transverse momentum or cumulative-transverse-momentum intervals. In the

past intermittency analyses, the same data set was used to obtain results for each number of

subdivisions (see Fig. 3.1). The results for different M are statistically correlated. Therefore
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the full covariance matrix is required for proper statistical treatment of the results. This is

numerically not trivial [121].

Here, statistically-independent subsets of data events are used to obtain results for each

sub-division number. In this case, the results for different sub-division numbers are statistically

independent. Thus only diagonal elements of the covariance matrix are non-zero, and the

complete relevant information needed to interpret the results is easy to present graphically.

However, this procedure decreases the number of events used to calculate each data point

increasing statistical uncertainties. The number of events used in each subset was selected to

obtain similar values of the statistical uncertainties of results for different subsets. Table 3.1

shows the fraction of all available events used to calculate each of the 10 points.

Table 3.1 Fraction of the total number of analyzed events used to calculate second-order
scaled factorial moments for the chosen number of cumulative momentum bins.

number of bins (M2) 12 502 702 862 1002 1112 1222 1322 1412 1502

fraction of all events (%) 0.5 3.0 5.0 7.0 9.0 11.0 13.0 15.5 17.0 19.0

Figure 3.4 illustrates an example of intermittency analysis using SSFM for a critical system

utilizing the new approach with data generated by the Power-law Model and mixed events.

Statistically-independent data subsets are used to obtain results for each sub-division number.

3.3 Statistical uncertainties

Statistical uncertainties in the intermittency analysis (see Fig. 3.1) of the NA49 experiments

were calculated using the Bootstrap method [119]. Here, statistical uncertainties are calculated

analytically. Below the new approach is briefly presented.

The standard expression for the SSFM, Eq. 3.1, can be rewritten as

F2(M) = 2M2 〈N2(M)〉
〈N〉2

, (3.5)

where N and N2(M) denote the total number of protons and proton pairs, respectively, inM2

bins in an event.
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Figure 3.4 The dependence of the SSFMs of particle multiplicity distribution on the
number of sub-divisions in cumulative transverse-momentum space. Independent sub-
samples are used for each data point. Black and red circles indicate model and mixed
events, respectively. Calculations were performed using the Power-law Model [84]
with intermittency index, φ2 = 0.83 for r = 2. Statistical uncertainties are calculated
using statistical uncertainty propagation.

With the help of the modified SSFM expression, Eq 3.5, the statistical uncertainties can be

calculated using the statistical uncertainty propagation:

σF2

|F2|
=

√√√√(σN2)2

〈N2〉2
+ 4(σN)2

〈N〉2
− 4 (σN2N)2

〈N〉〈N2〉
. (3.6)

Statistical uncertainties shown in Fig. 3.4 are calculated using this method. It has been found that

the statistical uncertainties derived from each of the methodologies are similar [79]. However,

the new approach, which utilizes statistical uncertainty propagation is easy to implement and fast.

3.4 Momentum-based Two Tracks Distance cut

Another new tool introduced to the intermittency analysis is a two-particle acceptance map in

momentum space. The Time Projection Chambers (TPCs) (see Sec. 4.2.4) are the primary
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Figure 3.5 Left: An example of split tracks is illustrated here. The boxes represent the
two TPC chambers labeled VTPC-1 and VTPC-2. The red dotted line is a single track,
but it is split into two tracks between two VTPC-1 and VTPC-2 chambers. Right: An
example of a merged track is illustrated here. The two red dotted lines represent the
trajectory of two close in-space particles (tracks). The blue line represents the merged
track, reconstructed when clusters of the two tracks overlap

tracking devices in the NA61/SHINE experiment. However, it’s important to note that they do

have limitations. In particular, when two tracks are too close in space, and their clusters overlap,

the TPCs fail to differentiate between them. Consequently, the TPC cluster finder frequently

rejects overlapping clusters, and the tracks can be lost. Moreover, the TPC track reconstruction

may fail to merge two track fragments. This can generate two tracks out of a single track. These

biases must be addressed.

An example of problematic tracks is shown in Fig. 3.5. One of them is a split track pre-

sented in Fig. 3.5 (left), and the second kind of problematic track is a merged track shown in

Fig. 3.5 (right). The potential point ratio (see Sec. 5.2.3), the ratio of the number of measured

clusters to the number of potential clusters in all TPCs, is required to be greater than 0.5 and less

than 1.1. This cut can effectively eliminate split tracks. Previously, the geometric Two-Track

Distance (gTTD) cut was utilized to eliminate a set of tracks that were positioned too closely

together to be reconstructed using geometrical two-track distance calculations (see Fig. 3.6).

Figure 3.6 (left) shows the geometric two-track distance of selected protons from Ar+Sc colli-

sions at 75A GeV/c (red line) recorded by the NA61/SHINE experiment and the corresponding

result for mixed events (black line). The ratio of the distributions is shown in Fig. 3.6 (right).

The bias due to the low efficiency of measuring close tracks is seen for two-track distances
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Figure 3.6 Left: An example of geometrical TTD for central 40Ar + 45Sc collisions at
75A GeV/c data (black line) and the corresponding mixed (red line) is shown. Right:
The same distribution is shown for data to mixed ratio. A region less than 2 cm
corresponds to the biased region due to the low efficiency of measuring two tracks.

lower than 2 cm.

To apply the gTTD cut, the NA61/SHINE detector geometry and magnetic field information

are required. However, access to this information is limited to those who are members of the

NA61/SHINE Collaboration. Here, a momentum-based Two-Track Distance (mTTD) cut is

introduced. The mTTD cut removes the remaining split tracks from the data after the potential

point ratio cut, and it provides the precise definition of the biased region in which we don’t

have good efficiency for measuring two-tracks. Having this definition of the biased region, one

can apply the mTTD cut to the model data. The magnetic field bends the trajectory of charged

particles in the x-z plane. Thus, it is most convenient to express the momentum of each particle

in the following momentum coordinates (see Fig. 3.7):

sx = px/pxz = cos(Ψ) ,

sy = py/pxz = sin(λ) ,

ρ = 1/pxz ,

(3.7)

where pxz =
√
p2
x + p2

z. For each pair of particles, a difference in these coordinates is calculated

33



|

_

_

p
x

p
y

p
z

x

z

y

p

p
xz

xx Ψ
λ

Figure 3.7 New momentum coordinate systems are introduced in sx, sy and ρ in terms
of px, py, and pxz. Where Ψ is the angle between pxz and px, and λ is the angle between
pxz and p.

as:

∆sx = sx,2 − sx,1 ,

∆sy = sy,2 − sy,1 ,

∆ρ = ρ2 − ρ1 .

(3.8)

The distributions of particle pairs’ momentum difference for pairs with gTTD less than 2 cm (as

an example for Ar+Sc collisions at 75A GeV/c, see Fig. 5.20) are parameterized with ellipses in

the new momentum coordinates. Such parameterized elliptical cuts are defined as:(
∆ρ
rρ

)2

+
∆sy
rsy

2

≤ 1 ,

(
∆sx
rsx

)2

+
∆sy
rsy

2

≤ 1 ,

(
∆ρ cos θ −∆sx sin θ

rρsx

)2

+
(

∆ρ sin θ + ∆sx cos θ
rsxρ

)2

≤ 1 ,

(3.9)

where rρsx and rsxρ is the semi-major and semi-minor axis of an ellipse formed by ∆ρ and ∆sx,

and θ is the angle from the positive horizontal axis to the ellipse’s major axis. Similarly, other

semi-major and semi-minor axes of the other ellipses are also defined in Eqs. 3.9.

Proton pairs with momenta inside all the ellipses are rejected. The mTTD cut can replace

the gTTD cut. Due to its momentum-based definition, the mTTD cut can be used for model
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comparison of the experimental results. The parameters of the mTTD cut (see Eqs. 3.9) are

given in Table 5.6 and the cut is used for the data analysis (see Chapter 6) and comparison with

the models (see Chapter 7).
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Figure 3.8 Example of the gTTD or mTTD cut impact on mixed events for 40Ar + 45Sc
collisions at 75A GeV/c (left) and on the Power-law Model with uncorrelated particles
only (right) are shown. The blue circles correspond to the dependence of F2(M) on
M2 where neither gTTD nor mTTD cut is applied to the mixed events or the Power-law
Model. As indicated in the plot, the green and red points correspond to either gTTD
or mTTD cut applied.

The effect of the mTTD cut for 40Ar + 45Sc collisions at 75A GeV/c mixed events and the

Power-law Model is shown in Fig. 3.8. The dependence of F2(M) on M2 in cumulative

transverse-momentum space for M2 > 1 is systematically below F2(M = 1) (See Chapter 6)

when gTTD or mTTD cut is applied to fully uncorrelated mixed events (left) and the Power-law

Model with uncorrelated particles only (right).
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Chapter Four

NA61/SHINE experiment

The NA61/SPS Heavy Ion and Neutrino Experiment [56, 122], also known as the SHINE

experiment, is situated in the North Area of CERN and is a fixed-target experiment on the

H2 beamline of the Super Proton Synchrotron (SPS) accelerator. NA61/SHINE is a versatile

experimental facility constructed to study hadron production in hadron-proton, hadron-nucleus,

and nucleus-nucleus collisions. The long-term advancement of the proton and ion sources at

CERN, the accelerator chain, and the H2 beamline in the CERN North Area has tremendously

benefited the NA61/SHINE experiment. NA61/SHINE projected from the equipment inherited

from its predecessors, specifically the NA49 experiment [55].

4.1 NA61/SHINE physics program

An advantage of using fixed target experiments in heavy ion collisions is that they typically have

large rapidity acceptance and cover the low transverse momentum region. These features allow

us to conduct various measurements for physics of strong interactions and for neutrino [123]

and cosmic-ray [124] physics. The NA61/SHINE’s strong interactions program is focused on

a two-dimensional scan varying the size and energy of the collision system [125]. The scan

in the collision energy is performed in the beam momentum range of 13A-150A GeV/c. The

experiment studies interactions between the smallest nuclei, p+p and the heaviest ones Pb+Pb.

Collected experimental data in the 2007-2018 period (see Fig. 4.1) allows NA61/SHINE for

precise studies of the transition between the phases of strongly interacting matter and search for

QCD CP.
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Twofold physics program:

Strong interactions (present summary talk):

 study onset of deconfinement

 search for critical point

Neutrino and cosmic ray experiments:

 hadron production in hadron + nucleus collisions
(reference spectra)Figure 4.1 An overview of NA61/SHINE’s system size and collision energy scan. The

boxes show the already taken data, and the large boxes mark systems for which large
statistics were obtained. The Ar+Sc and Pb+Pb data sets, demonstrated by red boxes,
are being studied, and proton intermittency results are presented in this thesis.

An overview of the two-dimensional scan performed by NA61/SHINE is presented in Fig. 4.1.

The area of the scan can be roughly translated to the T -µB plane using the hadron gas model [58],

which is presented in Fig. 1.4. The NA61/SHINE Collaboration recorded the data on 40Ar+45Sc

and 208Pb + 208Pb collisions in 2015 and 2016 are marked by the red box in Fig. 4.1. These data

sets were analyzed within the doctoral studies, and the results are reported in this thesis.

After the Long Shutdown 2, the upgraded NA61/SHINE experiment continues measure-

ments at CERN SPS. They focus on the open charm hadron production in Pb+Pb collisions,

nuclear fragmentation cross sections for cosmic ray physics, and hadron production in hadron-

induced reactions for neutrino physics. The NA61/SHINE detector was upgraded to meet the

open charm measurement requirements. The details of the upgrade are described in Ref. [125].

4.2 Overview of the NA61/SHINE detector

The layout of the NA61/SHINE large-acceptance hadron spectrometer before LS2 is presented

in Fig. 4.2 [56]. The core components of the set-up are four large-volume Time Projection

Chambers (TPCs): VTPC-1, VTPC-2, MTPC-L, and MTPC-R. TPCs are the main tracking
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Figure 4.2An illustration showing the NA61/SHINE detector setup (not to scale). The
four Time Projection Chambers (TPCs) are important. The inside of superconducting
magnets contains VTPCs. Two Time of Flight (ToF) walls are located downstream of
the MTPCs. The Projectile Spectator Detector (PSD) is on the far right. The figure is
taken from Ref. [56].

devices of the NA61/SHINE spectrometer. Two Time of Flight detectors, ToF-L and ToF-R,

are placed downstream of the MTPCs. The purpose of the ToF detectors is to improve particle

identification. Another component is the Projectile Spectator Detector (PSD), which measures

the energy of projectile spectators. The superconducting magnets, large-volume TPCs, and

TOF-L/R detectors were inherited from the NA49 experiment [55]. The 40Ar+45Sc data were

registered at six beam momenta: pbeam = 13A, 19A, 30A, 40A, 75A, and 150A GeV/c. A similar

configuration was used during the 40Ar+45Sc data-taking campaign, differing only in magnetic

field reduction. Upgraded beam and detector configuration was used for 208Pb + 208Pb at 13A,

30A, and 150A GeV/c data-taking in 2016. The following subsection briefly discusses key

components of the NA61/SHINE facility relevant to this work.

4.2.1 Beamline and beams

NA61/SHINE uses primary and secondary beams consisting of a variety of different ions,

delivered by the CERN accelerator complex. The SPS provides the beam with six beam
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momenta that NA61/SHINE often uses 13A, 19A, 30A, 40A, 75A, and 150A GeV/c. The

maximummomentum of the CERN SPS imposes the upper limit on the beammomentum, while

the lower limit is dictated by the beam stability and quality, as the H2 beamline was designed for

the maximal SPS momentum. The beams of protons (see Ref. [126]) and ions undergo several

acceleration steps to be brought to the desired momentum in the SPS and finally to be extracted

to the North Area and transported to NA61/SHINE from the sources.

Ion acceleration chain

The ion acceleration process is illustrated in Fig. 4.3 (left). Isotopically pure 208Pb is evaporated
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Figure 2.2: Left: A schematic of the CERN accelerator chain relevant to
NA61/SHINE (top view, not to scale). Right: A quantitative visualization of consec-
utive steps of beam acceleration for protons (blue) and ions (green). Figures taken
form Ref. [44].

limit on the beam momentum is imposed by the maximal magnetic field
achievable in the H2 beamline magnets, whereas the lower limit is dictated
by the beam stability and quality, as the H2 beamline was designed for the
maximal SPS energy. The CERN acceleration chain, with components rel-
evant to NA61/SHINE highlighted, is presented in the left panel of Fig.
2.2. From the sources, the beams of protons and ions undergo several ac-
celeration steps to be brought to the target energy in the SPS and finally be
extracted to the North Area and NA61/SHINE. The first steps of creation
and acceleration of the beam are different for hadrons and ions.

Proton acceleration chain

The proton acceleration chain is presented on the left panel of Fig. 2.2 in
blue color. The proton beam is generated from hydrogen gas by a duo-
plasmatron ion source. The beam is then focused, bunched, and acceler-
ated to 750keV/c in the Radio-Frequency Quadrupole RFQ2. The next step
in the acceleration process is LINAC2, a three-tank Alvarez drift tube lin-
ear accelerator. The beam is accelerated by the LINAC2 to 50 MeV/c and is
then distributed in the four rings of the Proton Synchrotron Booster (PSB),
in which the momentum of the beam reaches 1.4 GeV/c. The PSB is fol-
lowed by the Proton Synchrotron (PS) accelerator, further increasing the
beam momentum up to 14 GeV/c for injection into the SPS. In the SPS, the
proton beam is accelerated up to 400 GeV/c and is transferred to the North
Area using a method called slow extraction. The slow extraction mechanism
permits the extraction of a constant flux of particles from the SPS over the
course of several seconds. This process results in an approximately constant
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limit on the beam momentum is imposed by the maximal magnetic field
achievable in the H2 beamline magnets, whereas the lower limit is dictated
by the beam stability and quality, as the H2 beamline was designed for the
maximal SPS energy. The CERN acceleration chain, with components rel-
evant to NA61/SHINE highlighted, is presented in the left panel of Fig.
2.2. From the sources, the beams of protons and ions undergo several ac-
celeration steps to be brought to the target energy in the SPS and finally be
extracted to the North Area and NA61/SHINE. The first steps of creation
and acceleration of the beam are different for hadrons and ions.

Proton acceleration chain

The proton acceleration chain is presented on the left panel of Fig. 2.2 in
blue color. The proton beam is generated from hydrogen gas by a duo-
plasmatron ion source. The beam is then focused, bunched, and acceler-
ated to 750keV/c in the Radio-Frequency Quadrupole RFQ2. The next step
in the acceleration process is LINAC2, a three-tank Alvarez drift tube lin-
ear accelerator. The beam is accelerated by the LINAC2 to 50 MeV/c and is
then distributed in the four rings of the Proton Synchrotron Booster (PSB),
in which the momentum of the beam reaches 1.4 GeV/c. The PSB is fol-
lowed by the Proton Synchrotron (PS) accelerator, further increasing the
beam momentum up to 14 GeV/c for injection into the SPS. In the SPS, the
proton beam is accelerated up to 400 GeV/c and is transferred to the North
Area using a method called slow extraction. The slow extraction mechanism
permits the extraction of a constant flux of particles from the SPS over the
course of several seconds. This process results in an approximately constant

Figure 4.3 Left: A schematic diagram of the CERN accelerator chain related to the
operation of NA61/SHINE (top view, not to scale). Right: Aquantitative representation
of successive stages of the proton (blue) and ion (green) beam acceleration. Figures
are taken from Ref. [56].

for the lead beam, while gas sources are used for other beams. The atoms are ionized in an

Electron Cyclotron Resonance (ECR) source with electrons accelerated by repetitive microwave

pulses. The ions are electrostatically extracted with the energy of 2.5A KeV/c into the separator,

which selects the particular charge state depending on the beam type. After the separator, the

beam momentum is raised to 250A KeV/c by the Radio Frequency Quadrupole (RFQ). Then, the

Linear Accelerator-3 (LINAC3) brings the beam momentum up to a 4.2A MeV/c momentum.

The beam is then injected into the Low Energy Ion Ring (LEIR), reaching the momentum of
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72AMeV/c and passing it to the Proton Synchrotron (PS). In the PS, the ion beam is accelerated

to 5.9AGeV/c and extracted to the Super Proton Synchrotron (SPS). The final acceleration of the

ion beam is conducted by the SPS, where the beam reaches a momentum of up to 150A GeV/c.

The consecutive steps of the ion acceleration process and corresponding momentum values

are illustrated in Fig. 4.3 (right).

H2 beamline

The H2 beamline delivers the beam to NA61/SHINE detectors in CERN North Area after final

acceleration in SPS. Using a pair of large spectrometers, the beamline selects a beam type

based on its rigidity, allowing the production of secondary hadron and ion beams. Downstream

collimators lower beam intensity to a few 105 ions per spill lasting typically 10 sec [127].

Detectors provide precise information on the beam’s position, profile, and intensity.

Beam detectors

A set of detectors, including scintillators and three gaseous beam position detectors are situated

upstreamof the target in the beamline. These detectors provide precise information on the charge,

position, and timing of the incoming beam particles. Additionally, two scintillating counters

(S3, S5) are located downstream of the target and serve as interaction detectors, allowing for

triggering inelastic interactions of the beam particles inside the target.

Figures depicting the schematic diagram of the beam counters used for 40Ar + 45Sc and

208Pb + 208Pb data collections are presented in Figs. 4.4 and 4.5, respectively, and those are

briefly discussed below:

(i) S1 counter: The first counter on the beamline is equipped with four fast photo-multiplier

tubes (PMTs). It collects and transforms scintillation light into electrical signals for the

readout and trigger electronics. S1 provides precise timing for the experiment.

(ii) S2 counter: The S2 counter on the beamline is used in coincidence with S1 in the trigger

logic. The amount of light produced by the scintillator is proportional to the squared

charge Z2 of the incoming particle, allowing for the selection of beam particles with
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BPD-3BPD-2BPD-1

S1 S2 V1

Figure 4.4 A schematic diagram (not to scale) of the beam counters used in 40Ar+45Sc
data-taking campaign in 2015.

PSDS3

Target
BPD-3BPD-2BPD-1

S1 S2 V1

Figure 4.5 A schematic diagram (not to scale) of the beam counters used in
208Pb + 208Pb data-taking campaign in 2016.

different charge states Z in off-line analysis or at the trigger level. In contrast, the V1

plastic scintillator with small holes in the middle is used in anti-coincidence (veto) mode

to remove the beam halo and trigger only on the central part of the beam.

(iii) S3, S5: In the NA61/SHINE beamline, plastic scintillator detectors called S3 and S5 are

used downstream of the target to detect interactions of the beam particles. The interaction

between the last counter running in coincidence (typically S2) and the given interaction
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counter is signaled by the absence of the beam particle signal in this counter. Therefore,

these counters are used in anti-coincidence mode in the trigger logic to detect interactions.

A single interaction counter is typically selected for triggering, depending on the beam

type and the detector configuration.

(iv) BPDs: Beam Position Detectors (BPDs) are placed along the beamline upstream of the

target to measure each beam particle trajectory. A schematic view of a single BPD detector

is shown in Fig. 4.6.
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S3, S4, and S5 are the interaction counters, the final group of plastic scintil-
lator detectors used in the NA61/SHINE beamline. They are placed down-
stream to the target and are used to detect interactions of the beam parti-
cles. Interaction anywhere between the last counter running in coincidence
(typically S2) 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 mode in the trigger logic. A sin-
gle interaction counter is typically selected for triggering, depending on the
beam type and the detector configuration.

During operation with secondary hadron beams, the beamline is equipped
with a Cherenkov Differential Counters with Achromatic Ring Focus (CEDAR)
[53] detector. The CEDAR belongs to the beam instrumentation and is not
a part of the NA61/SHINE experimental setup. The detector uses gas as
a radiator and is equipped with a dedicated optical system. Adjusting the
pressure of the gas filling the detector and tuning the optics allows the
CEDAR to accept only a desired hadron species. The CEDAR signal is used
in coincidence mode in the trigger logic and enables selection of a desired
hadron species at the trigger level. During periods where the CEDAR is not
needed, it is removed from the beamline and replaced by a vacuum beam
pipe to minimize the amount of the material in the beamline.

Each beam particle trajectory is measured by a telescope of three BPDs
placed along the beamline upstream of the target. A schematic view of a
single BPD detector is shown in Fig. 2.4. BPDs are gas detectors operated
with 85/15 Ar/CO2 mixture. Each BPD contains two planes of orthogonal
readout strips, allowing position measurement in x−y plane. The measure-
ment done by the BPDs allows extrapolation of the beam particle trajecto-
ries to the target z-plane with the precision of the order of 100 µm.

Figure 2.4: Schematic layout of a BPD detector.

2.3 Trigger system

The trigger system is an essential part of most modern high-energy physics
experiments. The system aims to select a class of events that are of par-
ticular interest. The selection is made in real time and greatly reduces the

Figure 4.6 A schematic layout of the BPD detector. The figure is taken from Ref. [56].

BPDs are gas detectors that use a mixture of Ar and CO2 (80:15) to detect particles. Each

BPD has two orthogonal planes of readout strips that allow for position measurement in

the x-y plane. This measurement can extrapolate the trajectory of beam particles to the

target z-plane with a precision of around 100 µm.

The parameters of the counters used for 40Ar + 45Sc and 208Pb + 208Pb data-taking campaign are

summarized in Table 4.1.
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Table 4.1 Summary of beam detector parameters: dimensions, positions along the
beamline (z coordinates) used for 40Ar + 45Sc and 208Pb + 208Pb data-taking campaign.

detector dimensions (mm) hole (mm) position (m)

S1 60× 60× 5 -36.42

S2 φ = 28× 2 -14.42

S3 φ = 26× 5 -6.58

S5 φ = 20× 5 9.80

V1 100× 100× 10 φ = 8 -6.72

V1p 100× 100× 10 φ = 8 -6.72

BPD1 48× 48× 32.6 -32.60

BPD2 48× 48× 32.6 -14.90

BPD3 48× 48× 32.6 -6.70

4.2.2 Triggering systems

The NA61/SHINE trigger system uses analog signals from beam detectors (BPDs are not

included) to classify events and limit stored data, when, for instance, an interaction with a target

did not take place. It can include any signal arriving up to ≈300 ns after the S1 signal and has

four independent trigger configurations (T1-T4).

Table 4.2 Trigger definitions used during the 40Ar+45Sc and 208Pb + 208Pb data-taking
campaign.

Trigger Description Definition Fraction of data

Ar+Sc Pb+Pb Ar+Sc Pb+Pb

T3 unidentified beam S1 · S2 S1 · S2 0.18% 0.80%

T1 identified beam T3 · V1 T3 · V1 1.16% 10.4%

T4 unidentified beams interaction T1 · S5 T1 · S3 7.13% 67.13%

T2 identified beams interaction T4 · PSD T4 · PSD 92.61% 21.61%

The Projectile Spectator Detector (see Sec. 4.2.5) also contributes to the trigger logic in veto

mode. Collimators in the beam line were adjusted to obtain beam rates of ≈ 104/sec during the

≈ 10 sec spill and a super-cycle time of 32.4 sec. Trigger definitions used during the 40Ar + 45Sc
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and 208Pb + 208Pb data taking are presented in Table 4.2.

After the T1-T4 signals are generated, they are sent to the prescaler module. The role of the

module is to select a given fraction of triggers of a given type for recording.

4.2.3 Targets

The target used in 40Ar + 45Sc data-taking of the NA61/SHINE experiment was a stack of six

square 45Sc plates of 2.5×2.5 cm2 area and 1 mm thickness. During the 208Pb + 208Pb data-

taking campaign, a square 208Pb plate, with an area of 2.5×2.5 cm2 and a thickness of 1 mm

was utilized as a target. The detailed specifications for 45Sc and 208Pb targets are in Appendix C.

The targets were placed about 80 cm upstream of the VTPC-1. The targets are placed in a

specialized holder with a helium atmosphere to minimize interactions with air. Targets can be

easily removed or inserted using a pneumatic movement system for data collection. The data

were taken using two target configurations: target inserted (target IN) and target removed (target

R). Approximately 90% of accumulated statistics were collected with target IN.

Table 4.3 A summary of target IN and target R statistics of the collected Ar+Sc and
Pb+Pb data

pbeam (GeV/c) Target IN Target R

208Pb + 208Pb

13A 2.67 · 106 9.43 · 105

30A 4.69 · 106 1.35 · 106

40Ar + 45Sc

13A 3.59 · 106 2.32 · 105

19A 3.70 · 106 2.34 · 105

30A 4.83 · 106 2.64 · 105

40A 8.91 · 106 8.75 · 105

75A 4.37 · 106 2.94 · 105

A summary of target IN and target R statistics of the collected Ar+Sc and Pb+Pb data is

summarized in Table. 4.3. The target R data was collected to correct for interactions of beam
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particles with the material surrounding the target (off-target interactions).

The purity of the 45Sc and 208Pb target was measured [128] at Jan Kochanowski University

in Kielce, Poland using the WDXRF method [129]. The content of 45Sc in the 45Sc target and

208Pb in the 208Pb target was about 99.3% and 99.4%, respectively. The measurements of the

45Sc and 208Pb target impurities using the WDXRF technique are summarized in Table C.2.

The most abundant contaminants in the target were identified to be: Ti, Al, Fe, Cu, W, and Ta.

The influence of these other elements on the mean multiplicity and multiplicity fluctuations of

negatively and positively charged particles in the SPS energy range is reported in Ref. [128].

In the case of 40Ar + 45Sc collisions, the presence of Ta and W nuclei in the 45Sc target

was mostly responsible for the asymmetric widening of mean multiplicity distributions. The

relative change of second order moments [128] was 3.9% for forward kinematical acceptance,

defined by yπ > 0. In contrast, for 208Pb + 208Pb collisions [128], there was no influence of

impurities for the analyzed mean multiplicity distributions, and no significant relative changes

were observed in the second-order moments for forward kinematical acceptance. This bias

was significantly smaller compared to the estimated bias observed from pure (smeared) and

reconstructed Epos model (see Sec. 7).

4.2.4 Time Projection Chambers

In high-energy physics, TPC is a type of particle detector that employs electric and magnetic

fields and a sensitive volume of gas or liquid to reconstruct the trajectory or interaction of

particles in three dimensions. The TPCs track reconstruction efficiency and resolution of

kinematic quantities were studied using a simulation of the detector. Estimates were obtained

by matching generated tracks to their reconstructed partners. Overall TPCs track reconstruction

efficiency around 90% [56]. The principle of TPC operation is discussed in Ref. [126]. The

main components of TPCs relevant to this study are briefly discussed below.

VTPCs

TheVTPC-1 andVTPC-2 are positioned amidst two large superconductingmagnets, VERTEX-1

and VERTEX-2. The VERTEX magnets generate a magnetic field that is anti-parallel to the
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y-axis and can produce a total bending power of up to 9 Tm. This magnetic field orientation

causes the positively charged particles’ trajectories to bend towards the x-direction, whereas the

negatively charged particles are directed towards the -x direction. By precisely measuring the

deflection of the charged particle track, the particle’s momentum and charge sign can be deter-

mined. The TPCmomentum resolution [55] is parameterized by dp/p2 = 0.3 × 104 (GeV/c)−1

for particles in range 4-100 GeV/c. The magnitude of the field in the VERTEXmagnets varies for

each beam momentum to achieve optimal acceptance in the collision center-of-mass reference

frame. The NA61/SHINE tracking and reconstruction software use an accurate magnetic field

map to compensate for the magnetic field inhomogeneities at the edges of the VTPC active

volumes.

MTPCs

Two large-volume Main TPCs, MPTC-L and MTPC-R, are placed downstream to the magnets,

symmetrically around the beam. The MTPCs improve the accuracy of the energy loss measure-

ment (σ(dE/dx)
/
dE/dx ≥ 4%) and provide precise tracking of charged particles toward the

ToF detectors.

Particle identification

In TPCs, the energy lost by different charged particles can be measured using dE/dx, which

refers to the energy loss per unit length. The NA61/SHINE dE/dx resolution [55] is param-

eterized as 38%/
√
N , where N is the total number of clusters on a track. A combination of

energy and momentum measurements allows particle identification (see Chapter 5.2.7) using

the Bethe-Bloch formula [130] (see Appendix D).

4.2.5 Projectile Spectator Detector

The Projectile Spectator Detector (PSD) [131] is a forward hadron calorimeter used to measure

energy of projectile spectators in nucleus-nucleus collisions. A schematic view of PSD is shown

in Fig. 4.7. PSD consists of 44 modules covering a transverse area of 120× 120 cm2. The

central part of PSD has 16 smaller modules of size 10× 10 cm2, while the outer part comprises
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28 modules of size 20× 20 cm2. Each module contains 60 pairs of lead and scintillator plates,

and has a longitudinal length of 120 cm corresponding to 5.7 nuclear interaction lengths. To

address the issue of hadronic showers created by Ar ions (about 12%) [125] escaping through

the rear side of the calorimeter, a short module [131] was added during 2016 208Pb + 208Pb

data collection. The short module comprises 12 lead/scintillator layers with thicknesses of

16 mm and 4 mm, respectively, and is tied together and placed in a 0.5 mm thick steel box. The

transverse size of the module is 10× 10 cm2.
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Figure 25. The PSD: schematic front view (left), schematic view of single module (centre) and the fully
assembled detector (right).

6.1 Calorimeter design

The PSD calorimeter consists of 44 modules which cover a transverse area of 120× 120 cm2. A
schematic front view of the PSD is shown in figure 25 (left). The central part of the PSD consists
of 16 small modules with transverse dimension of 10× 10 cm2 and weight of 120 kg each. Such
fine transverse segmentation decreases the spectator occupancy in one module and improves the
reconstruction of the reaction plane. The outer part of the PSD consists of 28 large 20× 20 cm2

modules with a weight of 500 kg each.
Each module, schematically shown in figure 25 (centre), consists of 60 pairs of alternating

lead plates and scintillator tiles with 16 mm and 4 mm thickness, respectively. The stack of plates
is tied together with 0.5 mm thick steel tape and placed in a box made of 0.5 mm thick steel. Steel
tape and box are spot-welded together providing appropriate mechanical rigidity. The full length
of the modules corresponds to 5.7 nuclear interaction lengths.

Light readout is provided by Kuraray Y11 WLS-fibers embedded in round grooves in the
scintillator plates. The WLS-fibers from each longitudinal section of 6 consecutive scintillator
tiles are collected together in a single optical connector at the end of the module. Each of the 10
optical connectors at the downstream face of the module is read out by a single photodiode. The
longitudinal segmentation into 10 sections ensures good uniformity of light collection along the
module and delivers information on the type of particle which caused the observed particle shower.
Ten photodetectors per module are placed at the rear side of the module together with the front end
electronics. A photograph of the fully assembled calorimeter is shown in figure 25 (right). In order
to fit the PSD transverse dimensions to the region populated by spectators the distance between the
NA61/SHINE target and the calorimeter is increased from 17 m to 23 m with increasing collision
energy. Interactions of spectators upstream of the PSD were minimized by the installation of a
helium tube of length 5.5 m and diameter 125 cm between the upstream PSD face and the hut
housing the MTPCs. The entrance and exit Mylar windows of the tube had a thickness of about
125 µm. This tube was inserted for data taking with ion beams of momenta larger than 40A GeV/c
when the distance between the target and the PSD was 23 m.

6.2 PSD photodetectors

The longitudinal segmentation of the calorimeter modules requires 10 individual photodetectors
per module for the signal readout. Silicon photomultipliers SiPMs or micro-pixel avalanche pho-

– 32 –

Figure 4.7 A schematic front view (left), single module (center), and the dimly assem-
bled (right) PSD is shown here. Figures are taken from Ref. [56].

In order to select the 40Ar + 45Sc and 208Pb + 208Pb collisions, a low PSD energy value is

necessary. This energy is mostly emitted in the area where projectile spectators are mostly

populated, known as central collisions. Selecting collisions based on forward energy is called

centrality selection (see Sec. 5.1.3). The PSD acceptance maps [132] were used to calculate

the energy of the forward spectator in a Monte-Carlo event generator (see Sec. 4.3.2). These

maps correspond to the acceptance of the PSD detector and are based on three-dimensional

kinematic regions (rigidity, transverse rigidity, and azimuthal angle). Furthermore, the precise

measurement of the energy carried by projectile spectators enables the extraction of the number

of interacting nucleons from the projectile with a precision of one nucleon. The high energy
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resolution of PSD is crucial for studying fluctuations in nucleus-nucleus collisions. In order to

quantify the performance of PSD, the energy resolution can be parameterized [133] by,

σE
E

= 60%/
√
E (GeV)/(1 GeV), (4.1)

and it has a good transverse uniformity [133].

4.3 Data processing and Monte-Carlo simulations

Before final data analysis, raw signals from TPCs and other detectors undergo a complex process

of calibration [134] and reconstruction [134] of physical quantities such as charge, momentum,

or energy loss. The calibration process includes time-dependent correction of electron drift

velocity or specific energy loss per unit length to enhance data quality. Tracks are reconstructed

by combining clusters and fitting their momenta. The reconstruction procedure is briefly

discussed below (see Sec. 4.3.1). A Monte-Carlo simulation is conducted in the final phase

to derive the geometrical acceptance of the detector, the contribution of weak decay, and the

interactions of primary particles with the detector (see Sec. 4.3.2).

4.3.1 Reconstruction of tracks

The reconstruction process translates raw quantities recorded by the detector into particle tra-

jectories and associated quantities. An example of a reconstructed 208Pb + 208Pb collision at

30A GeV/c is presented in Fig. 4.8. Starting with detector raw data, the event reconstruction

procedure can be broken into the following steps, performed sequentially:

BPD reconstruction

An algorithm extracts beam particle positions from three BPDs and fits them to a straight line

to determine particle trajectory.

TPC reconstruction

(i) Cluster finding: In the first step of the TPC reconstruction algorithm, cluster finding

searches for signals in TPC pads and time slices. Groups of signals present in adjacent
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Figure 4.8 An example of reconstructed 208Pb + 208Pb collision at 30A GeV/c is shown.
Green points represent clusters on reconstructed local tracks. Yellow points represent
clusters that belong to tracks from the main vertex, and red lines show reconstructed
global vertex tracks (for reference, see the detector layout in Fig. 4.2).

pads and time slices are defined as clusters. If two distinct maxima are found in the

connected charge region, this algorithm assumes they belong to two separate clusters and

splits them in two. The position of the cluster is calculated with the center of gravity

method using measured charges as weights. In events with a high multiplicity, such as

208Pb + 208Pb or 40Ar+45Sc, the number of clusters is exceptionally high, and the distances

between them are extremely small. Therefore, it may not be possible to identify all clusters

belonging to the same particle’s track. The reconstruction algorithm was optimized to

identify clusters originating from the same particle’s track while minimizing the inclusion

of clusters from adjacent paths and utilizing the detector’s time dependence.

(ii) Local tracking in each TPCs: Clusters in close proximity are merged into local track

fragments for each TPC, requiring geometrical topology: straight lines in MTPCs and

curved ones in VTPCs due to the magnetic field.

(iii) Global tracking: Track pieces from multiple TPCs are merged, and the momenta of

the connected tracks are fitted, accounting for magnetic field distribution within and

between TPCs.
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Reconstruction of vertices

(i) Finding interaction vertex: Finding the interaction vertex involves extrapolating merged

tracks upstream to identify a single common vertex. The vertex’s z position is then fitted

based on all TPC tracks in a given event. The x and y coordinates of the vertex are

calculated by extrapolating the beam track measured by the BPDs to the z coordinate of

the vertex. The momenta of tracks are re-fitted with the interaction vertex as an additional

constraint. The distance in the x-y plane between the BPD-measured vertex position and

the extrapolated track is referred to as the impact point, and it is a measure used to reject

non-vertex tracks.

(ii) Finding secondary vertices: The algorithm tries to match pairs of tracks with a common

secondary vertex to identify if they came from decay.

Additional steps of the reconstruction algorithm are the ToF reconstruction and the PSD recon-

struction. Following the reconstruction, the data consists of trackswith the following parameters:

(i) electric charge sign,

(ii) momentum vector at the interaction vertex.

(iii) average energy loss dE/dx,

(iv) number of measured and potential points in each TPC,

(v) coordinates of the impact point (the distance between the track extrapolated to the target

z-plane and the reconstructed vertex).

4.3.2 Monte-Carlo simulations

Monte Carlo (MC) simulations are utilized in NA61/SHINE to correct analysis results for

detector efficiency, geometrical acceptance, and reconstruction algorithms. An MC generator

is used to mimic particle production (see Chapter 6), and Epos1.99 event generator is used

in this study, as it has reasonable agreement with previous SHINE measurements and had

consistent developer support. Epos utilizes both partons and pomerons (Parton ladders) in
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its multiple dispersal technique. The particles produced by Epos1.99 are then inserted into a

detector simulation using the Geometry And Tracking (Geant3) software, which allows the

simulation of important physical processes such as particle decay and secondary interactions.

The Detector Response Simulator then processes the output from Geant3 in order to generate

TPC clusters that have position and charge. The resulting MC events then go through the same

reconstruction procedure as the actual data, and a matching procedure is carried out to identify

the corresponding simulated track for each reconstructed track. Finally, reconstructedMC events

are run through a simulation of the PSD detector to determine the deposited energy.
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Chapter Five

Event and track selection

The goal of these analyses is to search for QCD CP (see Sec. 1.4.2) by measuring the SSFMs

(see Sec. 2.1) of selected proton candidates within the analyses acceptance in 0–10% central

208Pb + 208Pb collisions at 13A and 30A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c.

Not all recorded events were eligible for analysis as central collisions in the target, and not all

recorded tracks were the primary products of such collisions. Therefore, optimization was done

by introducing selection criteria for events and tracks. This chapter will present the event and

track selection for 208Pb + 208Pb and 40Ar + 45Sc data sets. The selection procedure involves the

following steps:

(i) event selection including the centrality selection (Sec. 5.1),

(ii) single-track selection including proton candidate selection (Sec. 5.2),

(iii) single-particle acceptance maps (Sec. 5.3),

(iv) two-particle acceptance map (mTTD cut) (Sec. 5.4).

As an illustration of the selection procedure, the distributions for 208Pb + 208Pb collisions at

13A GeV/c and 40Ar + 45Sc collisions at 75A GeV/c are shown in this chapter. Distributions

before and after the event and track selection for other analyzed 208Pb + 208Pb and 40Ar + 45Sc

data sets are documented in Ref. [135].
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5.1 Event selection

The sub-sample consisting of central interactions of beam-ions 40Ar (or 208Pb)with 45Sc (or 208Pb)

target nuclei selected on the trigger level - T2 trigger (see Sec. 4.2.2)- was analyzed. A sequence

of event selection criteria was imposed on the T2 trigger sample, ensuring the highest quality of

the analyzed data and proper, well-defined event centrality interval. There are two sets of event

selection criteria: upstream or non-biasing cuts and downstream or biasing cuts. Also, before

the physical event selection of target-inserted data sets, a subset of events has to be excluded due

to malfunctioning of PSD (see Sec. 4.2.5) and/or other detectors (see Ref. [135]).

5.1.1 Non-biasing event selection criteria

The upstream of the target or non-biasing cuts do not employ interaction-dependent variables.

They reduce the number of unwanted events without influencing the properties of wanted events.

These are cuts on the beam’s position, composition, and timing.

Beam quality

A precise measurement of the beam particle trajectory was needed to determine the interaction.

The presence of the signal from BPD3 (see Sec. 4.2.1), together with a signal from either of the

other beam position detectors (BPD-1 or BPD-2), was required. Such conditions allow the fitting

of the beam trajectory and its extrapolation to the target area. Furthermore, it also assures that

the beam particle did not interact upstream of BPD3. Examples of beam position distributions

for 208Pb + 208Pb collisions at 13A GeV/c and 40Ar + 45Sc collisions at 75A GeV/c are shown in

Figs. 5.1 and 5.2, respectively. The left and right distributions are represented before and after

the beam quality cut, respectively.
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Figure 5.1 Examples of beam po-
sition distributions registered by all
three BPDs for 208Pb + 208Pb colli-
sions at 13A GeV/c. BPD-1 (top),
BPD-2 (middle) and BPD3 (bottom)
distributions, before (left) and after
(right) the BPD cuts, are shown.
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Figure 5.2 Examples of beam po-
sition distributions registered by all
three BPDs for 40Ar + 45Sc collisions
at 75A GeV/c. BPD-1 (top), BPD-2
(middle) and BPD3 (bottom) distribu-
tions, before (left) and after (right) the
BPD cuts, are shown.
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BPD3 charge

Additional information is provided to verify the charge of the beam ions measured by the BPD3

counter. Example distributions of the charge signal obtained on X and Y planes of BPD3 for

208Pb + 208Pb collisions at 13A and 40Ar + 45Sc collisions at 75A GeV/c are shown in Fig. 5.3.

The red rectangular region in both distributions represents the region selected for these analyses.

The upper and lower limits of the BPD3 charge used to select events for 208Pb + 208Pb and

40Ar + 45Sc data sets are summarized in Table 5.1.
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Figure 5.3 Examples distributions of BPD3 charge Y versus BPD3 charge X for
208Pb + 208Pb collisions at 13A GeV/c and 40Ar + 45Sc collisions at 75A GeV/c. The
red rectangular regions in both distributions represent the graphical cut used for event
selection. Clouds outside the red rectangular area are due to secondary interactions or
off-time beam particles.
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Table 5.1 The BPD3 charge cut values used to select events for 208Pb + 208Pb collisions
at 13A and 30A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c.

BPD3 charge X BPD3 charge Y

pbeam (GeV/c) lower limit upper limit lower limit upper limit

208Pb + 208Pb

13A 2307 7697 2400 6450

30A 2000 8408 2150 6650

40Ar + 45Sc

13A 3000 7900 2500 6800

19A 3500 6500 3200 6000

30A 3400 7400 2800 6600

40A 3500 8000 3000 7000

75A 3800 7200 3600 6800
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Off-time beam particles

This criterion reduces the contribution of events in which there was an additional beam particle

that could interact with the target or the detector material in close time proximity to the triggering

particle. If it is too close in time, it may bemistaken for the product of the collision ormay interact

with the target, producing a second collision that is indistinguishable by the reconstruction

software. Such events may bias the fluctuation measurements. The main selection tool is the

distribution of the time in which beam particles pass through the S1 counter (see Sec. 4.2.1)

with respect to the trigger signal (generated by the interaction beam ion). This selection criteria

usually refers to the WFA (WaveForm Analyzer) cut.
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Figure 5.4 Example distributions of beam particles time measured by the
S1 counter (left) and obeying the T4 trigger (right) with respect to a trigger signal
in target-inserted 208Pb + 208Pb collisions at 13AGeV/c. The blue line with blue-shaded
distributions and the red line with red-shaded distributions are before and after the
WFA cut.

In the 208Pb + 208Pb event selection, theWFAcut selects eventswith no off-time beamparticle

within the ± 25 µs window with respect to the trigger particle S1 signal. In the 40Ar + 45Sc

event selection, the WFA cut selects events with no off-time beam particle within the ± 4 µs

window with respect to trigger particle S1 signal. Additionally, no off-time particle that gives

the T4 signal (see Sec. 4.2.2) can be detected within the ± 25 µs window.
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Figure 5.5 Example distributions of beam particles time measured by the
S1 counter (left) and obeying the T4 trigger (right) with respect to a trigger signal
in target-inserted 40Ar + 45Sc collisions at 75A GeV/c. The blue line with blue-shaded
distributions and the red line with red-shaded distributions are before and after the
WFA cut.

Example distributions of beam particles time measured by the S1 counter and obeying the

T4 trigger with respect to a trigger signal in target-inserted 208Pb + 208Pb collisions at 13AGeV/c

and 40Ar + 45Sc collisions at 75A GeV/c are shown in Figs. 5.4 and 5.5, respectively. The blue

line with blue-shaded beam particle’s time distributions represents before the WFA cut, and the

red line with red-shaded beam particle’s time distributions represents after the WFA cut.

5.1.2 Biasing event selection criteria

In turn, inappropriately applied downstream of the target or biasing cuts may (and typically do)

affect the properties of the wanted events. Typically, these are used to remove the background

of non-target interactions or to determine collision centrality. Using Monte Carlo simulations,

it is possible to estimate and, if needed, correct the effect of these biasing cuts.
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Interaction vertex fit quality

This criterion ensures that the interaction vertex is fitted during the reconstruction process and

that the fit quality is good enough.

Interaction vertex z position

Example distributions of the fitted vertex z position for the target inserted for 208Pb + 208Pb

collisions at 13A GeV/c and 40Ar + 45Sc collisions at 75A GeV/c are shown in Fig 5.6. An

overview of the fitted vertex z position for the target inserted and target removed in a broad range

and an explanation of the origin of different peaks is presented in Fig. E.1 (see Appendix E).
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Figure 5.6 Example distributions of the fitted vertex z position for the target inserted
data-sets of 208Pb + 208Pb collisions at 13A GeV/c (left) and 40Ar + 45Sc collisions at
75A GeV/c (right). In both distributions, the red lines represent the cut used for event
selection.

Further analysis was conducted only for events that have a reconstructed interaction vertex

within ± 1 cm for 208Pb + 208Pb data-sets and ± 2 cm for 40Ar + 45Sc data-sets form the peak

maximum or around. The red lines represent the cut used for event selection for 208Pb + 208Pb

collisions at 13A GeV/c and 40Ar + 45Sc collisions at 75A GeV/c, shown in Fig. 5.6.
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5.1.3 Centrality selection

The energy deposited in the PSD detector,EPSD, is used to determine the centrality of collisions.

The analysis in this thesis focuses on the 0–10% most central 40Ar + 45Sc and 208Pb + 208Pb

collisions. The selection process for the centrality of 40Ar + 45Sc collisions is discussed in detail

in Refs. [136, 137]. Figure 5.7 shows the modules used to determine the centrality of 40Ar + 45Sc
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Figure 5.7 Modules used for centrality determination were selected based on the
anti-correlation between energy and track multiplicity. All modules were used for
40Ar + 45Sc collisions at 13A and 19A GeV/c, while 28 central modules were chosen
for 30A, 40A, and 75A GeV/c. For T2 trigger, 16 central modules were used.

data sets. The modules were chosen based on the anti-correlation between the measured energy

and the track multiplicity in a given event. All modules were used to determine the centrality

of 40Ar + 45Sc collisions at 13A and 19A GeV/c, while 28 central modules were chosen for 30A,

40A, and 75A GeV/c. For the T2 trigger, 16 central modules were used. Event selection for data

analysis was based on ≈10% of collisions with the lowest value of the energy EPSD measured

by a subset of PSD modules (see Fig. 5.7) to optimize sensitivity to projectile spectators. The

acceptance resulting from the definition of the forward energy, EF , corresponds closely to the

acceptance (see Sec. 4.2.5) [138] of this subset of PSD modules. Online event selection by

the hardware trigger (T2) used a threshold on the sum of electronic signals from the 16 central
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modules of the PSD to accept ≈30% of all inelastic interactions (see Table 5.3).

The centrality selection of 208Pb + 208Pb collisions at 13A and 30A GeV/c was done using the

model and data-based methods. The following section discusses the model-based method, and

the data-based method is briefly discussed in Appendix E.

Cross-section determination

An inelastic cross-section (σinel) represents the cross-section of processes where the initial state

particles differ from the final state particles. Such cross-sections are composed of contributions

from electromagnetic and strong processes and can be divided into two parts: quasi-elastic (σqe)

and production (σprod) cross-sections. Quasi-elastic cross-sections involve the process of either

target, projectile, or both being fragmented, but no additional hadrons were produced. It

is difficult to measure target fragmentation in fixed-target experiments; however, projectile

fragmentation is measured by PSD. Production cross-sections result in new hadrons being

produced in the final state. The inelastic cross-section can be written as:

σinel = σqe + σprod . (5.1)

The inelastic cross-section from strong interactions of 208Pb + 208Pb collisions at 13A and

30AGeV/cwas calculated from the GLISSANDOmodel [139]. GLISSANDO–GLauber Initial-

State Simulation AND mOre, a versatile Monte-Carlo generator for Glauber-like models of the

initial stages of ultra-relativistic heavy-ion collisions. The value of inelastic cross-sections of

208Pb + 208Pb collisions at 13A and 30A GeV/c are summarized in Table 5.2.

Probability of inelastic interaction

The probability of inelastic interaction, Pinel, defined as a ratio between the beam particles that

interacted with the target to all beam particles, can be defined as:

Pinel = σinel · ρ · L ·NA

A
, (5.2)

where ρ is the target density, L is the target length, NA is the Avogadro constant, and A is the

atomic number of the target nuclei. The specifications of the 208Pb target are summarized in
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Table C.1. The probabilities of inelastic interaction of 208Pb + 208Pb at 13A and 30A GeV/c are

listed in Table 5.2.

Centrality determination

For the centrality determination of 208Pb + 208Pb collisions at 13A and 30A GeV/c, data sets are

analyzed using identified beam trigger (T1 trigger) with unbiasing event selection criteria (see

Sec. 5.1.1). All biasing and unbiasing event selection criteria are used to analyze 208Pb + 208Pb

data sets using T4 and T2 triggers. All PSD modules, including the short module, are used to

calculate the PSD energy of 208Pb + 208Pb collisions at 13A and 30A GeV/c (see Sec. 4.2.5). The

PSD energy distributions of 208Pb + 208Pb collisions at 13A GeV/c using T1, T2, and T4 triggers

are shown in Fig. 5.8 (left). The distributions are normalized to their integral to the left from

the vertical green line, which is assumed to be unbiased by off-target interactions. The dashed

vertical red line is at the energy, where the T2 PSD energy distribution has maximum.
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Figure 5.8 Left: The PSD energy distributions for 208Pb + 208Pb collisions at 13AGeV/c
using T1, T2, and T4 triggers, see text for details. Right: The scaled cumulative PSD
energy distribution for 208Pb + 208Pb collisions at 13A GeV/c data considering the T2
trigger is shown, see text for details.

The total number of inelastic collisions is given by

Ninel = Pinel ·
∞∫
0

N
(
ET1
PSD

)
dET1

PSD , (5.3)
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while the number of T2 inelastic collisions is calculated as

NT2 =
∞∫
0

N
(
ET2
PSD

)
dET2

PSD . (5.4)

The T2 centrality is defined as

CT2 = NT2
/
Ninel , (5.5)

and the values of CT2 for 208Pb + 208Pb collisions at 13A GeV/c and 30A GeV/c are listed in

Table 5.2.

Table 5.2The value of inelastic cross-section due to strong interactions for 208Pb + 208Pb
collisions at 13A and 30A GeV/c are calculated from the GLISSANDO [139] model.
Probability of inelastic collisions, Pinel and the T2 centrality, CT2 are calculated for
208Pb + 208Pb collisions at 13A and 30A GeV/c.

pbeam (GeV/c) inelastic cross-section, σinel (mb) Pin (%) CT2

13A 6618.0± 7.5 2.2 28%

30A 6661.7± 3.7 2.3 25%

The cumulative distribution of theT2 trigger PSDenergy scaled toCT2 is shown inFig. 5.8 (right).

The dotted horizontal red, blue, magenta, and green lines represent 5%, 10%, 15%, and 20%

centrality intervals, respectively, and the dotted vertical lines represent the corresponding lowest

value of EPSD to select desired central events.

The lowest values of the PSD energy to select 0–10% central 208Pb + 208Pb collisions at 13A and

30A GeV/c are listed in Table 5.3. The lowest values of EPSD for different centrality intervals

from the model-based and the data-based method are listed in Table E.1 (see Appendix E).
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Table 5.3 The values of online centrality selection by the hardware trigger (T2) of
208Pb + 208Pb collisions and 40Ar + 45Sc collisions are tabulated here. The lowest PSD
energy values measured by a subset of PSD modules to select 0–10% of the most
central collision events of 208Pb + 208Pb and 40Ar + 45Sc interaction are listed here.

pbeam (GeV/c) T2 centrality (%) EPSD limit (GeV) (for 10% central events)

208Pb + 208Pb

13A 34 825

30A 25 3002

40Ar + 45Sc

13A 30 143

19A 35 264

30A 30 446

40A 35 666

75A 20 1290.6
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Central event selection

The proton intermittency analysis results are presented in Chapter 6 for 0–10% central events

of 40Ar + 45Sc, and 208Pb + 208Pb collisions using the EPSD limits listed in Table 5.3.

Event statistics

After applying the event selection criteria, the event statistics are summarized in Table 5.4.

Table 5.4 The statistics of selected events for 208Pb + 208Pb collisions at 13A and
30A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c.

pbeam

(GeV/c)

target IN T2 trig-

ger (good

events)

beam

quality

beam

off-time

vertex fit

quality

vertex z

position

10% of

most

central

208Pb + 208Pb

13A 2.67·106 6.58·105 5.82·105 2.50·105 2.49·105 2.46·105 1.17·105

30A 4.69·106 9.75·105 8.35·105 4.41·105 4.40·105 4.39·105 1.69·105

40Ar + 45Sc

13A 3.59·106 2.14·106 1.60·106 1.56·106 1.56 ·106 1.48 ·106 4.97·105

19A 3.70·106 2.51 ·106 2.00·106 1.93·106 1.92·106 1.83·106 5.24·105

30A 4.83·106 3.71·106 2.93·106 2.85·106 2.84·106 2.74·106 9.13·105

40A 8.91·106 5.71·106 4.87·106 4.74·106 4.71·106 4.53·106 1.29·106

75A 4.37·106 2.89·106 2.44·106 2.37·106 2.36·106 2.32·106 1.16·106
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5.2 Single-track selection

Among the selected events, many tracks should be rejected from the analysis. The cuts presented

in this section are standard NA61/SHINE cuts common for most analyses in the experiment.

To select tracks of primary charged hadrons and to reduce the contamination by particles from

secondary interactions, weak decays, and off-time interactions, the following track selection

criteria were applied.

5.2.1 Track fit quality

For this analysis, only positively charged particles with a converged momentum fit at the main

interaction vertex were selected.

5.2.2 Minimal number of clusters

This track cut ensures good momentum reconstruction and track quality. The threshold for the

number of clusters in all TPCs (see Sec. 4.2.4) (VTPC1, VTPC2, MTPCL, and MTPCR) was

set to 30. The maximum number of clusters in all TPCs is 234 and the maximum number of

clusters in VTPCs is 143. In addition, the number of clusters in VTPCs (VTPC1 and VTPC2)

has to be larger than 15.

5.2.3 Potential-point ratio

The TPC reconstruction (see Sec. 4.3.1) may fail to merge track fragments from different TPCs.

This can generate two or more tracks for a single particle. Such problematic tracks are referred

to as split tracks (see Sec. 3.4). For all the selected tracks, the ratio of the number of measured

clusters to the number of potential clusters in all TPCsmust be greater than 0.5 and less than 1.1.

The lower cut removes such split tracks. The number of potential clusters was calculated

for vertex tracks. Example potential-point ratio distributions for 208Pb + 208Pb collisions at

13A GeV/c and 40Ar + 45Sc collisions at of 75A GeV/c are shown in Fig. 5.9. The dotted vertical

lines show the upper and lower limit of the potential point ratio cut.
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Figure 5.9 Example ratio (the number of measured clusters to potential clusters in
all TPCs) distributions for 208Pb + 208Pb collisions at 13A GeV/c (left) and 40Ar + 45Sc
collisions at 75A GeV/c (right). The dotted vertical lines show the upper and lower
limits of the potential point ratio.

5.2.4 Impact parameters

This track selection criteria enforces that the difference between the track extrapolation to the tar-

get z position and the reconstructed interaction vertex is small enough in the x-y plane. It was re-
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Figure 5.10 Example impact-parameters (along x, bx and along y, by) distribu-
tions for 208Pb + 208Pb collisions at 13A GeV/c (left) and 40Ar + 45Sc collisions at
75A GeV/c (right). The dotted red rectangular region represents the region selected
for the analysis.
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quired to be smaller than 4 cm in the horizontal (bending) plane (bx) and 2 cm in the vertical (drift) plane (by).

Example impact-parameter distributions for 208Pb + 208Pb collisions at 13AGeV/c and 40Ar + 45Sc

collisions at 75A GeV/c are shown in Fig. 5.10. The dotted red rectangular region represents the

region selected for the analysis.

5.2.5 Transverse momenta

Only particles with transverse momentum components, |px| and |py|, values less than 1.5 GeV/c,

were selected for the analysis. Example transverse-momenta (along x, px and along y, py)

distributions for 208Pb + 208Pb collisions at 13A GeV/c and 40Ar + 45Sc collisions at 75A GeV/c

are shown in Fig. 5.11. The dotted red rectangular region represents the region selected for the

analysis.
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Figure 5.11 Example transverse-momenta (along x, px and along y, py) distribu-
tions for 208Pb + 208Pb collisions at 13A GeV/c (left) and 40Ar + 45Sc collisions at
75A GeV/c (right). The dotted red rectangular region represents the region selected
for the analysis.

5.2.6 Track statistics

After applying the selection criteria, the track statistics are summarized in Table 5.5.
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Table 5.5 The statistics of selected tracks for 208Pb + 208Pb collisions at 13A and
30A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c.

pbeam

(GeV/c)

track fit quality minimal num-

ber of clusters

potential-

point ratio

impact-parameter transverse-

momenta

208Pb + 208Pb

13A 5.179·107 3.208·107 2.914·107 2.803·107 2.777·107

30A 8.465·107 4.783 ·107 4.266 ·107 3.222·107 3.178 ·107

40Ar + 45Sc

13A 2.83·107 1.88·107 1.73·107 1.69·107 1.68·107

19A 4.04·107 2.62·107 2.46·107 2.40·107 2.39·107

30A 9.16·107 5.94·107 5.61·107 5.47·107 5.45·107

40A 1.53·108 9.89·107 9.39·107 9.16·107 9.12·107

75A 1.93·108 1.23·108 1.18·108 1.17·108 1.16·108
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5.2.7 Selection of proton candidates

To select proton candidates, only positively charged particles were considered. Their ionization

energy loss per unit length (dE/dx) in TPCs is taken to be greater than 0.5 and less than

the proton Bethe-Bloch (see Appendix D) value increased by the 15% difference between the

values for kaons and protons while the total momentum is in the relativistic-rise region from

4 to 125 GeV/c.
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Figure 5.12 Energy loss measured in TPCs versus the logarithm of the total momen-
tum of positively charged particles from selected events of 208Pb + 208Pb collisions at
13A GeV/c (left) and 30A GeV/c (right), see text for details.

Energy loss measured in TPCs versus the total momentum of positively charged particles

from selected events of 208Pb + 208Pb collisions at 13A GeV/c and 30A GeV/c, and 40Ar + 45Sc

collisions at 13A–75A GeV/c are shown in Figs. 5.12 and 5.13 respectively. The dashed blue,

black, and green lines represent the nominal Bethe-Bloch values for protons, kaons, and pions.

The selected region in the dE/dx–pLAB plane is marked with a magenta line.
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Figure 5.13 Energy loss measured in TPCs versus the logarithm of the total momen-
tum of positively charged particles from selected events of 40Ar + 45Sc collisions at
13A–75A GeV/c, see text for details.
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To estimate the fraction of selected protons and kaon contamination in the selected proton

candidates fits to the dE/dx distributions in momentum bins were used [140]. The dE/dx fits

were done in two-dimensional p and pT bins using TShine software. Gaussian distributions

for protons and kaons for each bin were drawn with the help of fit parameters such as mean,

amplitude, and standard deviation. Example distributions of dE/dxfit in 7.94 < p < 10.00 GeV/c

and 1.30< pT <1.40 GeV/c bin for 208Pb + 208Pb collisions at 13A and 30AGeV/c and 40Ar + 45Sc

collisions at 13A–75A GeV/c are shown in Figs. 5.15 and 5.14.
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Figure 5.14 Example of Gaussian fits in one of the analyzed p-pT bins (normalized
to proton peak) for 208Pb + 208Pb collisions at 13A (left) and 30A GeV/c (right). The
graphical cut to select proton candidates is marked with a magenta line.

Orange and blue distributions represent protons and kaons Gaussian distribution. The green

distribution represents the sum of these two distributions. The vertical magenta line indicates

the dE/dx cut used to select a proton candidate. The selection of proton candidates was found

to select, on average, approximately 60% of protons (see example in Fig. 5.15). The remaining

average kaon contamination is of the order of a few percent, depending on collision energy. The

averaging was done over these analyses’ p–pT acceptance. The corresponding random proton

losses do not bias the results in the case of independent production in the transverse momentum

space [79]. The random losses of proton candidates will affect the results for correlated protons.

Thus, the random proton losses due to the proton candidate selection have to be taken into

account when calculating model predictions (see Chapter 7).
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Figure 5.15 Example of Gaussian fits in one of the analyzed p–pT bins (normalized to
proton peak) for 40Ar + 45Sc collisions at 13A–75A GeV/c. The graphical cut to select
proton candidates is marked with a magenta line.

5.2.8 Rapidity selection

As the analysis concerns mid-rapidity protons [141], only proton candidates with center-of-mass

rapidity (seeAppendix. A.5) assuming protonmass, yp, greater than 0 and less than 0.75were se-

lected. Distributions of yp versus transverse-momenta, pT (see Appendix A.2) for 208Pb + 208Pb

collisions at 13A GeV/c and 30A GeV/c are shown in Fig. 5.16, and for 40Ar + 45Sc collisions at

13A–75A GeV/c are shown in Fig. 5.17. The dotted red vertical lines show the upper and lower

limits of the mid-rapidity proton selection.
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Figure 5.16Distributions of yp versus pT for 208Pb + 208Pb collisions at 13A GeV/c (left)
and 30A GeV/c (right), see text for details.
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Figure 5.17 Distributions of yp versus pT for 40Ar + 45Sc collisions at 13A–75A GeV/c,
see text for details.
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5.3 Single-particle acceptance maps

A three-dimensional (yp, px and py) acceptancemap [142]was created to describe themomentum

region selected for the analysis. The map was created by comparing the number of Monte Carlo-

generated mid-rapidity protons before and after detector simulation and reconstruction. Only

bins from the regions with at least 70% reconstructed particles are included in the acceptance

map. An example map for proton intermittency analysis of 40Ar + 45Sc collisions at 75A GeV/c

is shown in Fig. 5.18. Single-particle acceptance maps used for proton intermittency analysis

for other analyzed 208Pb + 208Pb and 40Ar + 45Sc data sets are given in Ref. [135]. These maps

are also used to calculate model predictions(see Chapter 7), and they are given in Ref. [142].

Figure 5.18 Example of single-particle acceptance map for 40Ar + 45Sc collisions at
75A GeV/c used for proton intermittency analysis, see text for details.

5.4 Two-particle acceptance map

The momentum-based Two Track Distance (mTTD) cut was introduced in Sec. 3.4 with the

help of the new momentum coordinate system (see Eqs. 3.7). The mTTD cut defines the biased

region where we don’t have good efficiency for measuring two tracks and removes the remaining

split tracks from the data after the potential point ratio cut. For each pair of selected proton

candidates in both recorded and mixed events (see Sec. 3.1.1) for 208Pb + 208Pb collisions at
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13A and 30A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c, the geometrical Two-Track

Distance (gTTD) was calculated.
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Figure 5.19 Example distributions of the TTD ratio of the experimental to mixed data
before (left) and after (right) the mTTD cut for 40Ar + 45Sc collisions at 75A GeV/c.

It is the average distance of their tracks in x-y plane at eight different z planes (-506, -255, -201,

-171, -125, 125, 352, and 742 cm). The TPC’s limitation to recognizing close tracks is clearly

visible in Fig 5.19 (left) for gTTD less than 2.2 cm for 40Ar + 45Sc collisions at 75A GeV/c. The

gTTD cut values for each data set are listed in Table 5.6.

Figure 5.20 Example distributions of the rejected protons by the gTTD cut for
40Ar + 45Sc collisions at 75A GeV/c. Ellipses (see Eqs. 3.9) are drawn by a red color as
a reference to tune the mTTD cut parameters (see Table 5.6).

Example distributions of the rejected protons by the gTTD cut for 40Ar + 45Sc collisions at
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75A GeV/c are shown in Fig. 5.20. The ellipses were drawn by the red color used as a reference

to tune the mTTD cut parameters. Proton pairs with momenta inside all the parameterized

ellipses (see Eqs. 3.9) are rejected. The mTTD cut parameters, and the number of rejected

protons by themTTD cut for 208Pb + 208Pb and 40Ar + 45Sc data sets are summarized in Table 5.6.

Table 5.6 Numerical values of the mTTD cut parameters of the parameterized
ellipses (see Eqs. 3.9) were used to analyze 40Ar + 45Sc collisions at 13A–75A GeV/c.
Particle pairs with momenta inside all the ellipses are rejected.

pbeam

(GeV/c)

gTTD

cut (cm)

rρ rsy rsx rρsx rsxρ θ # mTTD

rejected

tracks

208Pb + 208Pb

13A 5 0.089 0.009 0.009 0.089 0.009 6 1258

30A 6 0.102 0.009 0.022 0.102 0.002 13 1694

40Ar + 45Sc

13A 3.5 0.470 0.004 0.047 0.470 0.004 5 307

19A 2.8 0.121 0.003 0.010 0.121 0.003 8 371

30A 2.8 0.123 0.002 0.013 0.123 0.002 13 349

40A 2.2 0.043 0.002 0.010 0.043 0.002 15 306

75A 2.2 0.080 0.002 0.011 0.020 0.002 31 559

The two-particle acceptance used for proton intermittency analysis of 40Ar + 45Sc collisions at

75A GeV/c data analysis is shown in Fig. 5.19 (right) and for other analyzed 208Pb + 208Pb and

40Ar + 45Sc data sets are given in Ref. [135].

Due to its momentum-based definition, the mTTD cut can be used when comparing models

with experimental results. The mTTD cut is used both for the data analysis (see Sec 6) and for

calculating the model predictions (see Sec. 7).
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Chapter Six

Intermittency analysis results

This Chapter presents results on second-order scaled factorial moments, F2(M) (see Eq. 2.1) of

selected proton candidates (see Sec. 5.2.7) producedwithin the analysis acceptances (see Sec. 5.3)

by strong and electromagnetic interactions in 0–10% central 208Pb + 208Pb collisions at 13A, and

30A GeV/c and 40Ar + 45Sc collisions at 13A, 19A, 30A, 40A, and 75A GeV/c. The results are

shown as a function of the number of subdivisions (M2) in transverse-momentum space — the

so-called intermittency analysis (see Chapter 2). The analysis was performed for cumulative (see

Sec. 3.1.2) and original (or non-cumulative) transverse-momentum components. Independent

data setswere used to calculate results for each subdivision (see Sec. 3.2). Statistical uncertainties

were calculated using statistical uncertainty propagation, Eq. 3.6 (see Sec. 3.3). The dependence

of F2(M) onM2 was obtained for the maximum subdivision number of M = 150 and M = 32.

The latter, the coarse subdivision, was introduced to limit the effect of experimental momentum

resolution [107].

Results for subdivisions in non-cumulative transverse-momentum space are shown in Sec. 6.3,

and for subdivisions in cumulative transverse-momentum space are shown in Sec. 6.4. The final

results were not corrected for possible biases. Their magnitude was estimated (see Chapter 7) by

comparing results for pure Epos1.99 [143] and Epos1.99 subjected to the detector response sim-

ulation (see Sec. 4.3.2), reconstruction (see Sec. 4.3.1), and data-like analysis (see Chapter 5).

79



6.1 Proton pairs in each bin

Example distributions of proton pairs summed over all px–py bins and events, N2 (see Eq. 3.1)

within the analysis acceptance and after applying the mTTD cut for 0–10% central 40Ar + 45Sc

collisions at 75A GeV/c for each M shown in Fig. 6.1. The sub-division number, M (for

1 ≤ M ≤ 32), is indicated in plots. The distributions for all data sets (for 1 ≤ M ≤ 32 and

1 ≤M ≤ 150) are documented in Ref. [135]. As expected 〈N2〉 decrease with increasingM for

40Ar + 45Sc collisions at 75A GeV/c from M = 1 to M = 32.
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Figure 6.1 Example proton pair distributions in each bin (1 ≤M ≤ 32) for 40Ar + 45Sc
collisions at 75A GeV/c. The sub-division number, M, is indicated in plots.

6.2 Two-particle correlation function

The two-particle correlation function, ∆pT (see Appendix A.3) of selected proton candidates

within the analysis acceptance for 208Pb + 208Pb collisions at 13A and 30AGeV/c, and 40Ar + 45Sc

collisions at 13A–75A GeV/c are shown in Figs. 6.2 and 6.3. The correlation function is defined

as the ratio of normalized ∆pT distributions for data and mixed events. The data distribution

includes the mTTD cut, whereas the mixed one does not. The decrease of the correlation

function at ∆pT ≈ 0 is due to anti-correlation generated by the mTTD cut.
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Figure 6.2 Examples two-particle correlation function in ∆pT for selected proton can-
didates within analysis acceptance for 208Pb + 208Pb collisions at 13A left and 30AGeV/c
(right). The data distribution includes the mTTD cut, whereas the mixed one does not.
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Figure 6.3 Examples two-particle correlation function in ∆pT for proton candidates
within analysis acceptance for 40Ar + 45Sc collisions at 13A–75A GeV/c. The data
distribution includes the mTTD cut, whereas the mixed one does not.
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6.3 Results for subdivisions in non-cumulative

transverse-momentum space

The results on F2(M) and ∆F2(M) (see Eq. 3.2) for subdivisions in non-cumulative transverse-

momentum space are shown in Figs. 6.4 - 6.10. The results shown in Figs. 6.4 and 6.8 correspond

to fine binning (M up to 150), whereas the results shown in Figs. 6.6 and 6.10 correspond to

coarse binning (M up to 32). The mTTD cut for both data and mixed events. The values of the

cut parameters are given in Table 5.6.
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Figure 6.4 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in transverse-momentum spaceM2

for 1 ≤M ≤ 150. Results for 0–10% central 208Pb + 208Pb collisions at 13A (left) and
30A GeV/c (right). Closed red circles indicate the experimental data. Corresponding
results for mixed events (open triangles) are also shown. Both the data and mixed
events include the mTTD cut. Only statistical uncertainties are indicated.

The red closed circles indicate the experimental data. For comparison, corresponding results for

mixed events (see Sec. 3.1.1) are shown by the grey triangles. Note that by construction, the mul-

tiplicity distribution of protons in mixed events forM = 1 equals the corresponding distribution

for the data. In mixed events, the only correlation of particles in the transverse-momentum space

is due to the mTTD cut. Both the data and mixed events include the mTTD cut. Only statis-

tical uncertainties are indicated. The horizontal dotted line represents the reference line atF2(1).
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By construction,F2(1) values are equal for subdivisions in cumulative transverse-momentum

space and non-cumulative transverse-momentum space. But for the latter, F2(M) strongly

depends onM2. This dependence is primarily due to the non-uniform shape of the single-particle

transverse-momentum distributions (see Sec. 3.1.2). It can be accounted for by comparing

the experimental data results with those obtained for the mixed events (see Sec. 3.1.1) using

∆F2(M) ≈ F data
2 (M) − Fmixed

2 (M) [110]. The dependence of ∆F2(M) on the number of

sub-divisions shown in Figs. 6.5, 6.9 and 6.7, 6.11 for fine and coarse binning.
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Figure 6.5Results on the dependence of∆F2(M) ≈ F data
2 (M)−Fmixed

2 (M) of proton
multiplicity distribution on the number of subdivisions in transverse-momentum space
M2 for 1 ≤M ≤ 150. Results for 0–10% central 208Pb + 208Pb collisions at 13A (left)
and 30A GeV/c (right). Both the data and mixed events include the mTTD cut. Only
statistical uncertainties are indicated.

The experimental results presented in Figs. 6.4 - 6.11 do not show any significant difference

to the results for mixed events with the mTTD cut onM2 (∆F2(M) ≈ 0). There is no indication

of the critical fluctuations for selected protons. The numerical values of proton intermittency in

transverse-momentum space for 0–10% central 208Pb + 208Pb collisions at 13A and 30A GeV/c

and 40Ar + 45Sc collisions at 13A–75A GeV/c are presented in Tables 6.1 and 6.2.
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Figure 6.6 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in transverse-momentum spaceM2

for 1 ≤ M ≤ 32. Results for 0–10% centrality selection of events are presented for
208Pb + 208Pb interaction at 13A (left) and 30A GeV/c (right). Closed red circles indi-
cate the experimental data. Corresponding results for mixed events (open triangles)
are also shown. Both the data and mixed events include the mTTD cut. Only statistical
uncertainties are indicated.
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Figure 6.7Results on the dependence of∆F2(M) ≈ F data
2 (M)−Fmixed

2 (M) of proton
multiplicity distribution on the number of subdivisions in transverse-momentum space
M2 for 1 ≤ M ≤ 32. Results for 0–10% central 208Pb + 208Pb collisions at 13A (left)
and 30A GeV/c (right). Both the data and mixed events include the mTTD cut. Only
statistical uncertainties are indicated.
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Figure 6.8 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in transverse-momentum spaceM2

for 1 ≤M ≤ 150. Results for 0–10% central 40Ar + 45Sc collisions at 13A–75AGeV/c.
Closed red circles indicate the experimental data. Corresponding results for mixed
events (open triangles) are also shown. Both the data and mixed events include the
mTTD cut. Only statistical uncertainties are indicated.
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Figure 6.9Results on the dependence of∆F2(M) ≈ F data
2 (M)−Fmixed

2 (M) of proton
multiplicity distribution on the number of subdivisions in transverse-momentum space
M2 for 1 ≤ M ≤ 150. Results for 0–10% central 40Ar + 45Sc collisions at 13A–
75A GeV/c. Both the data and mixed events include the mTTD cut. Only statistical
uncertainties are indicated.
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Figure 6.10 Results on the dependence of the scaled-factorial moment of proton
multiplicity distribution on the number of subdivisions in transverse-momentum space
M2 for 1 ≤ M ≤ 32. Results for 0–10% central 40Ar + 45Sc collisions at 13A–
75A GeV/c. Closed red circles indicate the experimental data. Corresponding results
for mixed events (open triangles) are also shown. Both the data and mixed events
include the mTTD cut. Only statistical uncertainties are indicated.
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Figure 6.11 Results on the dependence of ∆F2(M) ≈ F data
2 (M) − Fmixed

2 (M) of
protonmultiplicity distribution on the number of subdivisions in transverse-momentum
spaceM2 for 1 ≤ M ≤ 32. Results for 0–10% central 40Ar + 45Sc collisions at 13A–
75A GeV/c. Both the data and mixed events include the mTTD cut. Only statistical
uncertainties are indicated.
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6.4 Results for subdivisions in cumulative

transverse-momentum space

Figures 6.12, 6.14 and 6.13, 6.15 present the dependence of F2(M) on M2 in cumulative

transverse-momentum space for the maximum subdivision number of M = 150 and M = 32.

The experimental results are shown for 0–10% central 208Pb + 208Pb collisions at 13A, and

30A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c. As a reference, the corresponding

results for mixed events are also shown. For the mixed events, the second scaled-factorial

moment is independent ofM2,F2(M) = F2(1). The numerical values of proton intermittency in

cumulative transverse-momentum space for central 208Pb + 208Pb collisions at 13A and 30AGeV/c

and 40Ar + 45Sc collisions at 13A–75AGeV/c are presented in Tables 6.3 and 6.4. The results for

subdivisions in cumulative transverse-momentum space, F2(M) forM > 1, are systematically

below F2(M = 1). It is probably due to the anti-correlation generated by the mTTD cut to

the data. The effect of the mTTD cut on the results for mixed events is shown in Fig. 3.8 (see

Chapter 3). Based on the findings, it is evident that whenM2 is greater than one, the values of

F2(M) are systematically below F2(M = 1) in cumulative transverse-momentum space when

the mTTD or gTTD cut is applied to the mixed events. Note that the mTTD cut is necessary to

properly account for the detector losses of close-in-space tracks (see Sec. 3.4).

The experimental results show only a slight decrease of F2(M) with M2. There is no

indication of the critical fluctuations for selected proton candidates.
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Figure 6.12 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in cumulative transverse-momentum
space M2 for 1 ≤ M ≤ 150. Results for 0–10% central 208Pb + 208Pb collisions at
13A (left) and 30A GeV/c (right). Closed red circles indicate the experimental data.
Corresponding results for mixed events (open triangles) are also shown. Both the data
and mixed events include the mTTD cut. Only statistical uncertainties are indicated.
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Figure 6.13 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in cumulative transverse-momentum
space M2 for 1 ≤ M ≤ 32. Results for 0–10% central 208Pb + 208Pb collisions at
13A (left) and 30A GeV/c (right). Closed red circles indicate the experimental data.
Corresponding results for mixed events (open triangles) are also shown. Both the data
and mixed events include the mTTD cut. Only statistical uncertainties are indicated.
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Figure 6.14 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in cumulative transverse-momentum
space M2 for 1 ≤ M ≤ 150. Results for 0–10% central 40Ar + 45Sc collisions at
13A–75A GeV/c. Closed red circles indicate the experimental data. Corresponding
results for mixed events (open triangles) are also shown. Both the data and mixed
events include the mTTD cut. Only statistical uncertainties are indicated.
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Figure 6.15 Results on the dependence of the scaled-factorial moment of proton multi-
plicity distribution on the number of subdivisions in cumulative transverse-momentum
spaceM2 for 1 ≤ M ≤ 32. Results for 0–10% central 40Ar + 45Sc collisions at 13A–
75A GeV/c. Closed red circles indicate the experimental data. Corresponding results
for mixed events (open triangles) are also shown. Both the data and mixed events
include the mTTD cut. Only statistical uncertainties are indicated.
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Table 6.1 Numerical values of the results for 0–10% central 208Pb + 208Pb collisions at
13AGeV/c and 30AGeV/c presented in Figs. 6.4 and 6.6 are tabulated. The subdivisions
are in non-cumulative transverse-momentum space. The left table corresponds to fine
binning, 1 ≤M ≤ 150, and the right table corresponds to coarse binning, 1 ≤M ≤ 32.
The statistical uncertainties, σF2 are also given.

non-cumulative and fine binning non-cumulative and coarse binning

13A GeV/c 30A GeV/c 13A GeV/c 30A GeV/c

M F2(M) σF2 F2(M) σF2 M F2(M) σF2 F2(M) σF2

1 1.0127 0.0069 1.0133 0.0041 1 1.0118 0.0068 1.0145 0.0046

50 2.5263 0.2062 3.2553 0.1267 8 2.7906 0.0380 2.9483 0.02409

70 3.5126 0.2595 3.2176 0.1414 13 2.9334 0.0459 3.2134 0.02831

86 2.9856 0.2601 3.2864 0.1461 17 3.0828 0.0509 3.2818 0.03034

100 3.2372 0.2455 3.1474 0.1463 20 3.1554 0.0529 3.3159 0.0312

111 3.4750 0.2701 3.3007 0.1530 23 3.2161 0.0553 3.3463 0.0323

122 2.7120 0.2440 3.3802 0.1540 26 3.0891 0.0571 3.2963 0.0332

132 3.6026 0.2834 3.2611 0.1502 28 3.0838 0.0555 3.2948 0.0330

141 2.8489 0.2551 3.0581 0.1479 30 3.1205 0.0577 3.3564 0.0335

150 2.7787 0.2515 2.9885 0.1492 32 3.2232 0.0586 3.3609 0.0342
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Table 6.2 Numerical values of the results for 0–10% central 40Ar + 45Sc collisions
at 13A–75A GeV/c presented in Figs. 6.8 and 6.10 are tabulated. The subdivisions
are in non-cumulative transverse-momentum space. The top table corresponds to
fine binning, 1 ≤ M ≤ 150, and the bottom table corresponds to coarse binning,
1 ≤M ≤ 32. The statistical uncertainties, σF2 are also given.

non-cumulative and fine binning

13A GeV/c 19A GeV/c 30A GeV/c 40A GeV/c 75A GeV/c

M F2(M) σF2 F2(M) σF2 F2(M) σF2 F2(M) σF2 F2(M) σF2

1 1.0081 0.0162 0.9863 0.0102 0.9901 0.0065 0.9914 0.0063 1.0090 0.0082

50 3.6106 0.6074 3.3898 0.3917 4.2859 0.2912 3.9545 0.2582 4.4718 0.3221

70 4.7210 0.7543 4.0678 0.4649 4.6021 0.3295 4.5818 0.3047 4.2405 0.3427

86 4.1219 0.7393 2.7299 0.3934 4.0345 0.3232 4.5985 0.3119 4.4609 0.3671

100 2.7299 0.6100 3.2382 0.4402 4.4189 0.3474 4.6435 0.3229 4.4572 0.3840

111 3.8691 0.7306 3.8201 0.4807 3.3006 0.2997 4.6843 0.3250 4.1286 0.3644

122 3.2168 0.6703 3.1009 0.4382 4.1199 0.3393 4.8042 0.3327 3.2122 0.3242

132 3.9844 0.7394 3.4019 0.4542 4.0509 0.3348 4.1608 0.3064 4.3107 0.3720

141 3.1513 0.6715 3.3416 0.4586 4.4603 0.3567 4.1673 0.3130 3.7012 0.3527

150 3.3401 0.6962 3.4104 0.4681 4.1819 0.3469 4.4678 0.3273 4.8076 0.4031

non-cumulative and coarse binning

1 1.0241 0.0169 0.9924 0.0092 0.9823 0.0067 0.9877 0.0062 1.0119 0.0077

8 3.0068 0.0920 3.0378 0.0614 3.5003 0.0456 3.5035 0.0407 3.7058 0.0504

13 3.4613 0.1232 3.3261 0.0796 3.8625 0.0576 3.9894 0.0538 3.9157 0.0634

17 3.6205 0.1355 3.5516 0.0897 4.0170 0.0646 4.0664 0.0595 4.1359 0.0710

20 3.7256 0.1443 3.5753 0.0934 3.9707 0.0668 4.1082 0.0607 4.2068 0.0739

23 3.8482 0.1524 3.7829 0.1002 4.1394 0.0694 4.2511 0.0643 4.2496 0.0779

26 3.9897 0.1608 3.8198 0.1044 4.1624 0.0733 4.4173 0.0688 4.1551 0.0794

28 3.9498 0.1567 3.7577 0.1034 4.1818 0.0722 4.2456 0.0662 4.3129 0.0794

30 3.7991 0.1597 3.8186 0.1045 4.2715 0.0746 4.3761 0.0686 4.2335 0.0805

32 3.8528 0.1596 3.9164 0.1073 4.1952 0.0743 4.3811 0.0695 4.2220 0.0806
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Table 6.3 Numerical values of the results presented in Figs. 6.12 and 6.13 are tabu-
lated. The number of subdivisions in cumulative transverse-momentum space, M, for
1 ≤ M ≤ 150 (fine binning) and 1 ≤ M ≤ 32 (coarse binning). Results for 0–10%
central 208Pb + 208Pb interaction at 13A and 30A GeV/c, the data points with an error
for each M bin, are given here.

cumulative and fine binning cumulative and coarse binning

13A GeV/c 30A GeV/c 13A GeV/c 30A GeV/c

M F2(M) σF2 F2(M) σF2 M F2(M) σF2 F2(M) σF2

1 1.0116 0.0068 1.0089 0.0039 1 1.0084 0.0068 1.0119 0.0038

50 0.8629 0.1172 0.9287 0.0741 8 0.9550 0.0193 1.0050 0.0115

70 0.7721 0.1214 0.8273 0.0730 13 0.9941 0.0250 0.9696 0.0143

86 0.8674 0.1333 0.7435 0.0760 17 0.9604 0.0275 0.9659 0.0158

100 0.6091 0.1147 0.9633 0.0818 20 0.9637 0.0285 0.9574 0.0162

111 0.6890 0.1235 0.9484 0.0761 23 0.8772 0.0291 0.9380 0.0165

122 0.9348 0.1457 1.0630 0.0781 26 0.9220 0.0303 0.9413 0.01784

132 0.7148 0.1261 0.8927 0.0772 28 0.9585 0.0309 0.9737 0.0170

141 0.6327 0.1196 0.8165 0.0839 30 0.9248 0.0305 0.9724 0.0177

150 0.7479 0.1320 0.9525 0.0797 32 0.8979 0.0308 0.9637 0.0178
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Table 6.4 Numerical values of the results for 0–10% central 40Ar + 45Sc collisions at
13A–75A GeV/c presented in Figs. 6.14 and 6.15 are tabulated. The subdivisions are
in cumulative transverse-momentum space. The top table corresponds to fine binning,
1 ≤M ≤ 150, and the bottom table corresponds to coarse binning, 1 ≤M ≤ 32. The
statistical uncertainties, σF2 are also given.

cumulative and fine binning

13A GeV/c 19A GeV/c 30A GeV/c 40A GeV/c 75A GeV/c

M F2(M) σF2 F2(M) σF2 F2(M) σF2 F2(M) σF2 F2(M) σF2

1 1.0154 0.0160 0.9909 0.0102 0.9868 0.0070 0.9984 0.0067 1.0078 0.0077

50 0.8156 0.2882 0.7718 0.1870 1.0588 0.1479 0.6108 0.1017 0.7529 0.1329

70 1.2198 0.3855 1.3373 0.2671 0.6935 0.1287 0.9677 0.1381 0.8461 0.1544

86 0.7659 0.3126 0.8582 0.2215 0.8672 0.1486 0.8760 0.1367 0.9742 0.1721

100 0.4129 0.2384 1.0163 0.2464 0.8606 0.1521 0.8293 0.1363 0.8284 0.1624

111 0.6845 0.3060 0.4828 0.1707 0.8463 0.1519 0.8816 0.1411 0.4828 0.1246

122 0.7079 0.3166 0.7433 0.2145 0.7789 0.1472 0.8553 0.1406 0.7538 0.1571

132 0.8303 0.3389 0.3639 0.1485 0.7951 0.1476 0.7994 0.1351 0.9295 0.1726

141 1.1472 0.4055 0.9522 0.2458 0.9987 0.1688 1.0143 0.1546 0.8325 0.1665

150 0.8732 0.3564 1.0950 0.2656 0.9560 0.1664 0.8354 0.1412 0.7479 0.1594

cumulative and coarse binning

1 1.0087 0.0158 0.9918 0.0097 0.9997 0.0070 1.0006 0.0067 1.0245 0.0084

8 0.9148 0.0482 0.9776 0.0338 0.9721 0.0231 0.9548 0.0200 0.9933 0.0245

13 0.9372 0.0620 0.9588 0.0416 0.9075 0.0274 0.9530 0.0253 0.9384 0.0304

17 0.8610 0.0652 0.9335 0.0463 0.9768 0.0313 0.9789 0.0285 0.9228 0.0331

20 0.8364 0.0673 0.9616 0.0481 0.9508 0.0320 0.9865 0.0297 0.9337 0.0346

23 1.1055 0.0819 0.9491 0.0499 0.9834 0.0343 0.9340 0.0302 0.9146 0.0355

26 0.7432 0.0691 0.8737 0.0493 0.9548 0.0348 0.9035 0.0307 0.8926 0.0362

28 0.8070 0.0706 0.8269 0.0474 1.0013 0.0351 0.8976 0.0303 0.8430 0.0349

30 0.9905 0.0801 0.9810 0.0530 0.9290 0.0348 0.9551 0.0320 0.8253 0.0352

32 0.8641 0.0753 1.0222 0.0545 0.9443 0.0352 0.9193 0.0317 0.9763 0.0388
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Chapter Seven

Comparison with models

ThisChapter presents a comparison of the experimental resultswith twomodels. The first one is a

dynamical model, Epos1.99 [144], taking into account numerous sources of particle correlations

(see Sec. 7.1). The second one, the Power-law Model [145], produces particles correlated by

the power law in the transverse-momentum difference together with fully uncorrelated particles

(see Sec. 7.2). Particles produced by the model are injected into a detector simulation using the

Geometry And Tracking (Geant3) software [146]. This allows for the simulation of physical

processes like particle decay and secondary interactions (see Sec. 4.3.2). The Detector Response

Simulator generates TPC clusters with position and charge based on the output of Geant3.

Finally, the model events undergo the same reconstruction procedure as the experimental data

(see Sec. 4.3.1). Such configuration allows comparison of MC-generated and reconstructed

quantities. The output of the described procedure consists of two components:

(i) pure Epos: A set of pure simulated events from the Epos generator including information

on particle momenta, mass, charge, and origin (primary interaction, decay, or secondary

interaction).

(ii) reconstructedEpos: Generated events are processed byGeant3 and the detector response

simulation, then reconstructed similarly to experimental data. Reconstructed Epos data

contains the same information as reconstructed experimental data.

A matching procedure links generated particles to reconstructed tracks. The procedure assigns

each track with the most common points to the generated particle. It also estimates the number

of secondary particles reconstructed as primary ones.
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7.1 Comparison with EPOS model

The event generator Epos1.99 was chosen for its concordance with previous SHINE mea-

surements [137] and consistent developer support. In Epos, particle correlations arise from

conservation laws, and resonance decays, with no critical fluctuations.

To make a comparison, about 20 million minimum bias 40Ar + 45Sc events were generated

using Epos1.99. The same set of event selection criteria is applied to the reconstructed Epos

data as experimental data (see Sec. 5.1). The number of forward spectators was used to select

0–10% central Epos1.99 events of 40Ar + 45Sc collisions at 13A–75A GeV/c. As the number of

forward spectators is an integer number, the following procedure was followed to select 0–10%

central events of 40Ar + 45Sc interactions at 13A–75A GeV/c:

(i) all events with the number of forward spectators less than or equal X were selected, where

a fraction of X-events is ≤ 10% and a fraction of (X+1)-events is > 10%.

(ii) Y% of events with the number of forward spectators equal to X+1 were randomly selected

to complete the fraction of selected events to 10%.

The values of X and Y are given in Table. 7.1.

Table 7.1The parametersX and Y used in the selection of 10%most central 40Ar + 45Sc
events generated by Epos; see text for details.

pbeam (GeV/c) X Y (%)

13A 19 11

19A 17 60

30A 15 73

40A 15 20

75A 14 35

After applying the selection criteria to Epos events, the event statistics are summarized in Ta-

ble 7.1. The statistics of the pure Epos events are higher than those of the experimental data (see

Table 7.1). Selected protons and proton pairs (matching to the generated particles was used for
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identification) were subject to the same cuts as the experimental data (see Sec. 5.2). Protons and

proton pairs within the single-particle (see Sec. 5.3) and two-particle acceptance (see Sec. 3.4)

maps were selected. Moreover, ≈60% of accepted protons were randomly selected for the

analysis to consider the effect of the proton selection from the data.

Table 7.2 Event statistics of 0–10% central Epos1.99 and experimental data for
40Ar + 45Sc collisions at 13A–75A GeV/c.

pbeam(GeV/c) 13A 19A 30A 40A 75A

Experimental data 497k 524k 913k 1290k 1161k

Epos1.99 543k 648k 1169k 1408k 1308k

In the case of the critical correlations, the impact of the momentum resolution may be signifi-

cant [107]. Thus, a comparison with models including short-range correlations in the transverse-
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Figure 7.1 Example distribution of ∆px = ppureEPOSx − precEPOSx (left) and
∆py = ppureEPOSy − precEPOSy (right) for the selected proton candidateswithin the anal-
ysis acceptance from pure Epos and reconstructed Epos for 0–10% central 40Ar + 45Sc
interactions at 75AGeV/c is shown here. Both the distributions are fitted by theGaussian
distribution with σx, and σy values.

momentum space requires smearing ofmomenta according to the experimental resolution, which
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can be approximately parameterized as:

psmeared
x = poriginalx + δpx and

psmeared
y = poriginaly + δpy,

(7.1)

where δpx, and δpywere randomly drawn fromaGaussian distributionwithσx, and σy (see Fig. 7.1)

values for 40Ar + 45Sc collisions at beam momenta 13A–75A GeV/c from Table. 7.3.

Table 7.3 The σx and σy parameters, see text for details, used for smearing of proton
transverse momentum in simulated 40Ar + 45Sc collisions at 13A–75A GeV/c.

pbeam (GeV/c) σx (MeV/c) σy (MeV/c)

13A 4.8 3.5

19A 4.6 3.4

30A 4.0 3.2

40A 3.5 3.1

75A 3.1 3.1

The pure (smeared) and reconstructed Epos events results are compared in Fig. 7.2 for 0–10%

central 40Ar + 45Sc collisions at 13A–75A GeV/c. Closed black circles represent reconstructed

Epos, and open rectangles indicate pure (smeared) Epos. No significant differences were found.

One concludes that for the Epos-like physics, the biases of the experimental data are significantly

smaller than the statistical uncertainties of the data.

The experimental results compared with the pure (smeared) Epos predictions for 0–10%

central 40Ar + 45Sc collisions at 13A–75A GeV/c are shown in Fig. 7.3. The pure Epos and

experimental results include the mTTD cut (see Table 5.6). The differences are significantly

smaller than the statistical uncertainties of the experimental data. Protons generated by Epos

do not show a significant correlation in the transverse-momentum space. In this case, the

momentum resolution does not affect the results significantly [107].

Currently, no high statistics Epos1.99 data is available for 208Pb + 208Pb collisions at 13A and

30A GeV/c to compare with the proton intermittency results of the corresponding experimental

data sets.
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Figure 7.2 Results on the dependence of the scaled factorial moment of proton multi-
plicity distribution on the number of subdivisions in cumulative transverse-momentum
space for events generated with Epos1.99. Results for 0–10% central 40Ar + 45Sc colli-
sions at 13A–75A GeV/c are shown. Closed black circles represent reconstructed Epos,
and open rectangles indicate pure (smeared) Epos. Both pure and reconstructed Epos
include the mTTD cut. Only statistical uncertainties are indicated.
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Figure 7.3 Results on the dependence of the scaled factorial moment of proton multi-
plicity distribution on the number of subdivisions in cumulative transverse-momentum
spaceM for 1 ≤M ≤ 150. Closed circles indicate the experimental data. Correspond-
ing results for mixed events (open triangles) and the Epos1.99 model (open squares)
were also shown for comparison. Results for 0–10% central 40Ar + 45Sc collisions at
13A–75AGeV/c, respectively. Results for data and Eposwere obtained using the mTTD
cut. Only statistical uncertainties are indicated.
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7.2 Comparison with Power-law Model

Inspired by the power-law correlations between particles near the critical point, the Power-law

Model [79] compares with experimental results. Given single-particle transverse momentum

and multiplicity distributions, it generates momenta of correlated and uncorrelated protons.

The model has two controllable parameters:

(i) fraction of correlated particles, r,

(ii) strength of the correlation (the power-law exponent), φ2.

The transverse momentum of particles is sampled from a data-based distribution, while the

azimuthal-angle distribution is assumed to be uniform. The momentum component along

the beamline, pz, is calculated assuming a uniform proton rapidity distribution from 0 to

0.75. Correlated-particle pairs have a transverse-momentum difference that follows a power-law

distribution:

ρ(|∆−→pT |) ∼ |∆−→pT |−φ2 , (7.2)

where the exponent 0 ≤ φ2 < 1. For r = 0 or φ2 = 0, the Power-Law model results correspond

to the mixed events results.

High-statistics data sets have been produced using the model for a given pair of model

parameters, r and φ2. The following effects have been included:

(i) Gaussian smearing of momentum components to mimic reconstruction resolution of the

momentum (see Eq. 7.1),

(ii) single-particle acceptance map (see Sec. 5.3),

(iii) random exchange of 40% of correlated particles with uncorrelated particles to simulate

60% acceptance of protons (see Sec. 5.2.7),

(iv) two-particle acceptance map (see Sec. 3.4).

The influence of each of the above effects separately and all of them applied together on F2(M)

is shown in Fig. 7.4 for r = 0.03 and φ2 = 0.8 and fine subdivisions (M = 1, 50, ..., 150).
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Figure 7.4 Example scaled-factorial moment’s dependence on the number of subdivi-
sions in the cumulative transverse momentum for 40Ar + 45Sc at 19A GeV/c (left) and
75A GeV/c (right) are shown for the Power-law Model with a power-law exponent of
0.80 and 3% correlated particles. Each line presents a result with a separate effect, and
the red circles represent all of them combined.

The model data sets with all the above effects were analyzed similarly to the experimental

data. The obtained F2(M) results were compared to corresponding experimental results, and

χ2 and p-value were calculated. Statistical uncertainties from a model with similar statistics

to the data were used for the calculation. Examples of such comparison of results for two

Power-law Model data sets with experimental data for 40Ar + 45Sc collisions at 19A GeV/c (top)

and 75AGeV/c (bottom) are shown in Fig. 7.5. The left panel assumes only uncorrelated protons,

whereas the right panel shows predictions for 2% of correlated protons with power-law exponent,

φ2 = 0.80.
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Figure 7.5 Example comparison of results for two Power-law Model data sets with
experimental data for 40Ar + 45Sc collisions at 19AGeV/c (top) and 75AGeV/c (bottom)
are shown. The left panel assumes only uncorrelated protons, whereas the right panel
shows predictions for 2% of correlated protons with power-law exponent, φ2 = 0.80.
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Figures 7.6 and 7.7 present the p-values obtained based on r and φ2 for 208Pb + 208Pb

collisions at 13A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c. White areas indicate

a p-value of less than 1% and are excluded (for this model). For 208Pb + 208Pb 30A GeV/c,

experimental results have low statistical uncertainties, but deviations from expected behavior

(due to conservation laws, resonance decays, quantum statistics, and possible experimental

biases) may lead to a significant decrease in p-values.
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Figure 7.6 For the fine subdivisions (1 ≤ M ≤ 150), the exclusion plots for central
208Pb + 208Pb collisions at 13A GeV/c is shown using the Power-law Model parameters,
including r and φ2. The white areas correspond to p-values less than 1%.

At low energy 40Ar + 45Sc experimental data, F2(M) values were highly fluctuating, which

increases χ2–values to compare with the Power-law Model (see Fig. 7.5). As a result, exclusion

plots at low energy are not very conclusive, particularly for 40Ar + 45Sc collisions at 19A GeV/c.

The intermittency index, φ2 for an infinite system at QCD CP is expected to be φ2 = 5/6 [88],

assuming that the latter belongs to the 3-D Ising universality class. If this value is set as the

power-law exponent of the Power-lawModel with fine subdivisions (see Fig. 7.6 and 7.7), for 0–

10% central 208Pb + 208Pb collisions at 13A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c,

an upper limit on the fraction of critical proton pairs ranges approximately from 0.1% to 0.3%

depending on the collision energy (see Table 7.4).
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Figure 7.7 For the fine subdivisions (1 ≤ M ≤ 150), the exclusion plots for cen-
tral 40Ar + 45Sc collisions at 13A–75A GeV/c are shown using the Power-law Model
parameters, including r and φ2. The white areas correspond to p-values less than 1%.

Table 7.4An upper limit on the fraction of critical proton pairs for central 208Pb + 208Pb
collisions at 13A GeV/c and 40Ar + 45Sc collisions at 13A–75A GeV/c considering φ2 =
5/6 of the Power-law Model.

pbeam (GeV/c) upper limit of critical proton pairs (%)

Pb+Pb

13A 0.2

Ar+Sc

13A 0.1

19A ≈0.2

30A 0.2

40A 0.2

75A 0.3
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Chapter Eight

Summary

This thesis reports on the search for the critical point of strongly interacting matter in 0–10%

central 208Pb + 208Pb collision at 13A and 30AGeV/c, and 40Ar + 45Sc collisions at beammomenta

of 13A, 19A, 30A, 40A, and 75A GeV/c recorded by the NA61/SHINE experiment at the CERN

SPS. It includes a brief review of the field, methodology, results, and comparison with models.

The search was conducted using intermittency analysis in transverse momentum space applied

to protons produced at mid-rapidity. In particular,

(i) Proton intermittency analysis in high energy physics to search for the critical point of

strongly interacting matter was discussed in Chapter 2.

(ii) New approaches to the proton intermittency analysis to search for the critical point using

cumulative variables and statistically independent data points were discussed in Chapter 3.

(iii) The NA61/SHINE experimental facility was discussed in Chapter 4.

(iv) The event and track selection was discussed in Chapter 5. Proton candidates were selected

by the single and two-particle acceptance maps.

(v) Results on second scaled-factorialmoments of protonmultiplicity distribution in transverse-

momentum space at mid-rapidity were presented in Chapter 6. Possible biases of the

experimental results were estimated using the Epos1.99 model, and they are smaller than

the statistical uncertainties of the experimental data.

(vi) Experimental results were compared with Epos1.99, and no significant differences were

observed as discussed in Chapter 7.
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(vii) The experimental data are consistent with the mixed events subject to the analysis ac-

ceptance maps. An upper limit on the fraction of critical proton pairs and the power of

the correlation function was obtained based on a comparison with the Power-law Model

discussed in Chapter 7.

The key physics result of the thesis is the absence of any indication of the critical point

in 0–10% central 208Pb + 208Pb collisions at 13A and 30A GeV/c, and 40Ar + 45Sc collisions at

13A, 19A, 30A, 40A, and 75A GeV/c. The corresponding experimental results are summarized

in Figs. 8.1 and 8.2, where second scaled-factorial moments for mid-rapidity protons are plotted

as a function of the number of subdivisions in cumulative transverse-momentum space. These

results allowed us to obtain the exclusion plots for the power-law correlated protons. Assuming,

φ2 = 5/6 as suggested by the QCD-inspired model [88], and using the Power-law Model [79] an

upper limit on the fraction of critical proton pairs ranges from 0.1% to 0.3% depending on the

data set (see Table 7.4).

The status of the NA61/SHINE critical point search via proton intermittency is summa-

rized on the diagram of chemical freeze-out temperature and baryon-chemical potential [58]

in Fig. 8.3.

The search for the critical point of strongly interacting matter in the NA61/SHINE data

recorded within its system-size and energy scan continues. In particular, the results for Xe+La

collisions are still to be obtained.
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Figure 8.1 Summary of the proton intermittency results from the NA61/SHINE Ar+Sc
energy scan. Results on the dependence of the second scaled-factorial moment of
proton multiplicity distribution on the number of subdivisions in cumulative trans-
verse momentum space M for 1 ≤ M ≤ 150 (left) and 1 ≤ M ≤ 32 (right) are
shown. The open circles represent results on 0− 20% central 40Ar + 45Sc collisions at
150A GeV/c [79]. Closed circles indicate the experimental data results obtained within
this work for 0–10% central 40Ar + 45Sc collisions at 13A–75A GeV/c. Only statistical
uncertainties are indicated. Points for different energies are slightly shifted horizontal
axis to increase readability.
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Figure 8.2 Summary of the proton intermittency results from the NA61/SHINE Pb+Pb
energy scan. Results on the dependence of the second scaled-factorial moment of
proton multiplicity distribution on the number of subdivisions in cumulative transverse
momentum space M for 1 ≤ M ≤ 150 (left) and 1 ≤ M ≤ 32 (right) are shown.
Closed circles indicate the experimental data results for 0–10% central 208Pb + 208Pb
collisions at 13A and 30A GeV/c, obtained within this work. Only statistical uncertain-
ties are indicated. Points for different energies are slightly shifted horizontal axis to
increase readability.
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Figure 8.3Diagram of chemical freeze-out temperature and baryon-chemical potential.
The dashed line indicates parameters in p+p interactions and the dotted line in the
central Pb+Pb collisions [58]. The colored points mark reactions for which the search
for the critical point was conducted, and no evidence for the critical point was found.
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APPENDIXES



Appendix A

Kinematic variables

A.1 NA61/SHINE coordinate system

In Chapter 2 Fig. 4.2 provides an overview of the NA61/SHINE detector and its coordinates.

The system’s origin is located at the beamline’s center in the VTX-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:

φ = arctan py
px

. (A.1)

The polar angle, denoted by θ = arcsin pT
p
, measures the angle between a particle’s direction

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

and 2π.

A.2 Total momentum and transverse momentum variables

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

system described in Section A.1 added in quadrature:

p =
√
p2
x + p2

y + p2
z . (A.2)

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 is:

pT =
√
p2
x + p2

y . (A.3)
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A.3 Two-particle transverse momentum difference

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

∆pT =
√

(px1 − px2)2 + (py1 − py2)2 , (A.4)

where px1 , px2 and py1 , py2 are x and y component of the transverse momentum of particle 1 and

2 respectively.

A.4 Collision energy

The energy available in the center of mass is described by the Lorentz-invariant Mandelstam

variable:

√
s =

√
(Ebeam + Etarget)2 − (pbeam + ptarget)2c2 . (A.5)

Typically, the energy per pair of nucleons at the center of mass is represented as √sNN , where

mbeam,mtarget, andmN all have the same value. In experiments using a fixed target, ptarget equals

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

√
sNN =

√
(Ebeam +mN)2 − p2

beamc
2 . (A.6)

The kinematic variable values for every analyzed beam momentum are listed in Table A.1.

Table A.1 The values of the kinematic variables for each analyzed beam momentum.

pbeam (GeV/c) Ebeam (GeV) yCMS = ybeam
√
sNN (GeV)

13.00 13.03 1.66 5.13

19.00 19.02 1.85 6.13

30.00 30.01 2.08 7.63

40.00 40.01 2.22 8.77

75.00 75.01 2.54 11.95
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A.5 Rapidity

Rapidity is a measure of velocity in the realm of relativity due to its properties under 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:

β
′′ = |v/c|′′ = β + β

′

1 + ββ ′ , (A.7)

The velocity transformations is a non-linear. To address this issue, we use "rapidity" which is

defined as β = tanhy or y = 1
2

1+β
1−β . 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

(pz) parallel to the transformation direction:

y = 1
2 ln E + pzc

E − pzc
. (A.8)

Inversely one can gets:

E = mT coshy, pz = mT sinhy , (A.9)

where mT =
√
m2 + p2

T . Rapidity can be easily transformed from the laboratory to the center

of mass (CMS) frame:

yCMS, frame = yLAB, frame + yCMS , (A.10)

where yCMS is defined as:

yCMS = arctan pbeamc

Ebeam +mN

, (A.11)

pbeam is the beam momentum, Ebeam =
√
p2
beamc

2 +m2
N is the beam energy withmN as the mass

of a nucleon. 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 perpendic-

ularly 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.

In experimental particle physics, pseudo-rapidity, η, is a commonly used spatial coordinate

describing the angle of a particle relative to the beam axis. It is defined as:

η = −ln
tan(θ2

) . (A.12)
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Appendix B

Critical point search observables

B.1 Extensive quantities

In theWoundedNucleonModel [67] (WNM) or the Ideal BoltzmannGrand Canonical Ensemble

(IB-GCE), an extensive quantity is directly proportional to either the number of Wounded

Nucleons (W) or the volume (V). The following are the most popular extensive quantities:

κ1 = 〈N〉 ,

κ2 =
〈
(∆N)2

〉
= σ2 ,

κ3 =
〈
(∆N)3

〉
= Sσ3 ,

κ4 =
〈
(∆N)4

〉
− 3

〈
(∆N)2

〉2
= κσ4 ,

(B.1)

where N is particle multiplicity, ∆N is N − 〈N〉, S is skewness, and κ is kurtosis.

Intensive quantities

When considering an event sample with a fixed value for either W (within WNM) or V (within

IB-GCE), the ratio of any two extensive quantities is independent of W(N) when averages are

calculated for events with the same W(N). This is an intensive quantity. To clarify, if A and B

are two extensive event quantities, with 〈A〉 ∼ W and 〈B〉 ∼ W , then their ratio is independent

of W (or V).

〈A〉 / 〈A〉 = W · 〈a〉 /W · 〈b〉 = 〈a〉 / 〈b〉, where 〈a〉 = 〈A〉 and 〈b〉 = 〈B〉 for W = 1.

Popular examples of intensive quantities are:

κ2/κ1 = ω[N ] = σ2[N ]
〈N〉

= W · σ2[n]
W · 〈n〉

= ω[n] ,

κ3/κ2 = Sσ ,

κ4/κ2 = κσ2 ,

(B.2)
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When comparing fluctuations for systems of different sizes, it’s preferred to use intensive

quantities.

B.1.1 SSFMs in the Wounded Nucleon Model

In theWounded NucleonModel (WNM),N =
W∑
i=1

ni, whereW is number of wounded nucleons,

assumed to be constant. Then for an event, 〈N〉 = W · 〈N〉 and ω[N ] = ω[n]. Considering

second scaled-factorial moments, one gets:

F2 [N ] = 1
W
F2 [n] + 1− 1

W
. (B.3)

In the WNM, the scaled-factorial moments are neither extensive (≈ W ) nor intensive, but in the

caseW � 1 and F2[n]/W � 1:

F2 [N ] = 1
W
F2 [n] . (B.4)

The scaled-factorial moments are inversely extensive [81].

B.1.2 Strongly intensive quantities

It is possible to create fluctuation measures that are not affected by fluctuations within the ideal

Boltzmann gas in the grand canonical ensemble formulation (SM(IB-GCE)) and WNM. Using

the second and first moments of the distribution of two extensive quantities, strongly intensive

quantities [65] can be written as:

ΣAB = 〈C〉−1
[
〈B〉ωA + 〈A〉ωB − 2

(
〈AB〉 − 〈A〉 〈B〉

)]
, (B.5)

∆AB = 〈C〉−1 [〈B〉ωA − 〈A〉ωB] , (B.6)

where A and B are two extensive quantities and 〈C∆〉 or 〈CΣ〉 are the averages of any extensive

quantity, e.g., 〈A〉 or 〈B〉.

For the study of transverse momentum fluctuations, one uses:

A = pT =
N∑
i=1

pTi , B = N, (B.7)

where pTi is the transverse momentum of particle i. There is an important difference between

∆ [PT , N ] and Σ [PT , N ]. To calculate ∆ [PT , N ] only the first two moments: 〈PT 〉, 〈N〉, and
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〈
P 2
T

〉
,
〈
N2
〉
are required to calculate but to calculate Σ [PT , N ] needs 〈PTN〉 − 〈PT 〉 〈N〉. The

quantity Σ [PT , N ] and ∆ [PT , N ] can be expressed as:

Σ [PT , N ] = 1
CΣ

[
〈N〉ωPT + 〈PT 〉ωN − 2

(
〈PTN〉 − 〈PT 〉 〈N〉

)]
, (B.8)

∆ [PT , N ] = 1
〈C∆〉

[
〈N〉ωPT − 〈PT 〉ωN

]
, (B.9)

where ω is the scaled variance of a given variable (e.g., ω[N ] = 〈N
2〉−〈N〉2
〈N〉 ). The quantities are

constructed to be zero when there are no fluctuations (when PT andN remain constant) and one

when there is independent particle production.

B.1.3 Short-range correlations

The two-particle correlation function, C(q) can be parameterized via Levy-shaped source (1-D)

as [71]:

C(q) ' 1 + λ · e(−qR)α , (B.10)

The formula for calculating the distance between two points, represented by p1 and p2, in the

LCMS system is given by q = |p1 − p2|LCMS . The variable lambda describes the correlation

length, while the length of homogeneity is determined by R. The value of the Levy exponent

α determines the shape of the source. When α = 2, the predicted source shape is Gaussian,

which is a simple hydro. For α < 2, there is anomalous diffusion and a generalized central limit

theorem applies. The conjectured value at the critical point is α = 0.5.
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Appendix C

Sc and Pb Target specifications

NA61/SHINE has collected data using Be, C, Sc, La, and Pb targets, with thickness between 1

cm and 2 cm, and transverse dimensions of around 2.5×2.5 cm2. Specifications of 208Pb and

45Sc targets are given in Table C.1.

Table C.1 Specification of 208Pb + 208Pb and 40Ar+45Sc 7Sc target.

Material

name

Material

Z

Material

A

Material

density

(g/cm3)

Material

inter-

action

length

(g/cm2)

Cross-

section

shape

Length

(cm)

Center z

(cm)

Material

molar

mass

(g/mol)

Pb 82 208 11.34 199.6 square 0.1 -591.90 207.977

Sc 21 45 2.985 123.9 square 0.6 -580.00 45.956

The target samples are checked for possible contamination using a Wavelength Dispersive

X-Ray Fluorescence (WDXRF) [128]. WDXRFmeasurements are used to estimate the biases to

cross-section calculations caused by impurities in the target. The 208Pb and 45Sc target impurities

studies [128] done at Jan Kochanowski University at Kielce are summarized in Table C.2.
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Table C.2 Measurement of the 45Sc and 208Pb target impurities using WDXRF tech-
nique [128]

45Sc sample (φ = 40nm) 208Pb sample (φ = 40nm)

Element concentration± error (%) concentration± error (%)

Al 0.144 0.006

Bi 0.028 –

Ca 0.008 0.026

Cl 0.011 –

Cu 0.073 0.045

Fe 0.130 0.147

Hg – 0.044

Mg 0.008 –

Nd – 0.049

Ni 0.027 0.027

Pb 0.003 99.45±0.99

Rb – 0.129

S 0.006 0.128

Sc 99.29±1.00 –

Si 0.034 0.191

Ta 0.065 –

Ti 0.0157 –

W 0.017 –

Y 0.020 –
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Appendix D

Theoretical Bethe-Bloch formula

Using the Bethe-Bloch formula [130], particle identification is possible through energy loss per

unit length,
〈
− dE

dx

〉
and momentum measurements in TPCs:

〈
− dE

dx

〉
= Kz2Z

A

1
β2

[
1
2 ln

2mec
2β2γ2Wmax

I2 − β2 − δ(βγ)
2

]
. (D.1)

In the formula K = 0.307 MeV mol−1 cm2, z represents the charge of the incident particle,

while Z and A denote the absorber’s atomic number and atomic mass. Additionally, β = v/c

signifies the velocity of the particle, me represents the mass of an electron, I denotes the mean

excitation energy of the absorber, Wmax indicates the maximum possible energy transfer in a

single collision, and δ(βγ) refers to the density effect correction to ionization energy loss.

28 CHAPTER 2. NA61/SHINE DETECTOR

drift field values and resulting electron drift velocities are summarised in
table 2.3.

2.4.3 Particle identification

Figure 2.8 shows the dependence of mass stopping power for muons travers-
ing a copper medium as a function of βγ . For moderately relativistic par-
ticles (0.1 ≤ βγ ≤ 500), the mean rate of energy loss in medium is given by
the Bethe-Bloch formula [13]:〈

−dE
dx

〉
= Kz2Z

A

1
β2

1
2

ln
2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

 (2.2)

where K = 0.307 MeV mol−1 cm2 is a constant, z is the charge of the inci-
dent particle, Z and A are atomic and atomic mass number of the absorber,
β = v/c is the velocity of the particle, me is the electron mass, I denotes
mean excitation energy of the absorber, Wmax is the maximal possible en-
ergy transfer in a single collision, and δ(βγ) refers to density effect correc-
tion to ionisation energy loss. The fragment of the curve in Fig. 2.8 high-
lighted with red line corresponds to the region described by formula 2.2.
Energy loss per unit length depends on the velocity of the particle, thus
independent measurements of mean energy loss and particle momentum
allow for particle mass determination.

Figure 2.8: Energy loss per unit length
〈
−dE

dx

〉
as a function of βγ . Thick red line

marks the region relevant for TPC operation in a typical high energy physics ex-
periment. Figure taken from Ref. [13].

For a single ionizing particle traversing a TPC energy deposits of measured
clusters follow a Landau distribution, presented on the left panel of Fig 2.9.
The distribution is characterized by a long tail towards large energy depo-
sition values. Hence large fluctuations in the measurements are expected.
The impact of the fluctuations on energy loss measurement is reduced by
employing the so-called truncation procedure, demonstrated in the right
panel of Fig. 2.9. This procedure discards 50% of clusters with the high-
est charges, effectively suppressing the long tail of the Landau distribution.
The truncation procedure improves energy loss measurement resolution by
up to 20% [49].

Figure D.1 The energy loss per unit length, denoted as
〈
− dE

dx

〉
, as function of βγ. A

thick red line indicates the relevant region for TPC operation in a typical high-energy
physics experiment. The figure is taken from Ref. [130].

Figure D.1 illustrates the dependence of mass stopping power for muons traversing a copper

medium, as a function of βγ. The red line highlighted in the curve corresponds to the region

described by formula D.1. Particle velocity directly influences energy loss per unit length. Thus,
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determining particle momentum and mean energy loss independently allows for determining

particle mass.
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Appendix E

Data-based centrality selection

Centrality selection for the model-based and data-based methods was made for 208Pb + 208Pb

collisions at 13A and 30A GeV/c. The model-based method was discussed in Sec. 5.1.3. The

data-based method will be briefly discussed in this Appendix, as an example events recorded at

13A GeV/c are used.

The data were taken using two target configurations: target inserted (target IN) and target

removed (target R). A summary of target IN and target R statistics of the collected Pb+Pb data is

given in Table. 4.3. The target R data was collected to correct for interactions of beam particles

with the material surrounding the target (off-target interactions). The fitted z vertex position of

primary interactions at 13A GeV/c for the target IN and target R data using T1 trigger in a broad

range and an explanation of the origin of different peaks is present in Fig. E.1. The distribution

for the data recorded with the 208Pb target removed was scaled by a normalization factor,

ε = NI[−685 < z < −610 cm]/NR[−685 < z < −610 cm] , (E.1)

where NI[−685 < z < −610 cm] and NR[685 < z < −610 cm] are the numbers of events with

the T1 trigger for the 45Sc target inserted and removed data sets, respectively. The normalization

region −685 < z < −610 cm was selected. The resulting normalization factors is ε = 6.0.

The PSD energy distribution of target R is scaled by the normalization factor and subtracted

from the target IN PSD energy to correct for off-target interactions. The normalized subtracted

PSD energy distribution is shown in Fig. E.2 (left). The normalized subtracted PSD energy

distribution was transformed into a cumulative distribution to calculate EPSD limits for 0-10%

of the central events. The desired centrality and corresponding EPSD limits are mentioned in

Fig. E.2 (right). The lowest values of EPSD for different centrality intervals from the model-

based (see Sec. 5.1.3) and the data-based method are given in Table E.1
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Figure E.1 An example distribution of fitted vertex z coordinate for 208Pb + 208Pb col-
lisions at 13A GeV/c with 208Pb target inserted and target removed (scaled as explained
in the text) for the T1 trigger. Sources of peaks coming from beam interactions with
experimental setup are explained.
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Figure E.2 Left: The normalized subtracted PSD energy distribution for 208Pb + 208Pb
collisions at 13AGeV/c. The PSD energy distribution of the target R data set was scaled
by the normalization factor and subtracted from the target IN PSD energy distribution.
Right: The normalized subtracted PSD energy distribution transformed into cumulative
distribution to calculate EPSD limits for 0-10% of the central events.
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Table E.1 The lowest value of EPSD for 5%, 10%, 15%, 20% centrality interval from
the model-based and the data-based method for 208Pb + 208Pb collisions at 13A GeV/c
beam-momentum data set.

data-based method model-based method

centrality interval EPSD (GeV) limits EPSD (GeV) limits

5% 498 530

10% 720 825

15% 915 1083

20% 1120 1340
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