Lévy femtoscopy in high-energy heavy-ion
collisions

Balazs Korodi

Physics MSc

Supervisor:
Maté Csanad

Eotvos Lorand University
2023

MSC THESIS



Abstract

One of the most important results in the eld of high-energy heavy-ion physics was the
discovery of quark-gluon plasma (QGP). This form of matter was only present naturally
during the rst microseconds in the history of the Universe, when the temperature and the
pressure was large enough for quarks to be decon ned. Today, it is possible to recreate
these conditions in ultrarelativistic heavy-ion collisions. A primary goal of heavy-ion
physics is to understand the properties of QGP created in such collisions, and to learn
about the early Universe and the nature of elementary particles through this.

Femtoscopy is a sub eld of high-energy physics that, in general, investigates femtome-
ter scale structures. This sub eld is essential in the study of the space-time geometry
of heavy-ion collisions. An important goal is to determine the phase-space probability
density (source) of the particles created during the freeze-out of the QGP. The most im-
portant experimental method is based on the quantum-statistical momentum correlations
of identical hadrons. This correlation is in connection with the source, therefore we can
obtain information about the femtometer scale space-time geometry of the QGP. Another
possibility is to simulate heavy-ion collisions, and directly reconstruct the source in the
simulation. This type of phenomenological investigation can give di erent insights into
the properties of the QGP.

Recent results have shown that instead of the previously widely assumed Gaussian
distribution, the source can be described by the more general Levy distribution in high-
energy heavy-ion collisions. By measuring two-particle Bose{Einstein correlations, the
source parameters, including the Levy scale parameter R, the Levy stability index , and
the correlation strength , can be determined. Studying the centrality and the transverse
mass dependence of these parameters can yield valuable information about the space-
time structure of the collision. In a phenomenological analysis, the source can be directly
reconstructed. By varying the simulation settings, the reasons behind the appearance of
the Levy distribution can be investigated.

In my thesis research, | performed an experimental analysis of lead-lead collision data
at p% = 5:02 TeV , recorded by the CMS Collaboration, and | also carried out a phe-
nomenological investigation using " S, = 2:76 TeV lead-lead collisions simulated by the
EPOS model. In the experimental project, | measured two-particle Bose{Einstein corre-
lations. | extracted the Levy source parameters, and studied their centrality and trans-
verse mass dependence. In the phenomenological project, I reconstructed the two-particle
source function for di erent particle species on an event-by-event basis, using di erent
simulation settings. | determined the Levy source parameters as functions of centrality
and transverse mass, and | compared the results to the experimental ones. The Levy
source assumption was adequate in both experiment and simulation.
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1 High-energy heavy-ion physics

1.1 Heavy-ion collisions and the Big Bang

In the rst microseconds after the Big Bang, the temperature and the pressure were so high
that quarks were decon ned. Under these circumstances, complex structures like galaxies
and stars, but even much simpler objects like atoms or nucleons, could not have existed.
Space was lled with a \soup™ of quarks and gluons, the so-called quark-gluon plasma
(QGP) [1]. Due to the rapid expansion of the Universe, however, this state of matter could
not have existed for long. Temperature was decreasing with the expansion which made
it possible for quarks to be con ned inside hadrons { a process known as hadronization
happened. Figure 1 shows the history of the Universe, where hadronization took place

around 10 # s after the Big Bang.
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Figure 1: The history of the Universe [2].

In order to understand the early Universe, it is necessary to study the QGP. However,
this task is not an easy one. We need to create conditions in a laboratory that are similar
to the conditions in the rst microseconds after the Big Bang. Today, it is possible to do so
in large particle accelerators by colliding heavy-ions at ultrarelativistic velocities [3]. The
next question is how to study the QGP created in these collisions? Due to the 10 2% s
timescale of the process, it is impossible to do direct measurements. The only things
that we can measure are the properties of the particles created during the hadronization
(freeze-out) of the QGP. By placing our detectors around the collision vertex, we can



detect these particles and measure their properties. Using di erent physical e ects, we
are able to use this information to derive several properties of the QGP.

Another possibility for the study of the QGP is the simulation of high-energy heavy-ion
collisions. For these simulations, we need complex theoretical models that can accurately
describe the di erent stages of a collision. Among these models is the EPOS model that
I also used for my research. The most important bene t of using simulations is that we
can compare di erent physical models, and therefore understand the QGP on a more
elementary level compared to analysing experimental data. Furthermore, it is possible
to measure certain quantities, i.e. the freeze-out coordinates of particles, that are simple
inaccessible in an experiment.

1.2 The quark-gluon plasma

The discovery of the quark-gluon plasma was one of the most important results of the
last decades in the eld of high-energy heavy-ion physics. Several signs of a strongly
interacting nuclear matter, that was never seen before, have been observed in experimental
analyses [4, 5]. In this section, | summarize these results, while also discussing the most
important properties of the QGP.

1.2.1 The nuclear modification factor

The nuclear modi cation factor (Raa) is a basic observable that carries information about
the properties of the QGP. It compares the number of particles created in heavy-ion
collisions and in nucleon-nucleon (experimentally proton-proton (pp)) collisions by the
following de nition:

_ (#particles in heavy-ion collision) _
~ (#binary collisions) (#particles in pp collision)”

Raa 1)
The value of Raa would be 1 if a a heavy-ion collision would simply be the sum of
binary nucleon-nucleon collisions. In the experimental results, detailed below, it was
found however, that in some cases Raa < 1, implying a fundamental di erence between
heavy-ion and pp collisions.

The transverse momentum (pt) dependence of Raa Was measured by di erent exper-
iments for di erent particle types in di erent centrality classes. Centrality describes the
degree of overlap of the two incident nuclei. Its value is usually given in percentage, with
0% corresponding to a total overlap and 100% to no overlap. The results obtained at the
LHC (previously at RHIC and at SPS as well) showed, that for particles not participating
in the strong interaction ( , W ,Z° Raa 1, while for hadrons (h ) participating in the
strong interaction Raa < 1 [6{8]. These results are shown in Fig. 2 [9].

The experimental results can be explained if the nuclear matter created in the collision
is a strongly interacting medium. This means that it absorbs the energy of hadrons
through the strong interaction during their paths of a few femtometers in the medium.
The interaction between the medium and the particles not participating in the strong
interaction is not nearly as strong. As a result, their nuclear modi cation factor does not
di er signi cantly from 1. It was also observed that the suppression of hadrons decreases
towards smaller collision energies and more peripheral collisions. It is probable that a
\minimal point™ exist, where the suppression is still present, so QGP is still created.
Finding this point is an important goal for the future.
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Figure 2: The nuclear modi cation factor in lead-lead (PbPb) collisions Rpppy, as a func-
tion of the transverse momentum p+, for di erent particle types in central collisions [9].

1.2.2 The perfect fluid of quarks

In a peripheral heavy-ion collision, the created medium has an ellipsoid shape, as shown
in Fig. 3. In order to see the e ects of this asymmetry in the nal state, we need to study
the momentum distribution N (pt; ) of the particles in the nal state, where is the
azimuthal angle. It is practical to study this distribution as a Fourier series in

(1] #
X

N(pr; ) =N(pt) 1+2 Vn(pT) cos(n ) @3]

n

where v, are the Fourier coe cients. Due to the re ection symmetry inthe x -z ( =0)
andy -z ( = =2) planes, the sine terms and the terms with odd n are negligible.
Hence, the rst important coe cient is the so-called elliptic ow v,, that describes the
elliptic deviation from the spherical symmetry. If the mean free path of the particles
in the medium is large, corresponding to a gas-like phase, then the nal state would be
spherically symmetric, resulting in a negligibly small v,. Experimental results have shown
however, that the value of v, is not small [10]. This implies a liquid-like medium, where
the interaction between the particles is strong.

The second important Fourier coe cient is v4, which describes a quadruple asymmetry.
If the viscosity of the liquid-like medium would be large, then this asymmetry would be
easily washed out, resulting in a negligible v4. However, the measured v, values were
not negligible [11]. Furthermore, the calculated viscosity turned out to be smaller than
the viscosity of the super uid helium. Thus is was concluded that the QGP created in
heavy-ion collisions can be treated as a perfect uid of quarks.



Figure 3: The ellipsoid shape created in peripheral heavy-ion collisions [12].

1.2.3 The quark degrees of freedom

When investigating v, as a function of the transverse kinetic energyE +, two di erent
curves were observed for mesons K; ) and for baryons ; ; ), as shown in the left
panel of Fig. 4 [13]. However, after rescaling boty and KE 1 with the number of valence
quarks nq, a universal scaling was obtained, as shown in the right panel of Fig. 4 [13].
In coalescence models [14], this type of behavior means that the hadrons originate from
a medium where the degrees of freedom were carried by the quarks. This result showed
that quarks are decon ned in the QGP.

Figure 4: The elliptic ow v, as a function of the transverse kinetic energiE + before
(left) and after (right) rescaling with the number of valence quarks, [13].



2 levy HBT analysis in the CMS Collaboration

2.1 Introduction

Femtoscopy is a sub eld of high-energy physics that, among other things, investigates
the femtometer scale space-time geometry of high-energy heavy-ion collisions [15]. The
most commonly used method is analogous to the HBT e ect known from astronomy [16,
17]. In astronomy, the intensity correlation of photons carries information about the
photon emitting source, while in high-energy physics, information about the femtometer-
scale structure of the particle emitting source can be obtained by studying quantum-
statistical momentum correlation of hadrons [18, 19]. As an example, the uid nature
of the QGP was established, partly, by the measurement of quantum-statistical Bose{
Einstein correlations [20, 21].

In previous measurements, Gaussian [20, 22, 23] or Cauchy [24, 25] source distribu-
tions have generally been assumed. Recent high precision femtoscopic measurements [26,
27] have shown, however, that an acceptable description of the data can only be achieved
be assuming a more general source distribution, called the levy alpha-stable distribu-
tion [28]. The reasons behind the appearance of the Levy distribution are currently under
investigation, as the source shape can be in uenced by various physical phenomena [29{
35].

In this chapter, | present my centrality dependent Levy HBT analysis of two-patrticle
Bose{Einstein momentum correlations, using” S, = 5:02 TeV PbPb collision data
recorded by the CMS experiment [36]. The theory of Bose{Einstein correlations is dis-
cussed in Section 2.2. The experimental setup is described in Section 2.3. The details of
the measurement are presented in Section 2.4. The results are shown in Section 2.5, with
the conclusion presented in Section 2.6. This chapter has been compiled relying on the
CMS Analysis Note [37] and the CMS Physics Analysis Summary [36] written by me.

2.2 Bose{Einstein correlations in high-energy physics
2.2.1 Connection between the Bose{Einstein correlation and the source

The two-particle Bose{Einstein correlation functionC is de ned as

N2(p1;p2) |
N1(p1)N1(p2)’

wherep; and p, are the four-momenta of the two particlesN, and N; are the two- and
one-particle momentum distributions, respectively. Besides the quantum-statistical e ect,
there could be many reasons behind the momentum correlation, such as collective ow,
jets, and resonance decays. These other e ects, however, only grow linearly with the
multiplicity (number of particles created in a collision) [26], while the quantum-statistical
e ect is proportional to the number of particle pairs, scaling with the square of the mul-
tiplicity. Consequently, in high-multiplicity heavy-ion collision, the quantum-statistical
e ects determine the shape of the correlation function at low relative momentum.

The one- and two-particle momentum distributions can be written as

Z

Ni(p) =  S(X1;p1)i p(X)j%d*x; (4)
Z
No(PiiP2) = S(X1;P1)S(X2; P2)i  pyips (X1; X2)j?d 20X 1 5)

C(py;p2) = ©))



whereS(x; p) is the probability-density distribution of particle creation (source) at space-
time point x and four-momentump, ,(x) and ,.p,(X1; X2) are the one- and two-particle
wave functions. These wave functions are the solutions of the corresponding Schmedinger
equation. In the interaction free case, ,(X) is a plane wave, while , .;,(X1;X2) is a
symmetrized plane wave (in case of bosons):

P(X) = eipx; (6)
pl;pz(xl;xz) = pl—é g (Pixa+p2x2) 4 d(pixe+pexa) - 7)

The absolute square of a plane wave is 1, and the absolute square of the symmetrized
plane wave is given by the following formula:

I pup (X5 X2)j° = 1+cos(d(X1  X2)); (8)

whereq= p; p. is the relative four-momentum. Using this result, the interaction free
correlation function can be written as [18]

o S$(a;m)S (a; ).
$(0;p1)S (0;p2)°

where©@ denotes the neglection of nal state interactions, stands for complex conjugate,
and $(q; p is the Fourier transform of the source:

Z
S(a;p= S(x;p)e¥d*x: (10)

COpy;p) =1+R

(9)

In the approximationthat p; p, K, whereK = (p;+ pp)=2 is the average momentum
of the pair, the correlation function has the form [15]

i$(a; K)j?.

CO(q;K) =1+ ;
N TSTE

(11)

In order to remove the absolute square from the expression, the pair-source distribution
D(r;K) can be introduced with
Z

K = r. r. 4.
D(nK)= S( + E’K)S( E’K)d ; (12)

where = (Xx;+ X3)=2 is the pair center-of-mass four-vector and = x; X, is the pair
separation four-vector. Then the correlation function becomes

B(q;K).

CO(@:K)=1+ : 13
(a;K) S(O:K) (13)
with B(qg; K) denoting the Fourier transform of the pair-source:
4
B(q:K)= D(r;K )" d* (14)

In conclusion, it was obtained that the two-particle correlation function is in a direct
connection with the pair-source distribution.

8



2.2.2 Core-halo model

From the q! O limit of Eq. (11), C©(0;K) = 2 is obtained. Experimentally this limit

is unresolvable due to the nite resolution of the detectors. The value of©@ (0;K)
can only be obtained through extrapolation, and in most cases it was found that
CO(q! 0;K) < 2. Based on this result, the intercept parameter can be introduced as

=lim C(q;K) 1 (15)
g 0

The reason behindC©@(q! 0;K) < 2 can be understood via the core-halo model [38,
39], where the source is divided into two parts. The core contains the primordial hadrons
and its size is less than 10-20 fm, while the halo contains long-lived resonances and its size
can exceed hundreds of femtometers. Due to the Fourier transform, the halo would only
contribute to the very low relative momentum part of the correlation function. However,
this part is experimentally unresolvable due to the relative momentum resolution of the
detectors. As a result, the measured values di er from 1, as illustrated in Fig. 5.

The two-component source can be written as

S(X;K) = Score(X; K) + Shaio(X; K ); (16)

where Seore(X; K) and Shao(X; K) are the parts of the source that correspond to the core
and to the halo, respectively. The Fourier transforms of these parts are given by
Z

Score(q; K) = Score(X; K )eiqx d*x; (17)

Z
Shaio (A K) = Sha(x; K )é¥™d*x: (18)

In the experimentally resolvable regimeS,a0(q;K) 0, as illustrated in Fig. 5, so the
Fourier transform of the full source can be approximated with the Fourier transform of
the core:

$(9;K) = Score(d; K): (19)
By introducing the number of core N¢ore(K)) and halo (Nha0(K)) particles as
Z
Neore(K)  Score(0;K ) = Score(X; K )d4X; (20)
Z
Nhao(K)  Shao(0;K) = Spaio(x; K)d*x; (21)

the following expression is obtained for the correlation function:

Neore(K) ? [Score(; K)J
CO(q;K) =1+ = ; 22
(q ) Ncore(K) + Nhalo(K ) jgcore(o; K )jz ( )
Using the de nition of , its value is given by
NCOI’E(K ) ? . (23)

Ncore(K) + Nhalo(K )

Similarly to S, the pair-source distributionD can be written as the sum of three parts:

D = Dcore-core"’ Dcore-halo + Dhalo-halo; (24)

9



Figure 5: The sourceS(r), consisting of a narrow core and a wide-ranging halo (left), and
the correlation function C(q) with the unresolvable region (right).

where D core-cores; D core-halo, aNd Dhaio-halo @re the core-core, core-halo, and halo-halo com-
ponents, respectively. Experimentally, onlyD core-core IS resolvable. As a result, the corre-
lation function can be written as

B core-core(d; K) .
8 core-core(0; K)

In conclusion, a theoretical interpretation of the experimentally observed parameter
was obtained, using the core-halo model. By measuring we can obtain information
about the ratio of core and halo particles. It is important to note however, that can be
modi ed due to other phenomena as well, such as coherent pion production [18] or the
restoration of the chiral symmetry [40]. Therefore, the measurement ofis important for
a multitude of reasons.

COq;K) =1+ (25)

2.2.3 Kinematic variables

So far the variables of the correlation function wer@, and p,, or equivalently g and K .
When investigating momentum correlations of identical particles with the same mass, the
Lorentz product of g and K is zero:

gK = Ko 0K =0; (26)

whereq andK g are the zeroth components, and andK are the three-vector components.
Using this formula, ¢y can be expressed as

= —: (27)

This means that the correlation function only depends o instead ofqg. Furthermore,
K is approximately on-shell in case of particles with similar energies. As a result, it is
enough to consider the dependence ¢h instead ofK .

It was observed that theK dependence of2(q; K) is smoother than theq depen-
dence [15]. The usual procedure is that the correlation function is measured as a function
of g, and the measurement is carried out in di erentK classes. The&k dependence will
then be carried by the parameters appearing in the formula of the correlation function,
as detailed later in Subsection 2.2.4.

The q variable can be given in the Bertsch{Pratt coordinate system [41, 42]:

Ogp  (Gout; Gkide; Gong); (28)

10



where g, IS pointing towards the average pair transverse momentungje,g is parallel
to the beam, andgqe is perpendicular to both. With this coordinate transformation,
we moved from the laboratory frame to the longitudinally comoving system (LCMS) of
the pair, where the longitudinal component oK is zero. Therefore, in this system, it
i§ practical to consider the dependence on the average pair transverse momentim=
K2+ K2, instead of the dependence oK .
In experimental measurements, a one-dimensional variable is often used instead of
g. This simplication can only be done by assuming a spherically symmetric source
distribution in a given reference frame. This assumption simpli es the analysis procedure,
often leading to more precise results. A possible choice for the one-dimensional variable
is the magnitude of the Lorentz invariant momentum di erence:

P p
jgwi=" (; P)?= (Er E2?+(p1 P2)* (29)

where g, is the Lorentz invariant momentum di erence,E; and E, are the energies of
the particles, andp, and p, are the three-momenta of the particles. This variable is given
using the Bertsch{Pratt coordinates as

q
jqnvj = (1 T)qz)ut + Cﬁide + q%ng; (30)

with 1 = 2K+=E; + E,). Whether g, j is a proper one-dimensional variable can be
checked by plotting the correlation function in terms ofp = JE; E;j andjqj. In case of a
proper variable, a peak should appear for small values of the variable. Small valueggaf]
correspond to they | gj diagonal, hence the correlation function should have a maxima
along that diagonal. Based on this criterionjgy,, j was a proper choice in electron-positron
collisions [43]. In heavy-ion collision however, another variable is needed, because as it
was shown in Fig. 3, the collision is not spherically symmetric in the laboratory frame.
It was found in previous measurements [20] that the source is approximately spherically
symmetric in the LCMS, thus a proper one-dimensional variable of the correlation function
could be the magnitude of the relative three-momentum in the LCMS [26]. This variable
can be expressed with the laboratory frame quantities in the following way:

q

quCMSj = (plx pr)2 + ( ply pZy)2 + 0§;LCM5 ; (31)

A(PE>  pE1)?
: = ; 32
CLons = (B B2 (pue * Pl (52)

or trivially using the Bertsch{Pratt coordinates:
q

JAiems) = Bue + Fge * Gong: (33)

As it will be detailed in Subsection 2.4.3, | found that inpm= 5:02 TeV PbPb
collisionsjq,cusj IS @ proper one-dimensional variable. From this point forward, | will
use theq j g,cums] Notation.

2.2.4 levy-type source distribution

In order to obtain a functional form for the correlation function, a given source distribution
needs to be assumed. For a long time, a Gaussian source distribution was assumed [20,
22, 23], based on the central limit theorem. This means, that in the spherically symmetric
case, the spatial part of the source is given by

2

S(r)/ e =?; (34)

11



wherer is the spatial position, andR is the Gaussian source radii, describing the width of
the source. Using this source distribution, and taking the core-halo model into account,
the correlation function has the following form:

CO@GR; )=1+ e & (35)

As the precision of the measured correlation functions improved over the years,
the Gaussian assumption no longer provided an adequate description [44]. In re-
cent high precision measurements at the BNL RHIC facility in gold-gold collisions at

S\ = 200 GeV [26] and at the LHC SPS facility in beryllium-beryllium collisions at
150A GeV/c beam momentum [27], the correlation functions were successfully described
by assuming a levy-type source distribution. There could be many reasons behind the
appearance of the Levy distribution in heavy-ion collisions [29{35]. These possible reasons
will be discussed, and some of them will be investigated in Chapter 3.

The symmetric levy alpha-stable distribution (or simply Levy distribution) is a gen-
eralization of the Gaussian distribution. It is a stable distribution, appearing as a result
of the generalized central limit theorem [28]. In three dimensions, it is de ned via the
following Fourier transform:

Z

1 . T
d® ere? R ; (36)

(2 )3
where is an integration variable,r is the variable of the distribution, and and R are
parameters, the levy stability index and the levy scale parameter, respectively. The
Gaussian distribution is obtained with = 2, and the Cauchy distribution is obtained
with = 1. Stability is an important property of the Levy distribution. It means that for

2, this distribution represents the limit of properly normalized sums of independent
random variables, and the sum of levy distributed random variables (with the same
stability index) is also Llevy distributed. As a consequence of the stability, if the source
S has a levy distribution, then the pair-sourceD will also have a levy-shape with the
same :

L(r;;R)=

S(r)=L(r; ;R)) D(r)= L(r;; 2° R): (37)

Inthe < 2 regime, the Llevy distribution has a power-law tail, thus the second moment
or root-mean-square (RMS) radius becomes in nite. In this case, the parameter is no
longer equal to the RMS, as in the Gaussian case. RegardldRsstill provides a measure
of the characteristic size of the system, because it is proportional to the full width at half
maximum.

A levy-type source distribution means that S(r) /L (r; ;R ), similarly to Eq. (34).
In this case, the correlation function has the form [30]

COW@R;; )=1+ el W ; (38)

where the parameter provides a more general treatment compared to the Gaussian case.
As mentioned in Subsection 2.2.3, the variable of the correlation function & but the
measurement is performed in separat€t classes. Using this method, th& + dependence

is carried by the parameters R; ; ), and can be studied after the extraction of these
parameters.

In conclusion, a levy-type source distribution o ers a more general description of
the shape of the correlation function that a Gaussian would do. As a result, the source
parameters can be measured with a higher precision. The Gaussian limit corresponds to
the special = 2 case, so one can experimentally check how far given data are from the
Gaussian limit.

12



2.25 Coulomb e ect

Final state interactions have been neglected so far, and the wave functions of the particles
were assumed to be plane waves. This approximation is adequate for neutral particles, i.e.
neutral pions or photons. The problem with these type of particles is that experimentally
they are hard to investigate. Neutral pions decay into photons relatively quickly, so from
the detected photons, we would need the identify the ones originating from neutral pion
decays, which is a problematic procedure. Instead, charged hadrons are usually used,
whose detection is not so complicated. Most of the created charged hadrons are pions, so
they are the easiest to study. The only problem with charged patrticles is that the plane
wave approximation is no longer su cient because of the Coulomb interaction.

In order to obtain the two-particle wave function, the two-particle Schredinger equa-
tion with a Coulomb potential needs to be solved. For two particles with the same mass
m, and with coordinatesr; and r,, this means the following equation:

2
Tt D)+ VO ) (i) = E (rn) (39

where ; and , are Laplacians, (ri;r,) is the two-particle wave function,V is the
Coulomb potential, and E is the kinetic energy of the system. In the center-of-mass
frame, the equation becomes

%( rR+2 )(rR)+ V() (rR)=E(rR) (40)

with R =(r;+rp)=2 andr = r; r, denoting the center-of-mass coordinate and the rela-
tive coordinate, respectively. These variables can be separated by assuming the following
solution type:

(rR)= () r(R): (41)

An interaction-free equation is obtained for r(R), whit a plane wave solution:
r(R) = &R : (42)
For (r), the following equation is obtained:

4 ck

— (= k? o (r); (43)

ror(r)

wherer = jrj is the magnitude of the relative coordinatek = gpcys =2 is the half of the
relative momentum in the pair comoving system (PCMS)k = jkj is its magnitude, and

c is the Coulomb parameter:
_ MC gm .

©7 “Tonk
with gy denoting the ne structure constant. Equation (43) has an analytic solution
that is well known is quantum scattering theory:

(44)

(N=e 2 1+ i c)e"F( ic;Litkr kr)); (45)

where is the gamma function andF is the con uent hypergeometric function. If the
total wave function is given in the PCMS whereK =0, then (R) =1, and the total
wave function is obtained by symmetrizing the form in Eq. (45).
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In order to take both the Coulomb interaction and the core-halo model into account,
the Bowler-Sinyukov formula [45, 46] can be used, with
Z

C(g;K)=1 + dr D core,core(d; K)j q(r)jz; (46)

where 4(r) is the symmetrized version of the form in Eq. (45) withk = g=2. This
expression is understood in the PCMS, therefore a longitudinal Lorentz transformation
needs to be performed when measuring in the LCMS. However, as this correction is mini-
mal, it can often be neglected. In practise, the integral in Eqg. (46) cannot be analytically
calculated, and the numerical treatment is also troublesome. Usually, a Coulomb correc-
tion is applied as a multiplicative factor, utilizing some approximations. In my analysis,

| approximated the correlation function with the following formula:

C(GR;; )=1 + (1+e& N )Kc(GR; ); (47)

whereK ¢ (q; R; ) is the aforementioned Coulomb correction, calculated in Ref. [47]. This
correction factor deals with the Coulomb e ect in case of source distributions with di erent
R and parameters.

2.3 The CMS experiment
2.3.1 CERN LHC

The CMS (Compact Muon Solenoid) experiment is one of the four large experiments of the
LHC (Large Hadron Collider) at CERN (European Organization for Nuclear Research).
The LHC is located at the border of France and Switzerland, near Geneva. The schematic
view of the collider system is shown in Fig. 6. Itis currently the largest particle accelerator
in the world, meaning that the largest energies can be achieved here. An even larger
collider is already planned at CERN, but that is several decades away.

Before entering the LHC ring, particles are accelerated to a given velocity in the pre-
accelerators shown in Fig. 6. In the LHC ring itself, these particles are further accelerated
until the required collision energy is reached. Electric elds are used for the acceleration,
while magnetic elds are used for focusing and directing the beams. Two beams are
accelerated simultaneously in opposite directions, until the required energy is achieved,
then the beams are collided. Due to the ultrarelativistic velocities, it is essential that there
Is a high quality vacuum in the accelerator rings. At the LHC, proton-proton collisions
are performed most of the time, but during certain periods, proton-lead and lead-lead
collisions are also investigated. The accelerators and the detectors require continuous
maintenance and upgrading. In order to make this possible, the LHC is operated on a
schedule that includes long shut-downs, when the maintenance and upgrading is done.
The data for physics analyses are collected between these shut-down, during the so-called
\Running for physics" periods.
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Figure 6: A schematic picture of the LHC with the SPS (Super Proton Synchrotron)
and the PS (Proton Synchrotron) pre-accelerators, and the four large experiments (CMS,
LHCb, ATLAS, ALICE).

2.3.2 The CMS detector system

The CMS experiment is a large international collaboration including thousands of re-
searchers and engineers from over 200 institutes and over 50 countries. The main goals
of the collaboration include the study of the standard model of particle physics, the in-
vestigation of phenomena beyond the model, e.g. supersymmetry, and in particular, the
study of the space-time geometry of heavy-ion collisions.

A transverse slice of the CMS detector system is shown in Fig. 7 [48]. The dierent
types of detectors are placed around the beam in a cylindrically symmetric way. Di erent
particle types are absorbed in di erent detector layers, and their kinematic properties can
be measured thanks to this detector structure. In this subsection, the most important
properties of the detectors are summarized. A detailed description of the CMS detector
system can be found in Ref. [49].

The detector closest to the collision vertex in the tracking detector. In CMS, silicon
semiconductor detectors are used for precise tracking measurements. There are 3 layers
of silicon pixel detectors and 10 layers of silicon strip detectors. The positions of the
particles are measured when they travel through each layer. From this data, the track of
each particle can be reconstructed. It is important that the tracking detector does not
absorb the particles, therefore it is an ideal choice for the rst building block.

The next detectors are the electromagnetic (ECAL) and hadronic (HCAL) calorime-
ters. The ECAL is used to measure the energy of photons and electrons, while the HCAL
measures the energy of hadrons. The method of the measurement is similar in both
cases. In the ECAL, an electromagnatic shower is created due to pair production and
brehmsstrahlung, while in the HCAL, a hadronic shower is created due to several phenom-
ena. The energies of the shower particles are measured by Pby\&gintillating crystals
and plastic scintillators in the ECAL and HCAL, respectively. The scintillator signal is
converted into electric signal via photo-multipliers, thus the signal is proportional to the
energy of the particle.

After the calorimeters, there is a large superconducting solenoid magnet, that creates
a magnetic eld of 3.8 T, as shown in Fig. 8 [50]. In the magnetic eld, charged particles
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move along a helix, whose shape depends on the charge and the momentum of the particle.
By measuring the track of a particle, its charge and momentum can be determined.

The last pieces of the detector system are the muon chambers. These are large gaseous
lonization detectors that can measure the tracks of the muons, which makes it possible
to determine their momentum. Other than the muons and the neutrinos, particles are
absorbed in the calorimeters. Thus the muon chambers can also be used to identify the
muons, since neutrinos are not detected directly.

Figure 7: The CMS detector system with the tracks of the di erent particles [48].

Figure 8: The magnitude of the magnetic eldjBj (left) and the magnetic eld lines
(right) inside the CMS detector [50].
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2.4 Measurement details
2.4.1 Data structure

The dataset used in this analysis was recorded by the CMS experiment in 2018. It contains
4:27 1 minimum bias triggered PbPb events af’ S\ = 5:02 TeV , corresponding to
an integrated luminosity of 0.607 nb'! [51, 52].

The measured data was available in the so-called Analysis Object Data (AOO) format.

It contained all the measured information that might be needed for any kind of analysis.
Due to its huge size and impractical structure, it is not recommended to use this data
format directly during an analysis.

As the zeroth step, | created a data structure that is easier to use, takes up much
less storage space, and contains the information necessary for the present analysis [37]. |
used the ROOT environment, and created a so-called \Tree" structure. When saving the
di erent variables, | made sure that only the required numbers of decimal digits are kept.
As a result, | could perform a compression of the data, resulting in less used storage space.
Some event and track selections were already applied at this stage, further reducing the
size of the data les. These selections will be detailed in Subsection 2.4.2.

Even with the mentioned suppression, the available:27 10° PbPb events took ap-
proximately 10 Terabytes of storage space. The vast majority 99%) of this contained
the information about the individual particles, namely their momenta and track coor-
dinates. The remaining part contained the event information. The saved variables and
their properties are listed in Table 1.

2.4.2 Track and event selection

After creating the data structure, | selected those events and tracks that were suitable for
the analysis [37], following the recommendations of the CMS Tracking Team. | only kept
those events where there was only 1 nucleus-nucleus collision and its longitudinal distance
(zvtx) from the center of the detector was less than 15 cm. This selection is visible in
Fig. 9, with the transverse distribution of the vertex and the distribution of the number of
good tracks (Ngood racks)- Further selections were applied to reject events from beam-gas
interactions and nonhadronic collisions [53].

1On the preliminary gures 0.58 nb * is shown, but according to the latest luminosity measurement
0.607 nb ! is the correct value.

17



Variable code name | Type(bit) Compression Physical meaning (notation)

nRun int (32) 114.4 Run number
nEv int (32) 13 Event number
nLumi int (32) 113.9 Luminosity number
nBX int (32) 2.2 Beam package number
nTrk int (32) 2.2 Multiplicity ( N )
nVix int (32) 116.4 Number of vertices (Vtx)
HFsum oat (32) 1.1 Used for centrality calculation
EP2MbyPi oat (32) 11
EP2PbyPI oat (32) 11 Event plane information
EP3MbyPi oat (32) 11
EP3PbyPi oat (32) 1.1
XVix oat (32) 1.3 (xvtx)
yVix oat (32) 1.3 Vertex coordinates (yvtx)
zZVix oat (32) 1.1 (zvtx)
trkCharge[nTrk] bool (1) 4.2 Charge (ch)
trkNHit[nTrk] char (8) 2.0 Hits in the tracker (N )
trkNPixelHit[nTrk] char (8) 6.5 Hits in the pixel tracker (Npixei hit )
trkEta[nTrk] oat (32) 1.8 Pseudorapidity ( )
trkPhi[nTrk] oat (32) 15 Azimuthal angle ( )
trkPt[nTrk] oat (32) 1.8 Transverse momentum )
trkPtErrRel[nTrk] oat (32) 2.2 Uncertainty of pr (pt)
trkChi2NdofNI[nTrk] oat (32) 2.2 Tracking t goodness ( 2=Ngot=Niay)
trkDxy1Rel[nTrk] oat (32) 3.0 Transverse distance from vertex@,y = )
trkDz1Rel[nTrk] oat (32) 3.0 Longitudinal distance from vertex ©,= ;)

Table 1: The saved variables with their numerical type, physical meaning, and the sup-
pression rate [37]. Suppression means the ratio of the given object in the AOO and in the
nal structure. Variables without a notation do not appear later in this thesis.
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Figure 9: The longitudinal distribution of vertices (top left), with the cut represented by
the red line; the transverse distribution of the vertices (top right) and the distribution of
the number of good tracks K good tracks) (bottom) [37].

For the analysis, only the standard CMShighPurity [54] tracks were used. Further-
more, for the individual particles it was required to have a transverse momentum greater
than 0.5 GeV/c with an uncertainty of less than 10%. The absolute value of pseudora-
pidity was limited to be less than 0.95. This is motivated by the fact that the correlation
parameters may depend on the average pseudorapidity of the considered pair, hence a
limited pseudorapidity interval provides a cleaner data sample. For the accuracy of the
tracking, the requirements were at least 2 hits in the silicon pixel detector, at least 11 hits
in the tracking detector and 2:Ndof:Nlayer to be less than 0.18, where? describes the
goodness of the tracking t,Ngyo is the number of degrees of freedom during the tracking
t, and Niaer is the number of used tracking layers. The last two criteria werfD,y = ]
and jD,= ,j to be less than 3, whereD,, and D, are the transversal and longitudinal
distances between the track and the primary vertex and,,, , are their statistical un-
certainties. The distributions of these variables are shown in Fig. 10, with the red lines
representing the default selections. A sudden drop to zero in a distribution means that
the corresponding selection was done already during the creation of the data structure.
The default event and particle selections are summarized in Table 2.

Another important selection would be based on the types of the particles. However,
particle identi cation with the CMS detector is currently impossible in central PbPb
collisions. Therefore, | had to assume that all charged hadrons were pions, although there
could be a substantial number of kaons and protons in the sample as well. The ALICE
collaboration measured the proton-pion and the kaon-pion ratios [55]. They found that at
low pr both of these are small (about 5-10%), but they both grow witlpy, so at 2 GeV/c
their values are already around 50%. This can mainly a ect the value of the correlation
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Figure 10: Left to right, top to bottom: transverse momentumpy; transverse momentum
relative uncertainty pr; pseudorapidity ; number of hits in the silicon pixel detector
Nopixet nit ; NUumber of hits in the full silicon tracking detectorNy,;;; goodness of the track-
ing t Z:Ndof:Mayer, longitudinal and transverse distance from the vertexD,= ,j and
iDxy= xy] [37]. The red lines represent the defaults selections. The unsmooth behaviors

of the distributions are caused by numerical uctuations and binning e ects.
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Variable Selection
nVix =1
ZViX < 15cm

pr > 0.5 GeV/c
pT < 10%
i < 0.95

N pixel hit > 1

N hit > 10
*=Ngor=Niayer < 0.18
iD2= ;] <3
ijy: xyj <3

Table 2: The default values of the di erent selection criteria [37].

strength , which will be discussed later in Subsection 2.5.3.

2.4.3 Measurement of the correlation functions

The measurement of the correlation functions means the measurement of pair distribu-
tions. Experimentally, the method is the so-called event-mixing [37]. If we take the
momentum di erence distribution of pion pairs where members of the pair stem from the
same event (let us call this actual or signal distributionA(q)), this will contain e ects
which have to be excluded (kinematics, acceptance, etc.). For this purpose, one creates
a distribution with pairs of pions from di erent events (let us call this the background
distribution, B(q)). In this analysis, the event mixing method described in Ref. [43] was
used, that eliminates any possible residual correlation from thB (q) distribution. For
each \actual" event, we form a \mixed" event by choosing pions (of the same number
as in the actual event for each charge) from other randomly selected events within a
background pool (that has to be larger than the maximal multiplicity of pions of a given
charge), under the condition that no two tracks may originate from the same event. After
this procedure, each \mixed" event consists of pions originating from di erent events.
This event mixing method is illustrated in Fig. 11. TheB(q) distribution is then created
from the (same charged) pairs of this mixed event. It must be also noted that in order
for the mixed event to exhibit the same kinematics and acceptance e ects, one has to
build the mixed event from events with the same event class as the actual event (i.e.
from events of similar centrality and of similarz coordinate of the collision vertex). In
this analysis, 10% wide centrality and 3 cm wide-vertex bins were used. The event
centrality was determined from the transverse energy deposited in both Hadron Forward
(HF) calorimeters, using the methodology detailed in Ref [56].
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Figure 11: The illustration of the mixed event method.

After measuring the A(q) and B(q) distributions, the correlation function can be
obtained by taking their normalized ratio:

R
A g B(@d]
B(d) ~A(Qdg’

where the integrals are performed over a range; [ ] where the correlation function does
not exhibit quantum statistical features.

During the measurement ofA(g) and B (q), an e ciency correction was utilized. This
means that each pair was added to thé(qg) and B(q) distributions with a weight (w),
which was calculated from their momenta, pseudorapidity, and centrality using the ef-
ciency correction tables in Ref. [57]. The weight for each pair was calculated as the
product of the two e ciency correction factors corresponding to the two particles in the
pair.

The A(g) and B(q) distributions were measured all the way up taq =8 GeV/ c, and
each histrogram had 6000 bins. The measurement was carried out in di erent centrality
and K1 classes, separately for positively and negatively charge pairs. There was a total
of 6 centrality classes (0-60%) and 2K 1 classes (0.5-1.9 Ge\d). In the upper panel
of Fig. 12, the full A(q) and B(q) distributions are shown (normalized to each other),
while the C(q) correlation function is shown in the lower panel for smalf, in a given
centrality and K class, for negatively charged pairs. As expected (q) and B(q) are a
little di erent in the low @ region, which leads to the Bose{Einstein peak i€ (q).

Before moving further with the analysis, | checked whethg, -s] is the proper one-
dimensional variable, or maybgq,, j, or even something entirely di erent should be used.
For this purpose, | calculated theC(g;q,) and C(;jqj) two-dimensional histograms,
shown in Fig. 13, withg and g, denoting the transverse and the longitudinal Bertsch-
Pratt coordinates, respectively. A peak is expected in these distributions when the proper
one-dimensional variable is small. Ifg,,j would be the proper choice, there would be a
peak along theg, = jqj line in C(op; jqj), but this turned out to be not the case. Ifjq, cus]

Is the proper variable, then a peak must appear at low and g, values inC(g; @,). As

it can be seen in the left side of Fig. 13, this peak does clearly appear. Thus | concluded
that 9 j g.cus] IS the proper one-dimensional variable of the Bose{Einstein correlations
in " s, =5:02 TeV PbPb collisions.

C(q) = (48)
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Figure 12: The actual A(q)) and background @B (q)) distributions (upper panel), and the
correlation function (C(q)) for the small q region (lower panel) [37]. The Bose{Einstein
peak appears aroundj=0.05 Gev/c.
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Figure 13: Example correlation functions irg, versusg (left) and ¢ versusjquiright) [37].
Both are compatible with the most important dependence being ojyj = ¢+ ¢ =

o2, + ¢ instead of onjgn,j = jgj2 3, as both peak at zerdqj instead of zergjgny j

2.4.4 Pair selection

There are some e ects that cannot be taken into account using single-track selections, but
it is possible using a pair selection. The two most important e ects stem from the nite
precision of the tracking detector. The rst one is called merging, and it means that the
hits caused by two particles are reconstructed by the detector as one track. The opposite
e ect is when hits caused by one particle are reconstructed as two tracks, thus the name
splitting.

In order to remove these e ects from the sample, | calculated th€( ; ) spatial
pair distribution, where is the relative pseudorapidity of the pairand is the relative
azimuthal angle [37]. For this calculation, | used the event mixing method presented in

Subsection 2.4.3 to calculate the actual and background pair distributios( ) and
B( ; ), then | took their normalized ratio:
R
. B ;

B( : ) A( ; )

The integrals for the normalization were calculated over an area ( > 0:04) where
there was no merging or splitting. | calculated theC( ; ) two-dimensional histogram
in di erent centrality and Ky classes, one of which is visible in Fig. 14. | found that
independently of centrality andK 1, the value of the histogram is a constant 1 everywhere
besides the very small and region. This means that in this region there are less
pairs in the actual distribution, which is the result of merging in that region. In order to
remove this e ect, pairs were required to satisfy the following condition:

2 2

+
cut cut

> 1; (50)

where o =0:014, . = 0:022. This selection is illustrated in Fig. 14. with a red
curve.
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Figure 14: TheC( ; ) histogram for a given centrality andK 1 class [37]. The applied
pair selection is represented by the red curve.

2.4.5 Long-range background

For large g, the correlation function is expected to be a constant 1, because the quantum
statistical e ects do not play a role there. However, this is not true in many cases (see
Fig. 15) because of e ects like energy- and momentum conservation, resonance decays
or minijets. | will call these e ects together long-range background e ects, because they
usually appear at largeg. In this analysis, however, the interesting part is the lowg
behavior of the Bose{Einstein correlation function. The long-range background might
a ect this region, therefore | tried to describe this long-range background, and remove it
from the correlation function [37].

| introduced a background functionBG (qg) with the following empirically determined
formula [24, 58, 59]:

BG(g)= N, 1+ e (R)* 1 e (@R)* (51)

whereNy; 1; 2;Ri; R, are unknown parameters, without any physical meaning. | tted
this background function toC(q) for large g. This t was done by simple 2 minimization.
The tted region started after the disappearance of the quantum-statistical e ects which
was between 0.15 and 0.4 Ge¢/ depending on centrality andK . Moreover, the t had
no upper limit, i.e. | tted up to 8 GeV/ ¢, as the pair distributions were measured in the
[0,8] GeV/c range. An example background t is shown in Fig. 15. This way | directly
determined the values of the 5 parameters in every centrality and class. In the next
step, | divided C(q) with the now explicit form of BG(q), thus obtaining the so-called
double-ratio correlation functionDR (q):

C(g |
56" (52)

With this method, | managed to remove the long-range background, $2R (q) is almost
a constant 1 for largeg, as shown in Fig. 16.

I note that although | removed the long-range background, there is still some back-
ground remaining in some cases iBR (g) at relatively small g. | took this into account

DR(q) =
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(see next subsection for details) when performing the ts to the quantum statistical peak.
It is also possible to t such a background function that describes this smadjbackground,
but it does not change the values of the nal physical parameters. Even if we would totally
ignore the long-range background, and t the Bose-Einstein peak directly using(q), the
average change in the physical parameters would be less than 1%.

Figure 15: The measured Bose{Einstein correlation functio€(q) and the tted back-

ground function BG(q) [37]. The tted formula and the values of the t parameters are
shown in the legend. The green curve at very log is the continuation of BG(q) to the

region that was not used for tting.

Figure 16: The double ratio correlation functiorDR (q) [37]. Its value is almost a constant
1 for large g, showing the successful removal of the long-range background . The Bose{
Einstein peak is visible at very smallg, around 0.1 GeVLc.

2.4.6 levy ts to correlation functions

After removing most e ects beside the quantum statistical ones from the correlation
function, I could t the theoretical formula from Eq. (47) to the measuredDR (q) [37]. In
order to allow for a possible residual linear background, | used the following formula for
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the t:
DR(q)= N1+ q) 1 + (1+e ™ )Kc(gR; ) ; (53)

where | had a total of 5 parameters. The normalization parameteN and the linear
background parameter do not have a physical meaning, but they are necessary for a
statistically acceptable description of the data. The 3 parameters with physical meaning
are the levy scale parameterR, the levy stability index  and the correlation strength

. For the Coulomb correction,K¢(g; R; ) [47] is used, as detailed in Subsection 2.2.5.

The tting was performed using the minuit2 minimizing package [60, 61] by standard

2 minimization. The statistical uncertainties were calculated using thaminos pack-
age [60, 61]. An example tis shown in Fig. 17. The t region was limited in all cases.
The rst reason behind this is that for largeq the studied quantum statistical e ects are
not visible anymore (the function is constant 1). The second reason is that for very small
g the measured data is not reliable, mainly due to the nite momentum resolution of the
detectors, discussed later in the Subsection 2.4.7. Furthermore, the aforementioned merg-
ing usually happens at very smaltj and we also cut out that region entirely. As a result
of this, we lose pairs at very smalt, which means a decrease in the correlation function
in the a ected region. It is clearly visible in Fig. 17 as well, that the measured points are
way below the tted curve at small g. It was also investigated whether the momentum
resolution and the pair selection could cause this much deviation, and it turned out that
they can (see Subsection 2.4.7 for details). The tlimits used in the analyses are centrality
and K+ dependent values. The lower limits are ranging between 0.024 and 0.067 GeV/
and the upper limits are ranging between 0.12 and 0.55 Ged/ The exact values were
chosen in a way that their small modi cation would not lead to a signi cant change in the

t parameters. It was also considered that aK  increases and the centrality decreases,
the Bose{Einstein peak moves towards larger and larger

The goodness of a t is described by the con dence level (CL). It is calculated from

the 2 value and the number of degrees of freedom (NDF) of the t. A t was deemed
statistically acceptable if the con dence level was above 0.1%, similarly to Refs. [26, 43].
| also required for each t to converge and the covariance matrix to be positive de nite.
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Figure 17: An example t to the double-ratio correlation functionDR (q) [37]. The tted
function is black, while the red region indicates the region used for the t. The tted
formula, the t parameters and the goodness of the t are shown in the legend.

2.4.7 Study of the low q behavior via Monte Carlo simulations

In order to conrm the hypothesis regarding the arti cial e ects modifying the low g
behavior of the correlation function, | measured the correlation functio©(q) using data
from Monte Carlo simulations based orhydjet (version 1.8, tune \Drum" [62]) events,
where the detector response was simulated usiggant4 [63]. | used both the recon-
struction level tracks ("Reco") and generator level tracks ("Gen"). Reco data are a ected
by all the detector e ects present also in real data, while Gen data do not contain any
such e ect. Hence the comparison of the correlation function measured in Gen and Reco
data can help in assessing the various detector e ects on correlation functions measured
in real data.

The measurement process was basically the same as for the experimental data [37].
First, | created a \Tree" structure saving all the important quantities, then applied the
track- and event selection cuts, and in case of the Reco data, also the e ciency correction
and the pair selection. After that, | measured theA(q) and B(q) distributions via the
method described in Subsection 2.4.3, with the only di erence being in the number of
centrality and Kt classes, i.e. | had way more classes for the real data than for the
simulation. Finally, | obtained the correlation function C(q) by taking the normalized
ratio of A(q) and B(Q). Itis important to see that neither the Reco nor the Gen simulation
includes the Bose{Einstein e ect, thus a Bose{Einstein peak is not expected D(q). In
case of the Gen simulation (where there are no arti cial e ects), we should see a constant
1 correlation function. If arti cial detector e ects do a ect the correlation function at low
g, then we should see a deviation from the constant 1 at log for the Reco correlation
function. This deviation is indeed visible in Fig 18, where | plotted both the Reco and
the Gen correlation functions. It seems that the detector e ects result in the decrease
of the correlation function at low g, which explains the di erence at lowq between the
measured and the tted DR(Q), observed in the real data in Fig. 17.

In order to show that the deviation in Fig 18 can fully explain the deviation in Fig. 17,
| multiplied the real DR(qg) with the ratio of the Gen and Reco correlation functions
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Coen(0)=Creco(q). This \corrected” DR(q) is shown in Fig. 19. Even though the uncer-
tainties are quite large, this corrected version is much closer to the tted formula at low
than the original measured one. While statistics prevents me from utilizing the concrete
correction factor in experimental data ts, these investigations showed that the smadj-
deviation of the experimental data from the ts is due to detector e ects.

Figure 18: The correlation functionsC(q), calculated using the Gen and the Reco Monte
Carlo simulation data [37].

Figure 19: The original and the corrected double ratio correlation functio®R (g) with
the t[37]. Atlow gwhere the original version strongly deviates from the t, the corrected
version (which is the original multiplied by Cgen(0)=Creco(Q)) agrees with the t.

2.4.8 Systematic uncertainties

| identi ed many sources of systematic uncertainties that a ect the nal results, such
as the event selection, the single-track selection, pair selection, t limits, and centrality
calibration [37]. These sources are listed in Table 3, with the default analysis settings.
| checked the variations of the output parameters by individually varying these settings.
It was only possible by saving the data corresponding to each and every variation, and
performing the tting procedure for all of them. All together this meant 25 ts in each
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centrality and K+ class, for both charge setups. From these t results the systematic
uncertainty of a given value was calculated in the below detailed way.

Let a given t parameter P (which represents hereR, or ) take the value PO(i)
(where i represents agiven centrality andK + class) if all settings are at their default
values. Then the resulting t parameter may also bé) (i), if a valuej was chosen for the
given setting (indicated byn). The di erent j values are indicated in Table 3. From these
Pl (i) values, the upper (P "(i)) and lower ( P #(i)) systematic uncertainty of a parameter
P at the given centrality and K class is calculated using the following formulas:

) MX 1 X .

P ()=t = (Pl Pe(i)? (54)
n=cuts nJZJr:
V
u X 1 X .

Pi)=t (P Pe(i)? (55)
n=cuts anJ,ﬁ*

whereJ,, is the set ofj values whereP} (i) > P 9(i), and N/" is the cardinality of this set.
Similarly, J# is the set ofj values whereP] (i) < P °(i), and N}* is the cardinality of this
set. In the above formulas, summing ojis only done ifN}#* > 0 orN}" > 0. This method

Is also illustrated in Fig. 20. This type of gure can be made for every parameter, in every
centrality and K+ class, and also for every systematic source listed in Table 3. In the
example, the parameter value corresponding to thje setting is larger than the parameter
in the default setting, so their di erence contributes to P "(i). Similarly, the parameter
value corresponding to thg ,; setting is smaller than the parameter in the default setting,
so their di erence contributes to P #(i).

As | did several thousands of ts, it was inevitable for some of them to be wrong.
The number of these was negligible though<(1%) compared to the total number. These
handful of wrong ts however would cause huge systematic uncertainties for a few points,
which would distort the results. In order to avoid this problem, I did not take these
wrong results into account, instead | replaced them with interpolated values between the
neighbouringK 1 classes.

| also separated the full systematic uncertainty into correlated and uncorrelated \point-
to-point” parts. The correlated uncertainty means the same relative uncertainty for a
given parameter for every centrality andK ; class, and point-to-point means a di erent
value in each class. This separation was necessary because one should only take the uncor-
related point-to-point part of the systematic uncertainty into account when performing a
t to the model parameters. In order to calculate this, | rst calculated the distribution of
the relative e ects of a given systematic modi cation for a given parameter. Both charge
combinations, and every centrality andK t class contributed to this distribution. | then
took the average of this distribution, which gave the average e ect of the given systematic
modi cation on the given parameter. Finally, | calculated the point-to-point systematic
uncertainty using Egs. (54) and (55), but | put the average in the place d?°(i). For the
correlated systematic uncertainty, | used a similar approach, but here | replacé®?) (i)
with the average.

| categorized the systematic sources into three categories: Tracks selections (including
the Zvertex event selection), Pair selection, and Fit limits. | calculated the relative e ects
of these categories on the three physical parametd®s , and for each centrality class.
These results are tabulated in Tables 4, 5, and 6, respectively. | averaged over #e
classes and the two charge setups. In most cases the e ects of the track selections and
the pair selection were similar in size, and the t limits usually had the greatest impact.
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Figure 20: lllustration for the calculation of the systematic uncertainty. The values of a

parameter in a given centrality andK  class for the default,j; andj, settings of a given
systematic source.

n Systematic source Default J1 j2
1 Zvertex selection < 15cm <12 cm < 18 cm
2 pr selection > 0:5 GeV/c | > 0:55 GeV/c | > 0:5 GeV/c
3 pt selection < 10% < 5% < 15%
4 j ] selection < 0:95 < 09 <1
5 Npixel nit  S€lection > 1 > 2 >0
6 | 2=Ngot=Niayer Selection < 0:18 < 0:15 < 0:18
7 IDxy= xyj Selection <3 <2 <5
8 jD,= ;] selection <3 <2 <5

_ . . t=0.014 ct=0.017 t=0.011
9| & pairselection | 5022 w=0.028 |  x=0.016
10|  Gin lower t limit o (Kr,cent) | o,-0.004 o, +0.004
11|  Onax upper t limit P (Kr,cent) | 085 of., 1:15 @,
12 Cent. edges Default values| Lower values | Higher values

Table 3: The sources of the systematic uncertainties with their values in the default and

other two settings [37].

R[%] Track selections Pair selection Fit limits
Cent.[%] " # " i " #

0-5 1.0 0.4 0.0 2.9 25 32
5-10 0.7 0.5 0.0 2.1 20 23
10-20 0.6 0.4 0.0 1.4 1.8 23
20-30 0.6 0.3 0.2 1.6 1.8 1.9
30-40 05 0.2 0.6 15 1.9 1.7
40-60 0.5 0.5 0.7 14 1.9 1.7

Table 4: The e ect of the di erent types of systematic sources in each centrality class for
the R parameter [37]. | averaged oveKt and the two charge setups; means positive
modi cation, while # means negative modi cation in the value of the parameter.
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[%]  Track selections Pair selection Fit limits
Cent.[%] " # " # "#

0-5 0.6 0.7 4.8 0.0 6.9 3.8
5-10 1.1 0.6 3.2 0.0 52 3.0
10-20 0.3 0.4 1.9 0.0 49 3.0
20-30 0.1 0.5 2.0 0.1 51 238
30-40 0.2 0.7 2.0 0.7 45 35
40-60 0.4 0.4 1.7 0.7 44 4.0

Table 5: The e ect of the di erent types of systematic sources in each centrality class for
the parameter [37]. | averaged oveKt and the two charge setups; means positive
modi cation, while # means negative modi cation in the value of the parameter.

[%]  Track selections Pair selection Fit limits
Cent.[%] " # " # " #

0-5 4.7 2.0 0.0 6.8 6.1 8.9
5-10 3.7 1.7 0.0 55 49 6.9
10-20 2.6 1.3 0.0 4.3 4.7 6.5
20-30 24 1.0 1.1 4.4 42 6.4
30-40 24 0.9 1.7 4.0 49 56
40-60 2.0 0.9 1.7 3.3 56 5.1

Table 6: The e ect of the di erent types of systematic sources in each centrality class for
the parameter [37]. | averaged oveKt and the two charge setups; means positive
modi cation, while # means negative modi cation in the value of the parameter.

2.5 Results

| determined the values of the three physical parameter&k( , ) in every centrality and
Kt class by tting the theoretical formula to the measured correlation functions [37].

In order to facilitate comparison with previous experimental results and with theory, |
plotted these parameters as functions ah, where

q__
mr = K2=¢+ m? (56)

is the transverse mass. Even though there was no particle identi cation, | assumed that
all detected charged hadrons were pions, and used the pion mass to calcufate In this

section, | will present the centrality andmy dependence of the parameters together with
their physical interpretations.

2.5.1 The levy scale parameter R

The levy scale parameter describes the spatial scale of the particle emitting source. The
preliminary expectation was a decreasing trend im+, which is nicely re ected in the
results in Fig. 21. A clear centrality dependence can also be observed. In central collisions

R is bigger than in peripheral collisions. This observation agrees with the assumption that
R describes the spatial scale of the source.
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Figure 21: The levy scale parameteR versus the transverse massit in di erent cen-
trality classes, for negatively (left) and positively (right) charged hadron pairs [36]. The
error bars are the statistical uncertainties, while the boxes indicate the point-to-point
systematic uncertainties. The correlated systematic uncertainty is also indicated.

In order to further analyze the m; dependence oR, | plotted 1=R? versusmy, as
shown in Fig. 22. This is useful, because the linear scaling ofR? with my is expected
due to hydrodynamic models [64, 65]. In these models they assumed a Gaussian source,
which could lead to di erences compared to the levy source assumption. Nevertheless,
it is useful to see whether this linear scaling holds for a Levy source as well. In order to
verify this scaling, | tted a line to the data for each centrality. These ts are also shown
in Fig. 22 with the t results tabulated in Table 7. For these ts, | used the quadratic sum
of the statistical uncertainty and the uncorrelated systematic uncertainty. The con dence
levels were in the statistically acceptable regior>( 0:1%) everywhere, which means that
the hydrodynamic scaling of £R? holds for a Levy source as well.

The next step was to study the two t parameters, the slopeA and the interceptB.
The physical meanings of these also come from hydrodynamic models. The slapis in
connection with the Hubble constant H) of the QGP [64, 66] via the following formula:

= (57)

whereT; is the freeze-out temperature. Furthermore, the intercepB should theoretically
give the size of the source at freeze-ouR{) via the following formula:

R = 191:: (58)
B

In Fig. 23, the A and B parameters are plotted as functions of the average number
of nucleons participating in the collision fNya¢1). This quantity is closely related to
centrality, with the mapping from a centrality class to Npa:i given in Ref. [67]. As it
can be seen in Fig 23, the slope parametérhas a strong centrality (or similarly N pai)
dependence. By assuming a constant freeze-out temperatureTef 156 MeV [68], the
value of the Hubble constant falls between 0.1dfm and 0.18 c¢/fm. This value also has a
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