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Abstract

In the early universe, only microseconds after the Big Bang, matter was found at extreme conditions. These
conditions still exist in compact stellar objects. In the laboratory, these types of conditions are only accessible
through heavy-ion collisions. The understanding of properties of matter at extreme conditions makes use
of various observables - particle production, their flow and event-by-event correlations. Electromagnetic
probes are special. Since hadrons produced in heavy-ion collisions are subject to the strongly interacting
medium after their creation, they are only partially able to act as messengers for information about the
conditions during their creation. Rare probes which have a bigger chance to escape the fireball undisturbed
provide valuable insights on the medium and the spectral functions of hadrons in the medium. Among
them are dileptons in the form of eTe™- and p* p~-pairs.

In this thesis, the coarse graining approach is used to compare four state-of-the-art microscopic transport
models (UrQMD, SMASH, GiBUU and PHSD) regarding their produced baryon densities, temperature and
dilepton yield. The possibility of an observation of medium effects, which are generally not included in
the transport models would then require these effects to be larger than the effects induced by different
transport models. Au+Au collisions at 1.23A GeV are used as a test case as experimental data obtained
by the HADES collaboration exists in this case. In a second step, four different collision systems, two
of them measured recently by the HADES collaboration, will be investigated to achieve insights on the
dependence of the dilepton yield on the system size, collision centrality and energy. This is the first step to
gain information about the excitation function of matter goverend by the strong interaction.

Chapter 1 will give a short historical overview over the field of heavy-ion and elementary particle physics.
Chapter 2 discusses the physical background of the strong interaction, chiral symmetry and dileptons as
probes of heavy-ion collisions. Chapter 3 will provide the absolute basics of transport theory and quickly
introduce the models used in this thesis. Chapter 4 introduces the coarse graining approach, while Chapter
5 presents the results and insights obtained in this thesis. Chapter 6 summarizes the findings. Additional
information is given in the Appendix.




Zusammenfassung

Im frithen Universum, nur Mikrosekunden nach dem Urknall, lag Materie unter extremen Bedingungen
vor. Diese Bedingungen existieren noch heute in kompakten Sternen. Im Labor sind sie jedoch nur durch
Schwerionenkollisionen zu untersuchen. Diese Untersuchungen bedienen sich verschiedenster Observablen,
wie Teilchenproduktion, Teilchenfluss und Event-zu-Event-Korrelationen. Elektromagnetische Sonden sind
besonders aufschlussreich. Da Hadronen, die in Schwerionen-Kollisionen produziert werden, nach ihrer
Entstehung dem stark wechselwirkenden Medium ausgeliefert sind, sind sie nur teilweise in der Lage, als
Informationstréger tiber das Medium zur Zeit ihrer Entstehung zu fungieren. Seltene Sonden, die eine
grollere Chance haben, das Medium ungestort zu verlassen, liefern wertvolle Einsichten {iber das Medium
und die hadronischen Spektralfunktionen innerhalb des Mediums. Unter den seltenen Proben finden sich
auch Dileptonen in Form von eTe™- und p* i~ -Paaren.

In dieser Arbeit wird ein Grobkornungsansatz benutzt, um vier dem Stand der Technik entsprechende
mikroskopische Transportmodelle (UrQMD, SMASH, GiBUU und PHSD) beziiglich ihrer berechneten
Baryonendichten, Temperaturen und Dileptonenraten zu vergleichen. Die Moglichkeit einer experimentellen
Beobachtung von Mediumeffekten, die im Allgemeinen nicht in den Modellen enthalten sind, setzt voraus,
dass diese Effekte grof3er sind als die Differenzen der einzelnen Transportmodelle. Au+ Au-Kollisionen
bei 1.23 A GeV werden als Testfall fiir den Vergleich genutzt, da hier experimentelle Daten der HADES-
Gruppe vorliegen. In einem zweiten Schritt werden vier Kollisionssysteme, zwei davon kiirzlich von
der HADES-Gruppe experimentell erforscht, untersucht, um Ergebnisse iiber die Abhingigkeiten der
Dileptonobservablen von der Grof3e der Systeme, der Kollisionszentralitat und der Energie zu erhalten.
Dies ist ein erster Schritt, um Informationen iiber die Anregungsfunktionen von Materie zu erhalten, die
der starken Wechselwirkung unterliegt.

Kapitel 1 wird einen kurzen historischen Uberblick iiber das Feld der Schwerionen- und Elementarteilchen-
physik prasentieren. In Kapitel 2 werden der physikalische Hintergrund der starken Wechselwirkung, ihrer
chiralen Symmetrie und der Nutzung von Dileptonen als Sonden in Schwerionenkollisionen diskutiert.
Kapitel 3 enthalt eine kurze Einfithrung in die Transporttheorie und die in dieser Arbeit benutzten Modelle.
Kapitel 4 stellt den Grobkornungsansatz vor, wahrend Kapitel 5 die in dieser Arbeit gewonnenen Resultate
und Einsichten présentiert. Kapitel 6 fasst die Ergebnisse zusammen. Zusatzliche Informationen finden
sich im Anhang.
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1 Introduction

Over the last two hundred years, the search for the primordial building blocks of matter has driven the
research of many great chemists and physicists. The idea of the existence of such smallest building blocks
can be traced back even further to ancient Greece, when Democritus of Abdera postulated that matter
cannot be divided into arbitrarily small chunks, but instead consists of indivisible blocks he called by what
they were: arouo(, or atoms. And while he was a great thinker, Democritus could never have imagined
the feats that followed, journeying deeper and deeper into the microcosm to unravel increasingly smaller
building blocks. Indeed, the pace of discoveries in the twentieth century is nothing but stunning.
Einstein used Brownian motion to prove the concept of atoms [1], which was already strongly implied by
Dalton’s observation that chemical reactions were taking place only for certain ratios of the reactants. While
Thomson thought of the atom as a sphere with a homogeneous positive charge dotted with electrons [2],
which were already known at the time due to experiments done by Thomson himself among others [3],
Rutherford showed that atoms are mostly empty space in his legendary scattering experiment, with a
heavy nucleus of concentrated positive charge and mass and a thin outer layer of electrons [4]. This posed
the question of how the large number of protons concentrated in the nucleus were resisting the immense
repulsive Coulomb force between them. Rutherford himself predicted the existence of the neutron which
was first thought of as a tightly bound electromagnetic state like a collapsed hydrogen atom [5]. Instead,
the neutron was observed to be a distinct particle by Chadwick in 1932 [6], which was attracted to the
proton on nuclear scales via a force carrying particle postulated by Yukawa in 1936 [7]. However, soon
after the discovery of Yukawa particles named pions (7(+:-)) in 1947, a whole zoo of strange and exotic
particles emerged and ultimately led to the formulation of the quark-hypothesis as proposed independently
by Gell-Mann and Zweig in 1964 [8, 9]. The quark model has been extraordinarily successful in ordering
the particle zoo. To this date, six flavours of quarks have been found, and observations at the Large Electron
Positron Collider suggest that at least no further generations of matter with light neutrinos exist [10].
However, not only the nature of the elementary particles, but also their interactions and behaviour are of
utmost importance to understand the world that we live in to the best possible degree. Of the fundamental
interactions, gravity and electro-weak interaction are well described by General Relativity and the Glashow-
Salam-Weinberg model, respectively [11]. Only the fundamental equations governing the strong interaction
are known, giving rise to quantum chromodynamics (QCD). They are not solvable analytically, and
numerical computations can only help in special cases. Another hurdle is that experiments in the laboratory
can only access strongly interacting matter in heavy-ion collisions using large and expensive particle
accelerators to create pure strongly interacting matter for tiny amounts of time. These hurdles make it
difficult to study quark matter in the same way that everyday matter can be studied. The QCD-phase
diagram for example has many unknown regions, where experimental data, in particular on rare probes, is
missing completely and theoretical predictions are scarce due to the complex interactions. It is vital for a
complete understanding of QCD to access these areas with experiments and better theoretical predictions.




2 Background

For the interpretation of any data or simulation, a detailed understanding of the underlying physical
and computational mechanisms is mandatory. The following sections serve to explain the theoretical
foundations of this work as well as their connection to the studies conducted for this work.

2.1 Standard Model

The Standard Model of particle physics is a quantum field theory. It combines the known fermionic
constituents of matter, their antiparticles, the bosonic carriers of three of the four fundamental interactions
as well as the Higgs boson giving the elementary particles their mass through the Higgs mechanism [12].
While the general theory of relativity so far has passed each and every test it has been subject to, gravity is
not included in the Standard Model due to the lack of a quantum mechanical formulation. Every attempt
at doing so has either resulted in an ultraviolet catastrophe or has, up until now, evaded testing apart
from the sheer existence of gravity itself. However, gravity is very weak when compared against the weak,
electromagnetic and the strong interactions and does not play a role in high energy physics (see Table 2.1).
As can be seen in Fig. 2.1, the fermions in the Standard Model split up into two groups, quarks and
leptons. Each of these two groups consists of three generations, each generation contains two particles
with electromagnetic charge differing by one elementary charge e. Leptons are not strongly interacting,
but interact via the weak and the electromagnetic force. They carry an integer multiple of the elementary
charge, with the electron, the muon and the tau-lepton carrying a charge of —e, their antiparticles a charge
of +e and the neutrinos carrying a charge of 0. Experimentally, the number of leptons is observed to be
conserved. Neutrinos may be their own antiparticles (Majorana-fermions). Proof would for example be the
occurrence of a neutrino-less double-beta-decay, but the half life for this has been estimated to be over 1026
years [15]. Lepton number conservation would be violated by this. In the Standard Model, the neutrino
mass is taken as 0, however, the presence of neutrino oscillations mandates a non-vanishing neutrino mass,
which could be explained by neutrinos being Majorana. Leptons, especially electrons, play an important
role in the observation of strongly interacting matter, that will be discussed in Section 2.5.

Quarks carry multiples of 1/3 e as their electromagnetic charge. In contrast to leptons, which can be
observed as single particles in nature, a solitary quark has never been observed. All evidence for quarks
is in a sense indirect, because they only appear in groups. This non-existence of free quarks is called
confinement (see Section 2.5.2) and is related to an additional charge the quarks carry. In contrast to

Interaction | Strong | Electromagnetic | Weak || Gravity
Rel. strength 1 1072 10~ || 1074

Table 2.1: Relative strengths of the fundamental interactions as given in [13].
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Figure 2.1: The particles of the Standard Model of particle physics. Quarks are shown in pink,
leptons in green, the vector bosons in red and the Higgs particle in yellow color [14].

leptons, which only carry electroweak charges, the quarks additionally carry a so called color charge. After
the invention of the quark model in 1964, the A** baryon with a spin of 3/2, composed of three up quarks
with parallel spin could only be explained by postulating an additional degree of freedom to prevent the
state from violating the Pauli exclusion principle. The three degrees of freedom are called colors and are
labelled red, blue and green. Antiquarks carry anticolors.

The bosons in the Standard Model are the mediators of forces. They consist of the photon as the carrier of
the electromagnetic interaction, the gluons as the carriers of the strong interaction, the aforementioned
Higgs boson and the W and Z bosons as carriers of the weak interaction. While Higgs , W and Z bosons
are massive, photons and gluons are not. In contrast to the force carrying particles, which are all vector
particles of spin 1, the Higgs boson is scalar.

Even though the Standard Model can explain many experimental results in detail, there are open questions
and a search for physics beyond the Standard Model is ongoing. Examples for this are the non-vanishing
mass of the neutrinos, which results in neutrino-oscillations as first observed at Super-KAMIOKANDE or the
nature of dark matter, which has evaded detection to this date [16].

2.2 QCD and its properties

QCD is the theory of the strong interaction. It is a quantum field theory similar to Quantum Electrodynamics.
However, the U(1)-symmetry on which QED is based, is abelian, while QCD’s footing is the non-abelian
SU(3)-symmetry [11]. Instead of one charge and its anticharge, QCD has three color charges, red, blue and
green. The QCD force mediators, called gluons, each carry one of eight linear combinations of color and




anticolor. This means that the gluons can interact with each other, in contrast to the electrically neutral
QED photons. The most general Lagrangian of QCD is given by
. 1
Locp= ), Ay Du—mg)g— ;GG 2.1

q=u,d,s,c,t,b

where m, is the respective mass of each quark, +* are the Dirac-matrices and D,, is the covariant derivative
Ou — igAj;, [17]. q is a short-hand notation for a set of three Dirac-4-spinors resulting from the three colors
each quark can carry. Af are the eight 4-vector potentials associated with the eight gluons. Analogously to
the electromagnetic field strength tensor F),,, the first part of the gluon field strength tensor G, describes
the propagation of massless gluons:

Fu = 0,A, — 0,A,
a a a abc pb pc (22)
Gl = 0uA, — 0A), + gf " AL AL
However, due to the non-abelian nature of the SU(3) group QCD is based on, the structure constants
flabe} arise, while the constants are O for the abelian theory of electromagnetism. The second term in
Eq. (2.2) therefore is the mathematical expression for the gluons’ interaction with other gluons and them
carrying color charge. In theory, this gives rise to particles made completely out of gluons, commonly called
glueballs [18].

2.2.1 Running coupling constant

The QCD-coupling constant is denoted as «;. It determines how strongly a quark couples to a gluon. In
gauge theories, the vector bosons can split into quantum loops of particles and antiparticles subject to their
corresponding interaction [11, 19]. This gives rise to a phenomenon called charge screening, where a bare
particle is surrounded by virtual particle pairs (see left panel of Fig. 2.2). In electrodynamics, these pairs
make the charge appear smaller than it would appear without screening. If the charge is probed, a higher
momentum means deeper penetration into the virtual particle cloud and a higher measured charge. In the
case of QCD, however, a color charge antiscreening takes place. The bare quark charge appears larger if
probed with low momenta. Only at higher momenta, the interaction weakens, meaning «s decreases. This
is commonly parametrized by the formula

127
(33 — 2ny)log(Q?/A?%)’

where () is the momentum transfer, A the QCD energy scale of around 200 MeV and n; the number of
quark flavours [11]. A summary of measurements of a,g is given in the right panel of Fig. 2.2.

In the limit of energies @ far larger than A =200 MeV, the right hand side of Eq. (2.3) vanishes. This
fact is called asymptotic freedom, since the quarks become deconfined at high momentum transfers and
behave as if they were free particles. This was shown in 1973 by David Gross and Frank Wilzcek and
independently David Politzer, who received the Nobel price in 2004 for their discoveries [20-22]. In this
regime, perturbative methods can be applied for calculations (pQCD). In the low energy regime, this is
not the case. The running coupling shows this behaviour for numbers of flavour below 17, which can be
directly extracted from Eq. (2.3). If the number of flavours were at least 17, the behaviour of a,(Q?) would
be inverted.

os(Q?) = (2.3)

10
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Figure 2.2: Left panel: Illustration of QED charge screening[19]. Right panel: World data on the
behaviour of the QCD running coupling constant ag in dependence of the momentum
scale Q[23].

2.2.2 Numerical methods for QCD

QCD has no analytic solution. In high-energy regions, the decrease of the running coupling constant «
allows the use of perturbative methods known from QED. However, the most interesting phenomena like
the generation of the hadron masses or the binding of nuclei are intrinsically non-perturbative, becayse
they take place at low energies () of the order of the hadron masses (~ 1GeV). For vanishing baryon
chemical potential, i.e. when the number of baryons Np is equal to the number of antibaryons N and
high temperatures, QCD can be discretized with an imaginary time axis. This provides a solution on a
lattice of points in spacetime, giving rise to lattice QCD (IQCD). IQCD attempts to solve the path integrals
associated with QCD directly using Monte Carlo Methods [24]. The aim is to reach convergence as the grid
size of the lattice becomes smaller and smaller. Research is currently conducted on the extension to finite
baryon densities [25].

Another method are renormalization group methods, especially those using functional analytical methods.
The renormalization group attempts to find transformations to different scales, which leave the physics
of the system intact. In a sense, it is looking for a scale symmetry. This amounts to the integration of
fluctuations in the system on larger and larger scales, until a fixed point of the system is reached and
the system does not transform anymore under further scale changes. This provides then an effective
description of the system [25, 26]. Many functional renormalization group methods use the Wetterich
equation, which was derived by Wetterich et al. in 2002 and is a nonlinear, exact functional renormalization
group equation [27, 28].

2.3 Spectral functions

Colliding electrons and positrons causes them to annihilate and create other charged particle-antiparticle
pairs via a virtual photon. The lowest order diagrams for the creation of dimuons and diquarks are given
in Fig. 2.3 a) and b) respectively. Because created quarks cannot be separated indefinitely, hadronization
sets in and, in the simplest case, two mesons are created. Because the processes shown in Fig. 2.3 a)

1
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Figure 2.3: Feynman diagram for the annihilation of e*e™ into muons (a), quarks (b), quarks radi-
ating a gluon (c) [11, 29].

and b) are purely electromagnetic in nature, QED can be used to approximate the cross sections. For the
eTe~-annihilation into muons, the cross section fulfills
4o
+— +,-) — EM

oleTe” = puTu) = 307 2.49)
where () is the center-of-mass energy. Since photons are color- and flavor-blind, from an electromagnetic
point of view, the creation of a specific quark-antiquark pair ¢g of color ¢ can be expressed as the creation
of a dimuon of fractional quark charge e,

olete” = q.qe) = ega(e+e_ —utp). (2.5)

Since the creation of a quark of each of the three colors is equally likely and the dependence of flavor is
only in the charge e, associated with said flavor, the cross section for the creation of hadrons is enhanced
by a factor of 3 due to color and a summation has to be performed over all different flavors accessible at
the center-of-mass energy @,

o(ete” — hadrons) = 3 Z ega(eJre_ — ptpT). (2.6)
[2mq|<Q

This gives rise to the R-ratio,

_ o(ete” — hadrons) 5 Z 2
— - 2,

olete™ = utp~) 27

[2mq|<Q

providing a quantity probing the number of colors and flavours. Fig. 2.3 c) constitutes a first order

correction,
2
R=3 2 (14 @@ 2.8
> €q< + = (2.8)

[2mq|<@Q

The R-ratio is known very precisely in the vacuum from e™ e~ -scattering experiments. The world data has

been summarised by the Particle Data Group and can be seen in Fig. 2.4, along with comparisons to the
naive predictions from Eq. (2.7) and Eq. (2.8). Clearly, the predictions are not applicable close to the pole
masses of hadronic resonances. Multiplying R by the square of the invariant mass, M?, the electromagnetic
spectral function, ImII g, is obtainable via

RM?  Imllgyy;. (2.9

12
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The electromagnetic spectral function contains all information on the hadronic spectrum in the QCD vacuum
and their electromagnetic interactions. It consists of the sum of the spectral functions of the hadrons and is
equally well known as the R-ratio due to the simple relation between the two (Eq. (2.9)). Mathematically,
it is the imaginary part of the electromagnetic current-current correlator,

M (a0.0) = i [ a8 [ (2),50)]),

taking a mean (...) over temperature and baryon chemical potential, where j* is the electromagnetic
current in the examined region. Considering quarks up to the strange quark, carrying charges of 2/3 or
1/3,

(2.10)

: _ 2_ 1- 1_

Jer = Z YHaeq, = guwuu — §d7“d — 58’)/“8. 2.11)
q=u,d,s

The last equation can be rearranged using the quark compositions of the vector mesons. Further details

can be found in [30]. However, when a QCD medium is present, the interactions with surrounding hadrons

start to distort the spectral functions. This will be discussed further in Section 2.6.1.

2.4 The chiral symmetry of QCD

The quark Dirac spinors have four components, which can be ordered in a column vector. Two components,
called right-handed and left-handed, can be projected out using the projection operators P; and Pkg,
defined as

Prir, = =(1+9). (2.12)

1
2

13



While the chirality operator v° does not commute with the Hamiltonian and, therefore, is not a good
quantum number for massive fermions, it corresponds to the helicity operator for massless particles,
meaning it describes the direction of the spin of a particle relative to its direction of motion. Helicity is
conserved.
The masses of the u- and d-quarks are small compared to the QCD scale A. In this sense, it is rectified
to introduce the chiral limit, in which the first quark generation is assumed as massless and the other
generations as infinitely heavy. Neglecting the gluon interactions, this reduces the Lagrangian in Eq. (2.1)
to

Lygcp = u(iv"Dy)u + d(iv" Dy)d. (2.13)

This can be rephrased via the the introduction of a vector

u .
qg= ( d ) — Lygcep = q(iv"Dy)g. (2.14)
Projecting out the right- and left-handed components with the projectors of Eq. (2.12) gives

Lyqep = Gr(v*Dy)ar + G (V" Dy)qr. (2.15)

This leads to the astonishing property that £, gcp is invariant under independent unitary transformations
of qr/r — Ur/rqr/r- This is called the chiral symmetry of quantum chromodynamics. It has several
implications. Tranformations where U;, = Up are called vector transformations. These correspond to
the conservation of baryon number and isospin currents of the strong interaction. For the axial vector
transformations U;, = —Ug, the matter is more complicated.

2.4.1 Spontaneous breaking of chiral symmetry

A symmetry is called spontaneously broken if the Hamiltonian obeys said symmetry but the ground state
does not. Consider a ferromagnet. Below the Curie temperature 7, the spins of the system align and
the ferromagnet exhibits spontaneous magnetization in a random direction, breaking the rotation group
by introducing a preferential axis. Due to the different magnetization states being degenerate, massless
excitations called spin-waves or magnons arise. According to Goldstone’s theorem, the emergence of massless
bosonic excitations (Goldstone bosons) is a general property of spontaneously broken symmetries [31].
Another example is the global breaking of U(1) phase symmetry in a system exhibiting local electromagnetic
U(1) gauge symmetry in the case of superconductivity. This is due to the small attractive interaction due to
phonons giving rise to a condensate of electron pairs called Cooper pairs in the ground state of a metal [19,
32]. The situation for the QCD vacuum is similar. The energy cost of creating massless quark pairs is small
and their interaction is strong at low energies. Because the quarks are created as quark-antiquark pairs
and their spin and momentum need to cancel out due to the conservation laws, they carry a chiral charge.
This leads to the expectation value of the operator gg being finite. Since

(@q) = (0lgq|0) = (O[grar + qrqL|0) # O, (2.16)

this non-zero expectation value clearly breaks the chiral symmetry in its combination of right- and left-
handed spinors. While the vector symmetries are still active, the axial vector symmetries are broken
spontaneously. In principle, this should give rise to four Goldstone bosons (one for the breaking of the
U(1)4 and three for the breaking of SU(2)4). However, U(1) 4 is already broken by a quantum anomaly.
This leads to the emergence of three Goldstone bosons, the pions. It is immediately recognized that the
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Figure 2.5: Left panel: p- and a; spectral data from the decay of r-leptons and fits for the vacuum.
Right panel: Illustration of the melting resonance and dropping mass scenarios for the
restoration of chiral symmetry [34].

pions are not massless as they should be as Goldstone bosons. This is due to the finite quark masses, which
were neglected in Eq. (2.13). It can be shown that

2

fr

holds for the masses of the pions, where f, is the pion decay constant of 93 MeV and M is a parameter of
the order of 400 MeV. This shows that the breaking of chiral symmetry comes with a generation of the
hadron masses in the limit of small quark masses. The pion mass can also be used as a measure of the
chiral condensate, which cannot be measured directly. The Gell-Mann-Oakes-Renner relation (GOR) [33]
suggests a link between the chiral condensate and the pion mass,

m72r = (mu + md)

(2.17)

m2 f2 = —2m,(qq). (2.18)

This goes even further. If the chiral symmetry were realized in the vacuum, due to the conservation of axial
vector currents, each hadron should come with a chiral partner of the same mass, transforming into each
other under chiral transformations. However, this is not the case.

2.4.2 Chiral partners and restoration of chiral symmetry

Consider the p-meson. The p-meson is a vector meson with a mass of 770 MeV/c? [23]. Analogously to the
pion, there are three isospin states of the p-meson, p*, p” and p~, meaning it consists of three states in an
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Figure 2.6: Left panel: CERES/NA45 results on the hadronic spectrum overlayed with differing
spectral functions. The NA45 data do not allow a decisive conclusion. Right panel: The
p-spectral function compared to the models. The Rapp-Wambach spectral function
predicts a melting of the resonances and fits the data best [35].

isospin-triplet. The quark composition of the p-mesons is given as

1 _

0 = —— (| —

|p>—\/§(luu> |dd)), (2.19)
lp™) = |ud), (2.20)
[p7) = |du). (2.21)

As a vector meson, it has spin and parity 1~. The p-meson is almost exclusively created by the annihilation
of two pions. This is also its most prominent decay. With a branching ratio of (4.5540.28) x107?, it can
decay into a dielectron [23]. A candidate for its chiral partner is the a;-axial vector meson with a mass
of 1260 MeV/c? and a spin parity of 11 [23]. Clearly, the masses of both mesons are not degenerate. A
parametrization of this is given by one of the Weinberg sum rules [36],

| v ) = patu 2 = 12 (2.22)

where p;(1?) is the axial vector and vector spectral function respectively. The corresponding vacuum
spectral functions can be seen in Fig. 2.5 as measured in 7. The Gell-Mann-Oakes-Renner relation links
this to the chiral condensate. Using current algebra and postulating that only the p-meson is a significant
factor in the sharply peaked vector-spectral function, Weinberg also showed that in the vacuum

V2=m,/mas=[1- fﬁmi/gp]_% (2.23)
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holds true. This can be clearly seen in the left panel of figure 2.5. Using the GOR, this splitting is directly
linked to the chiral condensate.

How is chiral symmetry restored? Using statistical physics, a decrease of the chiral condensate at finite
temperatures 7' and densities p can be predicted [37]:

T2

@)z = (0[alo) (1 _ 8fQ> | 2.24)
pI

(@q), = (0lqq|0) (1 - ?2 p) , (2.25)

where ¥,y is the quark condensate in presence of nuclei multiplied with the quark mass. Using Eq. (2.23),
the restoration of chiral symmetry is visibly accompanied an approximate degeneration of the vector and
axial vector spectral functions at high temperatures and densities. Several scenarios have been discussed
in the past, including a melting of the resonances, and a dropping of the masses [38, 39]. In the mass
region below 0.6 GeV/c?, both predictions match the results of the CERES/NA45 experiments within
experimental uncertainties, as the left panel of Fig. 2.6 shows. However, the right panel shows that
the NA60 dimuon experiment measured data demonstrating melting of the p-meson resonance while
disfavouring a dropping-mass scenario [35].

2.4.3 Chiral vector-axial vector Mixing

While the p-meson’s spectral function can be measured via the decay into a lepton pair (ete™, utp™) via a
virtual photon, which has the exact same quantum numbers as the p-meson, the case is different for the
a;-meson. It cannot decay via a virtual photon because this would violate parity conservation. It mostly
decays into three pions. Pions are themselves strongly interacting and therefore their spectral function
itself is distorted by the medium, providing an additional difficulties to measurement of the axial vector
spectral function. In the medium, the p-spectral function produces an excess yield in the region above its

+ +
UWU CLW(L
@ (b)

Figure 2.7: Schematic diagram for the mixing of axial and vector meson correlators. Left panel:
Mixing of axial vector meson and pion to contribute to the vector spectral function
(a). Right panel: Mixing of vector meson and pion to contribute to the axial spectral
function (b) [29, 40].
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Figure 2.8: The spectral function in three different parametrizations. The green curve is the
parametrization in the naive quark model, the blue curve is the vacuum spectral func-
tion and the red curve is the mixed in-medium prescription which produces an excess
yield above the p-mass of about 30 % [38].

peak. This yield can be explained by chiral mixing. If a vector meson couples to a scalar pion from the
medium having negative parity, they contribute to the axial vector channel, since the parities get multiplied
(—12 = 1) and the spins can only couple to J=1. The same arguments hold for the interaction of an axial
vector meson and a pion, which then contribute to the vector channel. The process is illustrated in Fig.
2.7. Introducing the mixing parameter ¢ = 72 /6 f2, chiral mixing can be expressed in terms of the spectral
functions as

My = (1 - I ;¥ + ety ), (2.26)

leading to the conclusion that at low temperatures, the dilepton excess yield can be explained by a large
contribution of chiral mixing, while other effects, e.g. the formation of a quark gluon plasma (see Section.
2.5.3), are negligible, which can also be seen in the parametrization in Fig. 2.8 [41].

2.5 QCD phase diagram

Like any known substance, strongly interacting matter undergoes phase transitions at certain temperatures
and pressures. While matter governed by electromagnetism, e.g. water molecules, shows different phases
in the form of ice (solid), water (liquid) and steam (gaseous), strongly interacting matter also displays
various phases. They can also be summarized in a phase diagram of matter governed by QCD. It needs to
be made clear that the exact structure of the QCD phase diagram is unknown, which especially concerns
the phase transitions. In Fig.2.9, two possible scenarios are shown. Nonetheless, it is certain that in
the region between zero and nuclear ground state density, the QCD-phase diagram has two regions that
immediately meet the eye. The first at low temperatures is the hadron gas phase, in which quark matter
basically behaves as is known from light nuclei. This is called confinement. The second distinct region is
the quark-gluon-plasma (QGP) existing at high temperatures or densities. Heavy-ion collisions in the few
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Figure 2.9: Two possible phase diagrams of QCD matter, differing primarily in the inclusion of the
critical point(s) and the phase transition line [42].

GeV range will probe the higher densities together with astronomical observables like gravitational waves
from neutron star mergers [43, 44].

2.5.1 Phase Transitions

Phase transitions are lines in a phase diagram where discontinuities in the thermodynamic potentials or
their derivatives are observed. If the discontinuity is found in the n™ derivative, one speaks of a phase
transition of n order according to the Ehrenfest classification [45]. This means that the macroscopic state
of a system can have drastically different properties after crossing a phase boundary. The end of some
transition lines is marked by a critical point. Beyond the critical point, the differences between different
phases of matter vanishes, critical phenomena like opalescence (rapid shifting between different phases)
arise. Critical points are interesting as system-independent behaviour arises around these points. This
means that information extracted from one system can be transferred to a certain degree to other systems -
an example is the behaviour of magnetization m, where around the critical Curie temperature T¢

m o (Tg —T)? (2.27)

holds. Similar behaviour is observed for example in liquid-gas transitions of many materials, where
the magnetization m in Eq. (2.27) is replaced by the difference of the density and the critical density,
p — pc [26].

2.5.2 Confinement and the hadronic phase

Free quarks have never been observed, even though their fractional electric charges would let them stand
out above non-colored, integer-e particles. Instead, quarks form groups of three quarks (called baryons)
or pairs of one quark and an anti quark (called mesons). This is due to the fact that the force between
color charges is constant and independent of their distance. In reminiscence of the three primary colors of
light, which give white when mixed together, generally only "white" or "colorless" free objects may exist. In
baryons, this is given by mixing all three primary colors, while in mesons, a linear combination of color
and corresponding anticolor serves this requirement, as shown schematically in Fig. 2.10.

Other, more exotic combinations like two pairs of ¢g or qgqqq have been observed at CERN, but the analysis
of the exact binding is ongoing [47, 48]. Trying to remove a quark from the hadron results in the creation
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Figure 2.10: Left panel: Artistic impression of the grouping of quarks in color neutral hadrons.
Right panel: Artistic impression of confinement and the creation of a quark-antiquark
pair if the energy density is sufficiently high [46].

R

of gluonic color flux tubes with an energy density high enough to create a quark-antiquark pair to balance
out the separated color charges and reduce the energy density. The result is the creation of one or more
mesons (see Fig. 2.10). In the QCD phase diagram, the prominent region with confinement is the hadronic
phase (yellow in Fig. 2.9). The hadronic phase itself is split into two regions by the nuclear liquid-gas
phase transition at small temperatures. Towards lower net-baryon densities, hadrons are unbound and
behave nearly as an ideal gas. At higher densities, nuclear matter forms, hadrons are bound in nuclei and
behave more like a liquid, which is supported by several observables, most prominently by the liquid-drop
model and its application to the binding energy in nuclei and the nearly constant nuclear density [49]. This
type of matter is also found in the mantle of neutron stars [50].

2.5.3 Quark-Gluon-Plasma

Toward higher temperatures, the coupling gets weaker and the confinement is gradually weakened.
At vanishing baryon chemical potential, lattice QCD predicts a cross over from the hadronic phase to
a deconfined phase, in which the elementary degrees of freedom in QCD, quarks and gluons, act as
independent particles in a gas. This is called a quark-gluon-plasma (QGP, red in Fig. 2.9). It is suspected
that this kind of matter was present around 10 us after the Big Bang. A QGP has first been observed at the
Super Proton Synchrotron (SPS) accelerator at CERN during the lead heavy ion program started in 1994.
In 2000, CERN announced compelling evidence for the formation of a QGP [51]. The quark gluon plasma
seems to be described well by employing the notion of an almost perfect fluid with the highest vorticity
ever measured [52]. At finite net-baryon density, coming with the cross over into the quark-gluon plasma
or at slightly smaller temperatures, the restoration of chiral symmetry might be marked by a first order
phase transition with a critical point at the end [42]. An intermediate state is assumed to exist between
the hadronic and QGP phases in form of the quarkyonic regime, where a mixture of almost deconfined
baryons with strong hadronic interactions and quasi-free quarks exists (white areas in Fig. 2.9)
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Figure 2.11: Visualization of the history of a heavy-ion collision. The highest baryon densities and
temperatures are reached in the full overlap stage in the fireball after a short amount
of time, while expansion of the fireball matter mandates cooling. Interactions do not
occur after the freeze out [53, 54].

2.5.4 Color Superconductors

Just as in superconductors at low temperatures and high electron densities, at low temperatures and
very high densities, the formation of quark pairs might take place in a similar way to the cooper pairs in
electromagnetic super conductors. This is due to the similarity of the QCD field strength tensor to the QED
field strength tensor. This leads to the formation of a medium through which a color current can flow
without any resistance or dissipation (blue region in Fig. 2.9). This phase might be subdivided into several
subphases with differing specifics [42].

2.6 Heavy-lon collisions

Due to the phenomenon of confinement discussed in Section 2.5.2, quark matter can only be accessed for
short amounts of time of the order of 10 fm/c in heavy ion collisions at (ultra-)relativistic energies provided
by particle accelerators. Heavy-ion experiments generally come in two different setups, colliding-beam
setups, and fixed-target setups. While colliders like LHC can reach higher center-of-mass energies /sy,
the luminosity and thus the number of events recorded is higher in fixed-target setups.

The collision of nuclei and the creation of the reaction products are among the most transient phenomena
known to science, on time scales of the order of 1fm/c ~ 3 x 107245, These time scales make any direct
measurements impossible. Instead, experiments measure properties of matter created in heavy-ion collisions
via particle detection, such as their charge, mass and momentum, to identify them and their exact origin.
Fig. 2.11 shows the typical evolution of a heavy-ion collision. The incoming nuclei experience a Lorentz
contraction, making them look more like disks than three dimensional structures depending on the collision
energy. In the moment of the collision, some nucleons do not interact and continue on their path after
being torn out of their mother nuclei. They are known as spectators, their number depends on the impact
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parameter (the distance of the nuclei’s centers). The interacting nucleons form the fireball. Depending on
the collision energy, the fireball consists either of a dense hadronic medium or a QGP. In the former case,
high baryon net-densities emerge, as the incoming nuclei are stopped immediately and form the major
part of the fireball matter. In the latter case, the QGP is made up of free quarks, antiquarks and gluons
hadronizing into baryon-antibaryon pairs due to the enormous energy densities upwards of 1 GeV/fm? [55].
This leads to low net-baryon densities, since the original nucleons continue on their path and leave the
interaction zone. After the formation of the QGP, a hadronization sets in with the expansion and cooling of
the fireball, giving rise to a hadronic medium. After the following chemical freeze-out, inelastic collisions
are no longer happening, meaning the composition of the system is fixed afterwards. After the kinetic
freeze-out, all interactions stop and the expanding medium cools and diffuses.

2.6.1 Dileptons as probes of heavy-ion collisions at (ultra-)relativistic energies

While any form of hadrons originating in the fireball is an important probe for the dynamics inside of the
hot and dense medium, hadrons, as strongly interacting particles, carry predominantly information on the
late stages of a collision, as they are subject to violent strong interactions after their formation.

In contrast, electromagnetic probes (I,~) do not carry color charge. This means that they retain properties
from the time of their creation, making them an excellent probe for in-medium spectral functions, as they
leave the fireball undisturbed after they have been formed. Additionally, virtual photons (materializing
in lepton pairs) are formed during all phases of a heavy-ion collision and can therefore be used to study
properties of QCD matter during the full evolution of the fireball. Moreover, the longer the fireball exists,
the more dileptons are produced, so the number of dileptons produced can give an indication of the lifetime
of the fireball [56].

The dilepton emission rate is given by the McLerran-Toimela-formula [57],

2

d4xd4q = _7_‘_3M2L(M2)fBE(QO> T)ImHEM(Ma q; 1B, T) (2.28)

In the McLerran-Toimela-Formula, 2% (g, T') is the Bose-Einstein-factor at temperature 7" and energy qo,
M is the invariant mass with M2 = ¢2 — ¢?, L is a phase space factor suppressing lepton-production below
the threshold of 2m, and ImIIg), is the electromagnetic spectral function as established in 2.3.

An often employed tool is the vector meson dominance model, where the dilepton production is mainly
powered by the three vector mesons p, w and ¢, saturating any hadronic currents and reducing the spectral
function to the sum of the vector meson propagators,

2\ 2
3 <m> ImDY(M, ¢; T = 0, up = 0)DY(M, ;T = 0, g = 0) =
v
v=p,w,¢

1

M= (2.29)
The p-meson decays within the lifetime of the fireball (+ = 1.5fm/c) and outshines the w-meson by
one order of magnitude in the dilepton yield. This dominant role in the formation of dileptons makes it
especially interesting.

However, as the restoration of chiral symmetry begins to manifest in a medium, the spectral functions begin
to change - mainly expressed by a melting of the resonances. Simulations of this can be seen in Fig. 2.12,
done via the spectral function developed from a Many-Body-ansatz bei Rapp and Wambach [38]. The
Rapp-Wambach spectral function has successfully reproduced dilepton data from SIS18 to LHC energies
(see e.g. Fig. 2.6, 4.1). In this approach, the meson propagator picks up terms from the medium, such
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Figure 2.12: Simulation of the vector and axial vector spectral function at different Temperatures
T [58].

as an interaction of the virtual pion cloud (77) of the p-meson or direct scattering with baryons (B) and
mesons (M) (see Fig. 2.13) [30]. Thus, the propagator is given in a medium in thermal equilibrium by

1

M2—m%—2pm—2p3 _ZpM.

Dy(M,q;T, ug) =

(2.30)

In thermal equilibrium, the abundances of mesons and baryons are related to the intensive variables
like temperature, baryon density or chemical potential. If for example by the decay of resonances, pions
are more abundant than expected due to equilibrium properties, more p-mesons are produced by pion
interactions. One makes use of a fugacity factor to account for this fact. The chemical potential for a
particle species of mass m, spin-degeneracy g in equilibrium at temperature 7" and density n is given as

B 272n(he)?

where K5 is the modified Bessel function of second kind and second order as shown in Section 6.8 of [54].
The fugacity factor follows as

k
B Hr\ _ 272n(he)?
2 = exp (k T > = (ng2K2 (?)> , (2.32)

where k is the number of pions involved in the formation of a p-meson. Analysis of the collision history of
UrQMD particles gives k = 1.12 at SIS18 energies [54].

2.7 HADES

The High-Acceptance-Di-electron-Spectrometer (HADES) is a particle detector located at the GSI Helmholtzzen-

trum fiir Schwerionenforschung in Darmstadt. It was built by a collaboration of scientists from 24 universities
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Figure 2.13: Left panel: In the vacuum, only the virtual pion cloud contributes to the the p-spectral
function (a). Right panel: In the medium, additional interactions as higher order cou-
pling of the pion cloud (b) or coupling to baryons (c) can take place [54].

in 11 countries. HADES studies properties of QCD matter at highest net-baryon densities using rare and
penetrating probes, with dileptons receiving special attention due to their properties discussed in Sec-
tion2.6.1.

HADES has a six-fold symmetry, meaning it consists of sectors with identical construction. This setup gives
HADES a large acceptance in the ¢ direction of almost 360° and between 18° and 85° in the € direction [59].
The symmetry can be seen in the right panel of Fig. 2.14. The left panel of Fig. 2.14 shows a schematic
cross section of the detector. It is build from a variety of sub-detectors serving different aims. The target of
a thin solid foil or a liquid is placed in between the START and VETO detector starting the time of flight
(TOF) measurement. The ring-imaging Cerenkov detector (RICH) uses the Cerenkov effect to determine
whether a particle is an (anti)electron or a hadron, since electrons are two orders of magnitude lighter
than any hadron. Multiwire drift chambers (MDC) measure the particles trajectory before it enters a
toroidal magnetic field produced by a super conducting magnet. In this field, particles are bent according
to their charge and momentum onto a new trajectory which is determined by a second set of MDCs. The
TOF measurement is finished by resistive plate chambers and the TOF-wall, after which the energy of
electromagnetically interacting particles is determined by the electromagnetic calorimeter ECAL, consisting
of over 1000 lead-glass based modules with the corresponding read-out electronics. The forward wall
characterizes centralities and reaction planes.

Thanks to high interaction rates of the order of 16 kHz for heavy-ion collisions, HADES is able to collect
sufficient statistics to reconstruct rare (1 decay of p — e*e™ per one million collisions) signals.
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Figure 2.14: Left panel: Schematic cut through the HADES detector to show the different com-
ponents. Right panel: Six-fold symmetry of the HADES-detector with measures in
mm [60].
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3 Modelling of heavy-ion collisions

The interpretation of any experimental data obtained from heavy-ion collisions needs a comparison to
theoretical simulations to obtain physical information and check for consistency of a used model. This
can be done in several ways. The two main approaches are macroscopic models, including thermal
fireball and hydrodynamic models, and microscopic models. In macroscopic models, the whole fireball is
considered and evolved as an entity, while microscopic models aim to describe the fireball and its evolution
by the interactions of individual elementary particles or hadrons. There are also hybrid models which use
hydrodynamics for the high energy transport and microscopic models if the temperature is reaches below a
freeze-out temperature.

3.1 Hydrodynamical approaches

Hydrodynamical approaches can be considered macroscopic in the sense that they do not consider individual
particles. The collision system and its variables are taken to evolve as behaving as a fluid would. This
means that they obey the continuity equations for particle density as well as the conservation of energy
and momentum, written as

B,J" =0, 3.1
8, T" = 0. (3.2)

In Eq. (3.1), J# = nu* is the baryon density current with the baryon density n and the components of the
relativistic four-velocity v = (1, B), while in Eq. (3.2), T is the energy momentum tensor defined as
T = [(e + P)utu” — Pn*” + 11""], where ¢ is the energy density, P is the pressure of the system and IT#”
is a term correcting for viscosity [61]. However, it appears that the viscosity is extremely low for matter
created in heavy-ion collisions [52]. To predict particle spectra, a hadronization algorithm is employed. An
additional input is an equation of state, meaning a relation of pressure and energy density. Without this
equation of state, the solution of the Eq. (3.1) and Eq. (3.2) becomes much harder or even impossible. This
equation needs to be computed separately, e.g. by using lattice QCD or employing hadron resonance gas
models.

Hydrodynamics is only applicable if the system is fully thermalized. In hydrodynamic simulations, rapid
thermalization is assumed after a short time. For example, the Monotonic Upstreamcentered Schemes for
Conservation Laws in heavy-Ion Collisions (MUSIC) uses thermalization after only 0.4 fm/c to accurately
describe the anisotropy coefficients of heavy-ion collisions at LHC and RHIC [62, 63].

It can be seen in Fig. 3.1, that the flow coefficients for collisions of large nuclei are well described by
hydrodynamic simulations, however, for large centralities and small systems, this description is less accurate.
Since there is a considerably penetration time of the nuclei at small /sy, other models might be better
applicable there.
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Figure 3.1: Left panel: v2{2} vs. multiplicity of charged hadrons at rapidities < 0.8 compared to
MUSIC predictions. Right panel: Flow coefficients v, {2} plotted against the centrality
as measured by STAR at RHIC compared to the MUSIC predictions.[63].

3.2 Microscopic transport calculations

Microscopic transport models attempt to describe the full evolution of a heavy ion collision by following
each particle over its path through spacetime while modelling interactions with other particles in the form
of elastic and inelastic collisions by Monte Carlo simulations. In this work, UrQMD, GiBUU, SMASH and
PHSD will be compared. In general, the models are all based on transport theory, namely the Boltzmann-
or the Boltzmann-Uehling-Uhlenbeck-equation (BUU).

The BUU equation is an integro-differential equation describing the evolution of the phase space density of
a gas [61],

of B(K f) I g d3p2 3pI1 d3p/2 1ol ! el i
o
p . +m =3 @ )3 E /3 d i 3 é W(pl', p2" < pip2)(f1fof fo—ff1f1f2) (3.3)

The first term on the left hand side describes the propagation and would form a continuity equation if
set to 0, the second term describes the movement in a force field (external or mean-field), while the right
hand side is called the collision term. It consists of a positive gain- and a negative loss-term and describes
the probability W (pl’, p2’ < p1p2) of a particle of momentum p being scattered in or out of the phase
space cell [64]. The models mostly assume detailed balance, meaning that W has the same value for the
inverse reaction. f denotes (1 + f) for bosons and fermions, respectively, and takes into account the Pauli
principle for fermions. This is realized by so-called Pauli Blocking, where the phase space cell is checked for
other particles carrying the same momentum, which effectively decreases the cross sections for fermions.
Bose-enhancement, which is the inverse effect for bosons, has not been implemented in most models [65].
Neglecting these factors gives the classical Boltzmann equation [61]. Further, it is important to note that
the BUU-equation itself is just a first order semi-classical expansion of the Kadanoff-Baym equations, which
describe the transport of the Green’s functions in a quantum field theoretical way [66, 67].

Most of the models use an ansatz, where particles are propagated in the potentials according to classical
dynamics. This yields a solution to the transport equation if done correctly, however, the implementation
varies widely.

27



To determine whether a collision of any kind has happened, the geometric collision criterion is normally
employed:
Otot
T

< d. (3.4

In words, the distance d between two particles needs to be smaller than the radius of a circle with an
area equal to their total interaction cross section oy,;. Note that this constitutes a causality violation
as the distance d is bridged instantaneously. However, a covariant approach is numerically taxing as
transformations of four-vectors are necessary [65]. For some of the models, other collision criteria are also
implemented, for example a stochastic criterion developed by Cassing et al. [68]. They are generally not
fully tested and are used for specific setups only.

3.3 Potentials in nuclear collisions

In nuclear collisions, several different interactions are taking place. In UrQMD and GiBUU, a combination
of Skyrme, Coulomb and Yukawa potentials can be used, while SMASH incorporates Skyrme and Symmetry
potentials. PHSD employs a Skyrme potential up to energies of 2 GeV.

3.3.1 Skyrme potential

The Skyrme potentials are a class of effective potentials describing the interaction of nuclei in the nucleus
introduced by Tony Skyrme in 1959 [69]. They describe contact interactions between free nucleons and
generally depend on the momenta of the incoming particles. If only two body interactions are to be
considered for the forces between nucleons, a density dependence arises from the contact interactions.
For the transport models UrQMD, GiBUU and SMASH, a momentum independent Skyrme potential of the

form .
Vs = a <,0> + 5 <p> (3.5)
Po Po

is implemented. The second term stems from three- and four-body interactions alone, while the first term
combines these with the two-body interactions. While the parameters of this momentum independent
Skyrme potential can be chosen freely for the GiBUU and SMASH models, they are fixed to the values
=-124MeV, 3=70MeV and y=2 for UrQMD [70]. These values will be used for GiBUU and SMASH as
well. They constitute a so called hard, momentum independent density dependent equation of state with a
nuclear incompressibility of 380 MeV [71, 72]. For PHSD, only an incompressibility of 300 MeV is given.
This makes the PHSD equation of state slightly softer than the UrQMD EoS.
Data collected with HADES strongly suggests that the Skyrme potential is needed to explain observables
such as higher order flow harmonics in gold-gold collisions, as can be seen in the left panel of Fig. 3.2.[73,
74]. Additionally, transverse mass spectra of Kaons suggests that transport models with a potential describe
the transverse mass spectra best, as shown in of Fig. 3.2 (right panel).
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Figure 3.2: Left panel: Hades Data on the triangular flow of protons at 20 to 30% centrality com-
pared to two Equations of State. The red one is the classical UrQMD equation of
state [73].Right panel: The transverse momentum spectra of Kaons and A-baryons com-
pared to different models and potentials. [75]

3.3.2 Coulomb potential

The Coulomb potential is the potential between two electrical charges. Coulomb’s law was discovered by
French physicist Charles de Coulomb in 1785 [76]. It states that the potential of two point charges is

Vo — L D42 (3.6)

 dmey T

Since a typical heavy nucleus has a high positive electric charge, the influence of the Coulomb force when
colliding nuclei is considerable, especially regarding the range difference between the nuclear force (<3 fm)
and the infinite range of the Coulomb force.

3.3.3 Yukawa potential

The Yukawa potential was introduced by Japanese theorist Hideki Yukawa in 1934 [7]. It is recognized
to describe the interaction between light non-strange baryons via the exchange of a pion and can also be
seen as a remnant interaction of the strongly interacting quarks within the baryons. In this sense, it can be
likened to electromagnetic Van-der-Waals-forces between molecules. The Yukawa-potential is given by the

formula
e~ Ar

Vo = +4° (3.7)

)
r
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which is a generalization of the Coulomb potential for a finite range 1/\. A should be of the order of 1.4 fm,
as this corresponds to the pion mass via

he
1.4fm

~ 140 MeV. (3.8)

3.4 Microscopic Transport Models

As has been mentioned before, microscopic transport models aim to give a full description of the spacetime
evolution of a heavy-ion collision. Several transport models will be compared in this work. These models
will be compared in the following sections. The input files can be found in the appendix for comparison.

3.4.1 The transport model UrQMD

Ultra-relativistic Quantum Molecular Dynamics (UrQMD) is a transport model first published in 1998 [77].
UrQMD extends the Quantum Molecular Dynamics(QMD) framework which can be used for heavy-ion
reactions between 0.1 and 24 GeV to relativistic energies by using covariant dynamics and increases the
number of available resonances and mesons drastically [77].

UrQMD uses the Hamiltonian equations of motion to propagate particles along their classical trajectories
using the geometric collision criterion. If done correctly, this provides a solution to the Boltzmann equation.
The most important difference to the other models compared in this work is the fact that UrQMD calculates
particle densities by assuming Gaussian wave packets, which means single events can be processed if a
potential is active. This is not the case for GiBUU, PHSD and SMASH. Moreover, no elementary particles
are included in UrQMD, meaning it cannot produce dilepton spectra directly. Instead, the UrQMD shining
approach has been developed, implementing dileptons into UrQMD by a time integration method. This
method assumes a resonance will emit dileptons over its whole lifetime and integrates this yield [78]. The
potential used for the UrQMD Hamiltonian consists of Coulomb, Yukawa and Skyrme potentials. For this
work, UrQMD v3.4 has been used [77, 79].

3.4.2 The transport model GiBUU

GiBUU is an acronym for the "GielRen-Boltzman-Uehling-Uhlenbeck" project. It aims to solve the Boltzmann-
Uehling-Uhlenbeck equation numerically, providing a framework to simulate reactions from leptonic
scattering up to heavy-ion reactions. Of the models presented here, this makes it one of the more versatile.
There are several different equations of state implemented, Coulomb and Yukawa potentials can be
additionally switched on or of. In GiBUU, several collisions are computed simultaneously with the same
impact parameter. While the density is taken as the mean over all simultaneous collisions, the particles of
each collision cannot interact with each other. This is known as the parallel ensemble scheme, in contrast
to e.g. the full ensemble scheme, where particles from different ensembles can interact with each other.
GiBUU is able to generate dilepton spectra [67, 80].

In this work, GiBUU was used in the version of 2017. GiBUU uses Pythia to compute particle interactions
above 2 GeV for meson-baryon scattering and 2.6 GeV for baryon-baryon scattering [81].
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Figure 3.3: Left panel: Comparison of SMASH invariant mass spectra to HADES p+p data[84].
Right panel: Comparison of GiBUU invariant mass spectra to HADES C+C data [80].

3.4.3 The transport model SMASH

Simulating Many Accelerated Strongly-interacting Hadrons (SMASH) is a BUU-Code designed under the
leadership of Prof. Hannah Elfner at FIAS [65]. In this work, SMASH v1.5.1 was used as it was preinstalled
on the GSI systems. SMASH differs formally from the other models as it uses C++, while the other models
are written in FORTRAN. SMASH uses a test particle ansatz to sample potentials and ensure locality.
SMASH scales up the number of particles while also decreasing the interaction cross sections by the same
factor [65]. This constitutes a full ensemble scheme, as compared to the parallel scheme used by GiBUU
and PHSD. The particles of different ensembles can collide with each other. SMASH uses Pythia to compute
the particle interactions [81].

3.4.4 The transport model PHSD

Parton-Hadron-String-Dynamics (PHSD) is a successor of Hadron-String-Dynamics and extends it to higher
energies, where partonic degress of freedom start to play a role. In principle, PHSD aims to solve the
Kadanoff-Baym-equations. These are generalized transport equations for the greens functions. PHSD also
includes gluonic and partonic interactions at high energies. PHSD incorporates only one medium soft
equation of state with the typical Skyrme potential in Version 4.0 with a compressibility of K = 300 MeV.
In this sense, it lies between the super-soft equation of state of the cascade modes (K = 0 MeV) and the
hard Skyrme potential with K = 380 MeV and can be used as a cross check as the spectra are expected
to lie between the two extremes. In this work, PHSD v4.0 was used in a patched form to produce coarse
graining output [82, 83].
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3.5 Comparison of model calculations to data

The models described in Sec. 3.4 have been used extensively for comparisons to experimental data from
e.g. HADES for proton-proton, carbon-carbon, argon-potassium chloride and gold-gold collisions.
Because medium effects do not play a large role in very collision systems, most of the models reproduce
the yield for elementary reactions and small nuclei well [80, 84, 85]. Fig. 3.3 shows agreement of SMASH
(left panel) and GiBUU (right panel) data to elementary and small collision systems as measured by the
HADES collaboration. Similar studies exist for the UrQMD and IQMD Shining approach. PHSD as well as
its predecessor HSD also describes dilepton spectra from elementary collisions well [85].

Fig. 3.5 shows similar comparisons to data from ArKCl for SMASH, GiBUU and UrQMD. The models with
vacuum spectral function seems to miss the yield in the low-mass region. This is due to medium effects.
Their inclusion into the transport models has been attempted via collisional broadening [66], which can be
seen in the right panel of Fig. 3.5. This seems to take care of some effects but it will be seen in Fig. 4.1, that
collisional broadening overestimates the dilepton yield in the p-mass range for gold-gold collisions as well.
Another important point is the reproduction of hadron data, which will only be swiftly discussed. The right
panel of Fig. 3.6 shows data from HADES compared to GiBUU, SMASH, PHSD and other models showing
that the models systematically overestimate the pion yield. However, many other hadronic observables can
be reproduced by the transport model. As an example, the left panel of Fig. 3.6 shows the transverse mass
spectra of protons in gold-gold collisions measured by HADES, which are perfectly reproduced by UrQMD.
Other examples are the flow observables as discussed in Section 3.3.1. However, a consistent model needs
to reproduce all observables correctly, from dilepton yields, over hadron multiplicities to flow observables.
It is clear now that a method needs to be used to take care of the medium modifications of the spectral
function.
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Figure 3.5: ArKCl spectrum in PHSD with collisional broadening compared to HADES data [85].
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4 Coarse graining approach

The coarse graining (CG) approach has proven itself successful in the analysis of dilepton spectra produced
by HADES. In several instances it fits the models better than invariant mass spectra produced by transport
calculations. Coarse graining has first been developed by Kapusta and Huovinen in 2002 [90]. The left panel
of Fig. 4.1 shows coarse graining calculations compared to data from gold-gold collisions at 1.23 4 GeV
taken by the HADES collaboration and spectra obtained by PHSD and SMASH. While PHSD and SMASH
overestimate the p-peak drastically, the coarse grained models can describe it well. However, for very low
masses, the coarse graining overestimates the dilepton yield, while HSD comes closer to data. An important
point is the fact that coarse graining can be employed over a wide range of energies and collision systems.
The smaller system of indium-indium collisions has been measured by the NA60 collaboration at CERN for
energies of 1584 GeV and is perfectly described by coarse graining calculations using the Rapp-Wambach
spectral function, which can be seen in the right panel of Fig. 4.1.
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Figure 4.1: Left panel: Coarse graining calculations from different models compared to the dilep-
ton invariant mass spectrum measured by HADES in Au+Au collisions at 1.234 GeV
and transport calculations done using (P)HSD with collisional broadening. The dashed
curves show the contribution from HSD and SMASH if the free spectral function is
used [59]. Right panel: coarse graining calculation with the different contributions
compared to NA60 data of Indium collisions at 1584 GeV [91].

For the analysis, the C+ + based software CERN ROOT has been used [92].

Coarse graining divides the 4-volume of a heavy-ion collision into small cells. The cell size is dependent on
the collision energy, because higher collision energies generally probe higher resolutions. In this work, the
duration of one cell is 0.5 fm/c, while the cells extend over 1 fm3 in space. It has been checked that for
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collision energies of a few GeV/u the choice of spacetime binning does not influence the resulting spectra
(see Fig.5.1).

4.1 Determination of effective baryon density

Coarse graining aims to extract bulk properties of matter from the output of transport calculations. A
transport calculation’s output consists of a defined position and momentum for each particle. However, in
reality, the particles should rather be approximated by Gaussian wave packets than by point particles (see
Fig.4.2). Therefore the coordinates of a particle are seen as the maximum of a 3-dimensional Gaussian
wave function of the form

—x, 2 — 2 z—z 2
1 ei((z 0 | wug)? |« 8>>

3 20% 2<7y 20% , (4. 1)
V21 0,040,

where o; is 0.8 fm, which is the radius of a proton. It is easily seen that P(z, 2’)d®z is not a Lorentz invariant.
Other parametrizations have been proposed, however, it has been found that they are rather inefficient
as the variables z, y and z are not independent anymore, making a sampling of this function numerically
straining [93]. Instead, the function P(z, ) is contracted in the direction of the largest B-component Bi
by setting o; — o;v(5;).

This distribution is sampled with test particles 500 times to determine the fraction of a particle located in
a specific spacetime cell. This automatically allows the determination of other quantities X like energy
or momentum density for a cell at position (x,y, z) in a similar fashion as the sum of the fraction of each
particle ¢ multiplied by the according quantity X;,

P(Z, %) =

X(I‘,y,Z) = ZXZ /V dgrR;(f’ :EO) (42)

(2,,2)

This is especially important to determine the net velocity of each cell. Since the dilepton rates are computed
in the local rest frame (LRF), all observables need to be boosted to the LRF. For example, any density
transforms as the cell volume is larger by a factor of ~ in the LRF than for an observer at rest with respect
to the laboratory frame.

In this thesis, the effective baryon density

1
Ocff = Onuc T Cppa T i(gbar + QW), (4.3)

is used in the density determination, due to the fact that the p-meson couples as strongly to nucleons
as to antinucleons, the coupling is symmetric for matter and antimatter and the effect of resonances is
suppressed [38, 54].

4.2 Temperature determination

In this thesis, temperatures have been calculated with protons and pions employing two methods. A
third method can be employed to check whether an obtained temperature reproduces transverse mass
observables correctly. This can be expanded to other thermal observables, e.g. mean momenta or the mass
spectra of hadron resonances.
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4.2.1 System thermalization criteria

Before any temperatures can be extracted, the issue of thermalization needs to be addressed. In an earlier
work, Seck and collaborators proposed to use the number of collisions each baryon has undergone to
get information about thermalization [94]. They showed that the momentum spectra of particles with a
collision number greater than 3 assume a Gaussian form as expected from thermal equilibrium (see Fig.
4.3.), in addition the widths of the momentum distributions ¢, have been compared for the condition

Upz = apy = Upz‘ (4'4)

While this method works well for UrQMD, other models cannot define the number of thermalized cells in
the same way. In GiBUU, the number of collisions is instead saved in a variable called generation g. For
two scattering particles, the generation of the daughter particles g4 is given by

9gd = max(gpl,gpz). (4.5)

The maximum taken in Eq. (4.5) drives the number of collisions up faster and higher than for UrQMD. On
the other hand, SMASH and PHSD produce comparably fewer collisions. For SMASH, this is due to the test
particle ansatz used, for PHSD this is linked to the less stiff equation of state. In the first line of Tab. 4.1 the
mean collision number of the particles is given for the last time step, respectively. Instead, a more empirical
ansatz is employed in this work. A cell is only considered thermalized, if the pion density in it is bigger
than a time dependent value,

pr > prexp(—t/20), (4.6)

where ¢ is the time step, pr is a model dependent value, and 20 has been empirically determined as a
normalization to reproduce the UrQMD thermalization. Moreover, the total number N of all pions from
all simulated events with a fraction in the cell has to fulfill the similar property

N, > Ngexp(—t/20), (4.7)
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Figure 4.2: Schematic illustration of the coarse graining process. The point particles are replaced
by Gaussian wave packets, afterwards, an integration over each cell is performed.
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Figure 4.3: Left panel: The longitudinal momentum spectra of particles with more than three colli-
sions assume a Gaussian form (grey dashed) in a cell [94]. Right panel: The m,-spectra
can be used to extract temperatures (the red line is an exponential fit) [94].

where Ny is another model dependent parameter in the range of N; ~ 1.5Ng, where Ng is the total
number of simulated events. The values for UrQMD have been chosen so that a large number of cells is
thermalized while the mean temperatures gained with different determination methods stay similar. For
the other models, the values have been chosen to approximate the total number of thermalized cells given
by UrQMD. Values can be found in Tab. 4.1. The left panel of Fig. 5.7 shows the time dependence of the
ratio of thermalized volume to the total grid volume. Summing all thermalized cells gives the total number
Nceiis in Tab. 4.1. More possibilities exist, for example comparisons between simulated observables and
their analytic counterparts or the comparison of transverse and longitudinal momenta by employing the
relaxation function as discussed in [91, 95]. The relaxation function r(z) is defined as

BQOm*% ) x arctan (\/x — 1) 4.8)
272 Vo —1 ’ )

where g is a degeneracy factor and = = (AL /A))? = (pL/ pH)% in the case of a momentum distribution of

the form f(pJ_,pH) = go exp (— % + %:) [95, 96].

UrQMD | GiBUU | SMASH | PHSD
Neoll 7 37 2 2
pr 0.001 0.04 0.03 0.0275
Ny 12000 | 18900 | 20000 | 13000
Nees | 108790 | 107992 | 105440 | 107532

Table 4.1: In the first line, the mean number of collisions (generations for GiBUU) is given per
baryon. Values for the coefficients in Eq. (4.6) and 4.7 are found in the second and third
line. In the last line, the number N s of all thermalized cells is given.
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4.2.2 Fit to transverse mass spectra

Transverse mass spectra can be used to determine temperatures, due to the fact that the transverse mass

my = \/m?2 + p? 4.9)

of a particle is invariant under boosts in the longitudinal direction due to its independence from the
longitudinal momentum p.. This provides an excellent framework for heavy-ion collisions, because large
fractions of particles carry z-momenta from the initial colliding nuclei, which can distort temperature
measurements.

The Boltzmann-approximation with temperature 7’

d*N &N
dp  dp.pidpdd

x exp(—E/T) (4.10)

relates the momentum distribution of a particle to the temperature. By employing a change of variables
from p, to rapidity y and from p;dpt to m;dm;, integration over rapidity and azimuthal angle can be
performed. This leads to the spectra having the form

dN my

d—mt x 27rm? 2K, <?> . 4.11)
A detailed derivation is given in the appendix of [54].
In the original thesis, an approximation has been made for large arguments of the Bessel function:

Ky (2)—> | —e 7. (4.12)
xr— ool 2z

This approximation will not be used in the following analysis, a detailed comparison can be found in the
appendix. The advantage of this method is that it can be used with low numbers of events, since the
fitting needs less statistics than other methods. However, due to the necessity of one one-dimensional
histogram for each cell, the memory necessary increases with a decreasing cell size by a factor of 8. If
high-energy collisions are analysed, smaller cell sizes are necessary to produce meaningful results as the
dynamics are taking place on smaller scales. While this can be compensated by larger calculation times,
this is unpractical.

4.2.3 Mean of the kinetic energy

According to Boltzmann statistics, the expectation value of the kinetic energy of an ensemble of particles is
related to the temperature via

™ [em 00 —\/m
fo f02 sin(0) fo dppz(\/m—m)e_ T

< B >= (4.13)

T 2T . 00 —Vp2im?
IN f02 sin(f) [, dpp?e” T

The integration can be performed and an explicit result can be given using Bessel functions. Section 2.2.1
in [97] provides the full derivation, yielding

< By oo MK (F) ~ Ko (7)) (4.14)
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This value reproduces the classical and ultra-relativistic limits of the mean kinetic energy of an ideal gas,

< By, >= gT for the classical limit, (4.15)

< Ey;y, >= 3T for the limit m — 0. (4.16)

While in the proposal, a polynomial has been used to retrieve the inverse function, due to the fact that
analytical inversion is not possible, a numerical inversion is used now [97].

This method’s main advantage is also its biggest disadvantage. It relies on high statistics to obtain the
temperature from a single value. However, since only one value is needed for every cell, this method does
not strain computational resources as much in contrast to the fit method, taking around 150 values per cell.
This makes this method better suited for very small cell sizes (<0.5 fm) in the case high-energy collisions
or small systems.

4.2.4 Mean transverse mass

Just like the mean kinetic energy, the transverse mass can be calculated according to Boltzmann statistics if
quantum mechanical effects are neglected. A derivation can be found in Section 7.1. The transverse mass
can be used to calculate the temperature. However, the comparison of thermal expectation values with
their simulated counterparts might prove useful in developing a more matured thermalization model.
The mean transverse mass in thermal equilibrium is given as

(me)r = /\/(:;T) [—mel (%) ®(m, T) + mmT Lo (%) Q(m, T) + S(m, T))| + % (4.17)
where: (4.18)
s () 5 (3]
®(m,T) = (m? + 6T2) K, (7;) +m [2TK1 (%) — mK; (%)} : (4.20)
Q(m, T) = mKo (%) _4TK, (%) — mKs (%) : (4.21)
S(m, T) = 2m° Ky (%) Am>TK, (%) + 6T, (4.22)

Therefore, it is possible to compare the simulated transverse mass to a value obtained analytically by
calculating the temperature of the system. Just like in the case of the mean kinetic energy, this can show
the road to a thermalization criterion completely independent of all model-dependent parameters.

4.2.5 Temperature determination using nucleons

The methods discussed above for pions can be expanded to any particle species. At SIS energies, nucleons
are the obvious candidates. The main advantage is their abundance. A large sample is needed in the
case of temperature determination with pions as the pion density is rather low (~ 16 n/collision). If
temperature determination with protons were possible, a lower number of events could be used to calculate
the temperature, in turn decreasing the number of events needed for coarse graining. However, protons
have the large disadvantage of being heavy particles with a high flow sensitivity, heavily influencing their
momentum spectra. Moreover, protons also have an additional disadvantage when compared to pions -
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they carry significant momentum in beam-direction, which drives up the temperatures in the initial phases
of the collisions. In this work, the approach was to account for this by removing protons with a velocity
higher than 0.65 ¢ from the spectra.

4.3 Specifics of Simulations

In this work, UrQMD, GiBUU, SMASH and PHSD are compared. The chosen input parameters are seen in
Tab. 4.2. The impact parameters have been calculated by using the Glauber model [98-100].

| Model | Nuclei |  Neven: | Energy [AGeV] | Centrality | b [fm] | Potential |

UrQMD v3.4 | 7Au | 10x1,000 1.23 0-10% 0-4.7 | cascade
UrQMD v3.4 | 7Au | 10x1,000 1.23 0-10% | 0-4.7 | Skyrme
SMASH v1.5.1 | ¥7Au | 500x20 1.23 0-10% | 0-4.7 | Skyrme
GiBUU v2017 | ¥7Au | 100x100 1.23 0-10% | 0-4.7 | Skyrme
PHSD v4.0 97Au | 67x150 1.23 0-10% | 0-4.7 | Skyrme
UrQMD v3.4 | 99Ag | 10x1,000 1.23 0-10% 0-3.9 | Skyrme
UrQMD v3.4 | '™Ag | 10x1,000 1.58 0-10% | 0-3.9 | Skyrme
UrQMD v3.4 | 9"Au | 10x1,000 1.58 0-50% | 0-10.4 | Skyrme

Table 4.2: Dilepton yields, pion multiplicities, lifetimes and temperatures obtained from the dilep-
ton spectra of the corresponding systems.
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5 Results

It has been already shown in an earlier work that the cell sizes for coarse graining do not influence the
result in any meaningful way, confirmed by the dilepton spectra in Fig. 5.1.
This is of course only true within reasonable boundaries (not so small as to lose a significant amount

Dilepton Yield
.1|.—! 1 T T T T T T T T | T T T T [ T T T T T T T T
> 10
S, 1072 UrQMD 3.4

3 Skyrme Potential

%%‘: 10_

Au+Au 1.23 AGeV -
0-10 % centrality

udIIIHII

,Il,li ,II IIII'II Illllli IIIJ‘

Il L L L | L Il L L | Il L L L l Il L L L | Il Il L L

0 0.5 1 1.5 2 2.5
M-m,.. [GeV]

Figure 5.1: The invariant mass spectra calculated in [97] compared for different cell sizes. These
are equal, showing independence of the arbitrarily chosen cellsize.

of statistics and not so large that the same cells include large contributions of both thermalized and
unthermalized matter). The coarse graining procedure will now be applied to compare different methods
of temperature determination, different models, as well as the Skyrme and cascade potentials of UrQMD.
Moreover different collision systems will be examined regarding their dilepton and pion yield to produce
predictions for the Ag+Ag beamtime of HADES at 1.23 A GeV and 1.58 A4 GeV.
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5.1 Reproduction of earlier works

In an earlier work, Seck et al. produced spectra for the UrQMD cascade mode (no potential) at 1.23 A GeV
for 0-10 % centrality [94]. This work successfully reproduced these spectra for the low mass range, which
can be seen in Fig. 5.2. For the intermediate mass range, there are deviations of the order of 20 %, however,
these can be explained by a slight temperature difference in a small number of cells due to the exponential
scaling.

Ratio of the spectra

EE °F
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0:I 1 1 I 1 1 1 | 1 1 1 | L L 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

M, [GeV/c?]

Figure 5.2: The ratio of the spectra calculated in [94] (EPJA) and this work (TW) in the mass range
from 0 to 1.5 GeV/c?.

5.2 Comparison of temperature determination methods

It is important to note that the method of thermalization employed in this work is not motivated by physical
principles and needs to be improved in the future. However, for the temperature determination with pions
as well as the fit to the transverse mass with nucleons yield very similar results for UrQMD (see left panel
of Fig. 5.3), which can also be seen in the ratios of the invariant mass spectra in the right panel (black
solid curve versus red dotted-dashed and green dashed). Fig. 5.4 shows results obtained for all transport
models. In the top row results from GiBUU are shown, in the middle row, results for SMASH and in the
bottom row, results for PHSD are displayed. The similarities are consistent with thermal equilibrium, as a
system in local thermal equilibrium should yield the same temperature for different methods of obtaining
a temperature. For all models, the kinetic energy of protons (in particular) does not provide temperatures
comparable to the ones extracted using pions. In the future, a more distinguished algorithm might be
needed to reject protons with a significant fraction of the initial beam momentum.

For all models, the different methods of temperature determination yield diverging results, however, the
temperatures of the protons in the late stages of the collision are consistently lower than the temperatures
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Figure 5.3: Left panel: Comparison of the temperature determination methods for UrQMD. For
transverse mass fits to protons and pions, as well as the kinetic energy of the pions,
the temperatures yield a similar result. Right panel: The similar results for the tem-
peratures can also be seen in the deviations of the invariant mass spectra which are
below 20 %. The kinetic energy of protons is too high.

of the pions, which in turn are consistent with each other. All models generate a ’kink’ structure in the
invariant mass spectrum of the 7Y around 0.8 GeV, most prominently for PHSD. Further investigations are
needed as to whether this is a physical effect or a problem of the proton rejection criterion. However, for
the rest of this work, the temperature of the fit to transverse mass spectra of pions with a modified Bessel
function of second kind will be used.
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Figure 5.4: Left Line: Comparison of the different ways of temperature determination for the dif-
ferent models. Right Line: Ratio of the spectra produced with each model and tem-
perature. Baseline is the temperature with a fit to transverse mass spectra. Top row:

GiBUU, middle row: SMASH, bottom row: PHSD.
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5.3 Comparison of the four models

Analysing the output of the four model calculations UrQMD, SMASH, GiBUU and PHSD, the first thing
that meets the eye is the different number of particles produced in similar collisions. While in UrQMD,
38 mesons are produced in each collision, SMASH produces 48, GiBUU produces 61 and PHSD 64. This
suggests different parametrizations of cross sections are used in each model, however, it has to be noted
that UrQMD does not include elementary particles, meaning the lower particle numbers of this model can
be partly explained by the absence of leptons and photons. Moreover, the number of collisions differs vastly
as discussed in Section 4.2.1 (see left panel of Fig. 5.5). The transverse momenta are seen in the right
panel of Fig. 5.5. They behave similarly for the three models with the hard Skyrme potential. The softer
PHSD potential translates to lower transverse momenta. The left panel of Fig.5.6 shows the longitudinal
momenta. While PHSD produces very high longitudinal momenta, SMASH and UrQMD mostly agree.
The longitudinal momenta of GiBUU are very low, even in the same order of magnitude as the transverse
momenta. With these momenta, the relaxation function r(x) as defined in Eq. (4.8) can be computed. It
is a measure for the percentage of the non-thermalized contribution to the energy density for all models.
The comparison seen in the right panel of Fig. 5.6 indicates a thermalization after approximately 7 fm/c.
GiBUU thermalizes earlier in this framework, as expected from the comparison of the momenta. PHSD
takes the longest to thermalize, due to the lower transverse and higher longitudinal momenta. Expected
from the similarity of the momentum evolutions for SMASH and UrQMD, they thermalize at the same time.
Consider Fig. 5.7, showing the thermalized volume for the thermalization criterion using collisions in the
left panel and the thermalization criterion for pion densities in the right panel. As can be clearly seen, the
number of collisions does not yield satisfying thermalization results. Comparing the four models would
need a similar number of thermalized cells to exclude effects purely from the differing volume of the
fireball. While the number of thermalized cells with the empirical approach discussed in Section 4.2.1
yields very similar results even with the vastly differing pion production in each model, the number of
collisions does not seem to be an adequate tool for now.

Fig. 5.8 shows the baryon and pion density in the central cells. The baryon density (left panel) is similar
for the three models with the same equation of state, GiBUU, UrQMD and SMASH. When the nuclei fully
overlap, the densities reach a maximum of ~ 2.2¢q and stay at this value until approximately 10 fm/c.
Afterwards, they drop smoothly to 1g, at 20 fm/c, before the nuclear medium dissolves in the later stages of
the collision. Because the PHSD equation of state is softer than the UrQMD equation of state, the densities
PHSD reaches are larger than for the other models.

Comparing the pion densities (right panel of Fig. 5.8) in the central cells, PHSD produces a yield twice as
large as the other models.
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Figure 5.9: Phase space distribution of the thermalized cells in the collision volume. In the upper
four figures, the central 5x5x5 cells are followed on their trajectory through the p-7-
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a certain p and 7' contributing to the spectrum is shown.
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| model || HADES || UrQMD | GiBUU | SMASH | PHSD |

M(m) 40+2.8 39.5 58.1 48.5 64.8

E=
NE o5 || 149408 || 139 | 215 | 169 | 225

Table 5.1: Pion yields for different models and the HADES experiment for Au+Au at ,/syy =
2.42 GeV at 0-10 % centrality. M(r) is the total multiplicity of pions, Nf; is the number

of charged pions in the |y| < 0.5 rapidity range.

|<0.5

As shown in Sec. 2.6.1, this influences the dilepton spectra significantly via the inclusion of the fugacity
factor. At 7 ~ 7fm, the pion density in UrQMD reaches a maximum which is by ~ 20 % higher than in
SMASH and GiBUU, which in turn produce similar densities, however, the pion density decreases slower for
the latter. This is important as the fugacity factor of the pion chemical potential will enhance the dilepton
yield of cells with high pion densities. Comparing the baryon and pion densities directly, this is expected to
yield a more defined p-meson peak for GiBUU and SMASH as compared to UrQMD, as cooler and less dens
cells contribute a higher amount to the spectra.

The pion yields after 30 fm/c differ drastically for the models, which can be seen in Tab. 5.1. Additionally
included are results obtained by the HADES collaboration on pion production [89]. The HADES collaboration
has measured a factor of up to ~ 2 fewer pions than predicted by five different transport model calculations,
however, UrQMD is not included in their comparison. As a matter of fact, UrQMD reproduces the HADES
pion yield with a factor of 1/2 missing in the A-nucleon absorption cross section (see Fig. 3.6). The UrQMD
authors are currently investigating this behaviour.The temperatures produced by each model as seen in the
left panel of Fig. 5.10 differ on a wider range than the baryon densities. SMASH, PHSD and UrQMD yield
similar temperatures of the transverse mass fit in the initial phases of the collision, however, the GiBUU
and PHSD temperature take a slightly longer time to cool down. The SMASH temperature is initially 10
MeV higher than the other temperatures, but decreases faster and coincides with the GiBUU temperature
after 13 fm/c. The right panel of Fig. 5.10 shows the simulated transverse masses. They do not show the
same qualitative behaviour and differences as the temperature profiles. Further investigations would be
needed to explain this behaviour.

In Fig. 5.9, the phase space evolution of the four models is summarized. In the first four figures, the
position of the central cells 5x5x5 is seen, where color indicates time of the evolution (7). In the latter four
figures, the whole volume of the collision is seen, where color indicates the 3-volume at this temperature
and density integrated over the duration of the collision.

In all models, a large part of the cells can be found at a temperature of around 40 MeV and a density
between 0.1 and 0.2 py. While there is a rather clean cut for the UrQMD temperatures at around 80 MeV,
cells of the other models can reach up to 100 MeV, however, this is limited to the corona of the collision
area and points to the need for a better thermalization criterion than the one employed here.

In conjunction, this leads to the invariant mass spectra and ratios shown in Fig. 5.11. Taking the center
regions, the spectra produced by UrQMD and GiBUU show similarities and lie within 20 % of one another,
which is the current experimental precision HADES can reach [89]. The SMASH invariant mass spectrum
shows only small deviations from GiBUU and UrQMD in the low mass range of ~ 20 %, but due to the
higher temperatures it reaches (compare Fig. 5.10 or the upper four panels in 5.9), there is a divergence
from the other two models in the intermediate mass range at the point of the p-peak. This is natural as the
temperature enters the spectra exponentially, making the region above 1 GeV very sensitive to temperature
differences [94].

The PHSD spectrum, which suffers from its overwhelming pion production, is larger than the spectra of
the other models by a factor of two. The yields of UrQMD, SMASH and GiBUU are similar, the PHSD
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Figure 5.10: Left panel: The temperatures produced by the different models in the central 5x5x5
cells. Right panel: Transverse pion masses in the central 5x5x5 cells for different
models.

yield is twice as high, as can be seen in Tab. 5.2. Considering the cells further removed from the center
of the collision, hot cells with low densities dominate the spectrum and produce a visible remnant of the
p-meson-peak in contrast to the UrQMD spectrum, which is clearly seen in the right panel of Fig.5.12.
This is absolutely comprehensible as the chiral condensate decreases stronger with density than with
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Figure 5.11: Left panel: Invariant mass spectra for the different models calculated with coarse
graining. Right panel: Ratios of the dilepton spectra.
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| model | HADES | UrQMD | GiBUU | SMASH | PHSD |
ete™ yield 5x5x5 - 4.69x107° | 4.14x107° | 4.48x107° | 8.74x107°
eTe™ yield full volume || (2.34+0.5)x10~% || 2.9x10~* | 3.7x10™* | 3x107* | 4.7x107*
T [fm/c] 19.3+4.3 26.1 22 22.1 26.7

Table 5.2: Dilepton yields for different models and the HADES experiment for Au+Au at \/syy =
2.42GeV at 0-10 % centrality in the central 5x5x5 cells and the full yield. The full HADES

yield from [89] scales according to A% [101]. The fireball duration 7 is the ratio of the

dilepton yield and the pion yield introduced in Tab. 5.1, multiplied by 1.25x 10° [102].

temperature at low energies. The left panel of Fig. 5.12 shows the dilepton yield produced in each time
step. One clearly sees a similar evolution as for the pion densities, with PHSD having a large dilepton
production corresponding to the large pion production, while UrQMD, also reaching a higher maximum
in the dilepton production as well as the pion production than GiBUU and SMASH, experiences a steeper
drop than the latter two, which run almost in parallel.

Consider the McLerran-Toimela formula (2.28). The ratio ImIIgy/M? of electromagnetic spectral function
and squared invariant mass is constant in the low mass region from 0.2-0.7 GeV/c?. This means that the
Bose factor f5(qo,T) = (exp(qo/T) — 1)~! is the dominating part of the dilepton spectrum in this region,
describing an almost exponential decrease. Fitting a function of the form

dN

W X M636/2 eXp(—Mee/T),

(5.1)
a fireball temperature can be obtained. The fit is applied in the low mass region as seen in Fig. 5.13. The
temperatures reproduced from the fireball in the low mass range by exponential fitting can be seen in
Tab. 5.3. While the temperatures fit in the central region of the fireball as expected, the divergences are
larger, if the full volume is considered. It seems as if GIBUU and SMASH reproduce the temperature
obtained by the HADES collaboration best.

| model | HADES || UrQMD | GiBUU | SMASH | PHSD |
T 5x5x5 [MeV] - 64.5+0.1 | 66.1+0.1 | 67.740.1 [ 62.940.1
T Full Volume [MeV] || 71.8+2.1 || 66.7+0.1 | 73.4£0.1 | 71.3+0.1 | 67.9+0.1

Table 5.3: Temperatures obtained by an exponential fit to the low mass range of dilepton invariant
mass spectra produced with different models and the HADES experiment for Au+Au at
VSnN = 2.42GeV at 0-40 % centrality in the central 5x5x5 cells and the full yield [59]
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5.4 Comparison of Skyrme and cascade potential

The cascade mode of UrQMD produces 39 particles, compared to the 38 particles produced by UrQMD
Skyrme, as expected. The mean number of collisions in the cascade case is ~11, while the number of
collisions for the Skyrme mode is only ~7, which is suprising at first considering the almost identical meson
production. The Skyrme potential is repulsive, so the higher number of collisions for the cascade mode is
expected, but it stands to reason that the number of inelastic collisions is not quenched significantly by the
Skyrme potential as elastic collisions generally appear at lower energies, being quenched stronger by the
Skyrme potential, which leaves the inelastic collisions mostly intact.

The densities can be seen in the panels of Fig. 5.14. They vary strongly for different potentials, since they
are mainly determined by the incompressibility of the nuclear medium, which is directly linked to the EoS.
This leads to a density in cascade mode twice as high as the density in Skyrme mode. The pion densities
show large differences, in their time evolution, even though their maxima are similar. Comparing the pion
(Fig. 5.14, right panel) and baryon densities (Fig. 5.14, left panel), it becomes clear that the profile of the
pion density is linked to the baryon density, but the relation is not straightforward.

The higher pion densities in the later time step for the cascade mode also leads to a higher number of
thermalized cells, which is an unexpected behaviour. Since the densities in the cascade case are higher, the
obvious thought would be a smaller collision volume. This points to more work needed for the thermaliza-
tion yet again.

Clearly visible in Fig. 5.16, the temperature continues to rise after thermalization for the cascade mode,
while this is not the case for the Skyrme mode, which reflects the behaviour of the pion density, affirming
a strong relation between the pion density and the temperature. The maximum temperature in cascade
mode is around 90 MeV. In contrast to the project proposal for this thesis, which used the approximation
in Eq. (4.12) for the temperature determination and the classical collision criterion to obtain very simi-
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lar spectra for both potentials, there is a significant difference between the dilepton spectra calculated
with cascade and Skyrme potentials. This is due to the very similar number of thermalized cells, which
would differ using the classical UrQMD collision criterion for thermalization, as has been employed in
the proposal [97]. This will be shown in the discussion of the approximation in Section 7.2. Regarding
the dilepton yield and the pion production, the invariant mass spectrum produces an integrated yield of
3.4x107*, and a multiplicity of charged pions in the |y|<0.5 range of 13. Employing the formula for the
fireball lifetime, this leads to a duration of 33 fm/c, which is clearly more than for the Skyrme potential.
However, comparing the densities in Fig.5.14, this does not seem completely unrealistic, because the
highly compressed medium needs more time to reexpand in case of the cascade potential. The temperature
obtained from the dilepton spectrum is at around 70 MeV, which is close to the temperature measured by
the HADES collaboration.

5.5 Comparison of Ag+Ag and Au+Au at different centralities, system sizes
and energies

The comparison of gold-gold and silver-silver collisions is important because there is a number of observables
scaling with the number of participant nucleons in a collision system. To obtain clean data and understand
these effects as good as possible, comparisons of different collision systems need to be made to sort out any
effects that do not originate from general medium properties, but simply from specific dynamics associated
with the colliding nuclei.

The similarities between the silver and gold systems are striking, even at different Ap,¢. While the duration
of a collision of silver nuclei is only half as long as the duration of a collision of gold nuclei at the same energy
(see Fig. 5.18, black and red dotted-dashed curves), the maximum effective baryon and pion densities are
equal and the forms of each profile match perfectly for the first 10 fm/c. The lower number of participants
essentially just shortens the fireball life time.

The same is true for the temperatures (see Fig.5.19, black and red dotted-dashed curves). However, since
the number of participants is only 168 for Ag+Ag instead of 306 for the Au+Au system, the thermalized
volume is smaller (see right and left panel of Fig. 5.19). This leads to dilepton spectra for the Ag+Ag case
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Figure 5.15: Left panel: Distribution of the thermalized volume in Au+Au collisions at 1.234GeV
with cascade potential.Right panel: Trajectory of the central 5x5x5 cells in the p — T-
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which have almost exactly the same form as shown in Fig. 5.20 (left panel), but are lower by a factor of 2.5

compared to the Au+Au case. This factor is to b

AAu +Au
AAg+Ag

e compared to the ratio of Apar in both systems:

= 306,/168 ~ 1.8, (5.2)
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pointing to a dependence of the dilepton yield on Ap.. Because of the lower baryon density in the
intermediate stages of the fireball life time in the Ag+Ag case, the dilepton yield in the intermediate mass
range is slightly higher than expected in a pure scaling scenario, due to the melting of the p-resonance
being not as pronounced as in the Au+Au case. Moving from an Ag+Ag collision at 1.23A GeV to an
Ag+Ag collision at 1.58 A GeV, it can be recognized the baryon density only weakly depends on the collision
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Figure 5.20: Left panel: Invariant Mass spectrum of gold and silver collisions at the same energy
of .23 A GeV and centrality of 0-10 %. Right panel: Ratio of the invariant mass spectra
of gold and silver collisions at the same energy of 1.23A4 GeV and centrality of 0-10 %.

energy in the left panel of Fig. 5.21, however, there is a strong dependence of the pion production on the
collision energy, becoming almost twice as large in the intermediate stages of the collision (see right panel
of Fig. 5.18. The same is obviously also true for the temperatures and thermalized volume. However, the
fireball cools down quicker than for the system at 1.23 A GeV. This might be an effect of Lorentz contraction.

The comparison of Au+Au and Ag+Ag collisions at the same energy of 1.58 A GeV and the same number of
participants Apac = 168 yields slight differences in both systems. The Ag+Ag system reaches a maximum
density 10% higher than the corresponding Au+Au system, followed by a steep drop, which is less
pronounced in the gold-gold system. The pion density evolution behaves similarly. A more detailed analysis
of this behaviour is given in Section 5.6. Due to the faster evolution of the pion densities in silver collisions,
thermalization sets in slightly sooner than in gold collisions. However, the lifetime is longer due to the less
steep fall of the densities in the gold-case. Moreover, the fireball does not cool down as fast in the case of

System Au+Au Ag+Ag Ag+Ag Au+Au
Energy [A GeV] 1.23 1.23 1.58 1.58
Centrality 0-10% 0-10% 0-10% 0-50%
ete” yield 29x107% | 1.3x107* | 2.7x107% [ 2.3 x 10~
Ni <o 13.92 8.11 11.9 10.4
7 [fm/c] 26.1 20.0 28.4 27.6
T Full Volume [MeV] || 66.740.1 | 66.840.1 | 75.940.2 | 77.440.1

Table 5.4: Dilepton yields, pion multiplicities, lifetimes and temperatures obtained from the dilep-
ton spectra of the corresponding systems.
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Figure 5.21: Left panel: Invariant Mass spectrum of gold and silver collisions at the same energy
of 1.58A4 GeV and Apart of 168. Right panel: Ratio of the invariant mass spectra of gold
and silver collisions at the same energy of 1.58 4 GeV and Apart of 168.

the gold-collisions.

Despite all the differences, the gold and silver collisions produce spectra which lie within a maximum
difference of 20 % of each other in the low mass range. In the region 0.8 < M < 1.2 GeV/c? mass, they are
equal. The dilepton yields and pion production are summarized in Tab. 5.4. The temperatures obtained by
fits to the invariant mass spectra are plausible. For the lower energy systems, they are equal. For the higher
energy systems, a slight difference is seen. This might be due to the slower cooling of the fireball in the
gold-system at the higher energy. Just as seen in the calculation of the fireball life time for the different
models, UrQMD seems to overestimate the fireball lifetimes. It is possible that the pion yield is too small or
the number of thermalized cells is overestimated. However, at least qualitatively in relation to each other,
the lifetimes reproduce the ones that can be read of from Fig. 5.18 and Fig. 5.20.

5.6 Comparison of pion densities in different collision systems

As seen in Section 5.5, Ag+Ag and Au+Au collisions produce different numbers of charged pions in the
rapidity ranges from —0.5 < yem < +0.5, even if carried out at the same energy and Apar. This section
will further explore this behaviour. There are two important points why this needs to be done: (i) the
pion densities influence the dilepton yield through the fugacity factor z = exp(k%%), where y is the
density-dependent pion chemical potential; (ii) the dilepton yield in the low mass range is used as a
chronometer of the collision in conjunction with the pion yield. The understanding of the pion production
and its dependence on the number of spectator nucleons is therefore very important when comparing
different collision systems.

For this purpose, 1000 events have been simulated additionally for three different nucleus-nucleus collisions
at 1.58A GeV in UrQMD Skyrme mode. The centralities are chosen in such a way that the number of
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participants is roughly equal for each system. They are given with their pion yield for different cuts in
Tab. 5.5 for a time of 7=30 fm/c after the beginning of the heavy-ion collision. It can be immediately seen
that at the same Apay, the number of pions produced decreases with the total number of nucleons. It seems
that the particles that would be assumed to act only as spectators influence the number of pions produced.
The pion yield for this class of systems is described by a polynomial of second order in the number of
spectator nucleons Agpec, as can be seen in the right panel of Fig. 5.22. Moreover, it is clearly seen in
the left panel that the duration of the collision increases slightly with A, but the maximum pion density
decreases more dramatically with Apare. Furthermore, the number of A-baryons produced in each collision
increases slightly with A. While A-baryons can be created by m-N-collisions, the sum of Na and N, is not
constant for the collision systems, suggesting different mechanisms acting. A more thorough analysis needs
to be done in the future regarding collision histories of pions as well as a detailed comparison of the yield
of different hadrons. Experimental data would be needed to help constrain such effects.

] nuclei H Ag+Ag \ Xe+Xe \ Sm+Sm \ Er+Er \ Au+Au ‘

A [ 2x109 [ 2x130 | 2x150 | 2x170 | 2x197
bmax[fm] | 3.9 5.8 7.4 87 | 104
Apart 168 | 167.4 | 167.4 | 168.1 | 165.5
N, 361 | 355 | 344 | 336 | 33
Ny<os | 183 | 17.8 | 172 | 1650 | 16.0
N= 235 | 234 | 226 | 221 | 217
Nios | 119 | 117 | 113 [ 109 | 104
Na 0.3 0.6 0.8 0.9 1.1

Table 5.5: Pion Yields for different collision systems with maximum impact parameter b, ., cho-
sen for similar Apart at .58 A4 GeV, simulated with UrQMD. The values have been taken
at 7=30fm/c. N, is the total number of pions, N* is the number of charged pions and
Njy|<0.5 18 the number of pions in the |y| < 0.5 rapidity range, while N is the number of
A-baryons.
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><1 03 Mean pion density in the central 5x5x5 cells
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Figure 5.22: Left panel: Comparison of the pion density evolution for different collision systems at
similar A,,,..Right panel: Comparison of the yields in the |y|<0.5 rapidity range (black

dots) with the quadratic fit —1.3 x 107242 —

1.4 x 10724 + 12.2 (solid red line) and a

linear fit —8.8 x 10734 + 12.4 (dashed blue line). The x-axis denotes the number of

spectators.
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6 Conclusions and Outlook

In this work, a coarse graining approach has been used to compare four prominent models to simulate
heavy-ion collisions employing the Rapp-Wambach spectral function to extract dilepton spectra. Further,
comparisons of system size and energy dependence of dilepton spectra have been produced. Additionally,
it has been shown that the pion yield is influenced by the number of spectators as well as the number of
participants. Dilepton yields and temperatures have been extracted from the spectra and the duration
of the fireball has been calculated from the yields. This has led to the prediction of the thermal dilepton
spectra for Ag+Ag at 1.58A4 GeV and 1.23 A GeV, which has been measured by the HADES collaboration.
Several points need to be addressed in the future. Determination of thermalization is still an ongoing
problem, as the method employed in this work is not motivated by an underlying principle, but only by the
need to produce a similar thermalized volume. A candidate might be the comparison of a wide range of
thermal observables that would need to be reproduced analytically. Other relaxation functions derived for
different transverse and longitudinal momentum distributions could be additionally employed.

The rejection of protons for temperature determination based on a defined fraction of the beam velocity is
only superficially satisfying. It cannot bring the two temperatures of protons into unison for any model,
which is an important indication that there is an issue that has been overlooked. Furthermore, adjustments
in the pion production cross sections of the models to better fit the results of the HADES collaboration
would be needed to precisely predict the pion densities. The pion production in different collision systems
will need to be investigated further. Observables like ellipticity and flow coefficients could show the exact
means of the pion quenching in larger systems.

The Ag+Ag predictions at 1.23 A GeV and 1.58 A GeV will be compared to HADES data already taken once
the analysis is finished. This will show where improvements of the coarse graining method are necessary
to further improve the understanding of thermal dilepton radiation as probes of the strongly interacting
matter produced in heavy-ion collisions.
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7 Appendix

7.1 Derivation of mean transverse mass

Starting from the Boltzmann approximation

. e N £ 17
ffooffooffoodpxdpydpz( pm-l-py—i-m)e T

< . G
o oo oo dpedpydp.e™ T
the analytical expression of Eq. (4.17) will now be derived.
In polar coordinates, (p.,py, p-) = p(sin(f) cos(¢), sin(f) sin(¢), cos(#)). The introduction of polar coordi-
nates into Eq. (7.1) yields

<my >= (7.1)

2 1 m2
T L2 [ d0dgdpp® sin(0) ( D sin(9)2 + m2) e~
<= , 7.2)

[p2 +m?2
Jo 5T J5 dodedpp? sin()e™ o
where the angular dependence in ¢-direction obviously cancels out, yielding

2 m?2
Jo Jo° d8dpp? sin(0) <\/p2 sin(6)? 4+ m2> e \/1?

[02 42
Jo J5° d0dpp? sin(6)?e~ 7

The denominator has been solved in Appendix 6.8 in [54], yielding
0 —/p2+m2 m3 m m
dpre_ T =—(K3|=)-K;(=]). (7.4)
e = (k (7) - k(7))

(7.3)

2 T T

The numerator is solved in a similar manner, beginning with the solution of the integral over . Using a
change of variables and writing £ = /p? + m? for better visibility,

/ " d0sin(0) /P sm(02 £ m? — / " dcos(0) /PP (T cos(8)?) T2 (7.5)
0 1

= p/ du1 / E—Q —u? (7.6)
1 b
E2

-1
£2

_ — —u?+ —2tan_1 L (7.7)

2 p P B2 2
p 1

E2

= <m + —tan~! (p)) (7.8)
D m
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Merging the last line with the omitted momentum integral gives

00 E2
/ dpre_% (m + —tan~! ( > / dpp®e” Tm +/ dppe™ T B2 tan™ (ﬁ) . (7.9)
0 p m

The first term reproduces the momentum integral of the denominator multiplied by a factor of m. For the
second term, with 1/7 = 3,

00 2 o5}
B2 -1 (P 2 9 e
/0 dppe~"" E* tan <m> 552/0 dppe tan <m> (7.10)

A partial integration needs to be performed. pe~?F is chosen to be integrated via a transformation of
variables from p to E with dp = dE'E/p,

/dppeﬁE = /dEEeBE, (7.11)
0
= —BE
Gﬁ/dEe , (7.12)
01
=-———ePE (7.13)
B
e PE(1+ BE
(e ] 719
For the partial integration, this means
00 —BE oo 9] BE
g, (P _[e7A+BE) (P _/ e’ (14 BE) m
/0 dppe tan <m> [ 52 tan (m) o ; dp 72 7k (7.15)
=0- / dpe PE(1 4+ BE)—= EQ’ (7.16)
_ e B pe PP
- 52/0 o+ (7.17)

Noting that e PE/E = — [ o’i dre™"F and using this recursively, Eq. (7.17) can be written as

—BE —BE oo B oo 153 K
/ dp< 4 Be :_% (_5/ dp/ dne—”E+/ dp/ d/{/ dTe—TE>, (7.18)
E 6 0 00 0 00 00
m B o) 5 B K S .
= 5z (—5/ dﬁ/ dpe™" —I—/ dm/ dT/ dpe™" > (7.19)
o] 0 00 00 0

The last line is obtained by swapping the integrals. Following the approach of Appendix 6.8 in [54], the
substitution p = msinh(y), giving dp = m cosh(y)dy and E = m cosh(y), yielding

/ dpe™™F —m/ dy cosh(y e~Tmcosh(y) (7.20)
=mKi(m7), (7.21)
(7.22)

where the last equality follows from the definition of the modified Bessel functions of second order which
can be looked up in [103], transforming Eq. (7.19) into

B B K B
—ﬁz <—B/ d/{:mKl(me)“_/ dﬁ/ dTmKl(mT)) = % (—5Ko(mﬁ)+/ dliKo(m"?))- (7.23)
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The integral in the second term of the right side of Eq. (7.23) can be looked up or performed by Computer
Algebra Systems (CAS), and evaluates to

B 1
/ drKo(mk) = iwﬁ(L_l(mB)Ko(mﬂ) + Lo(mpB)Ki(mp)), (7.24)
where L, are the modified Struve functions. Reimposing the derivatives of Eq. (7.10), the solution to the
momentum integral is

o0 0? 1
/0 dppe B tan" (L£) = %g (—6Ko(m5) + 5B(L-1(mB)Ko(mpB) + Lo(mb’)Kl(mﬁ))> -
(7.25)

Taking the derivatives is straight forward but lengthy. After taking the derivatives, in another lengthy but
straight forward step, the remaining Struve functions are boiled down via their recursion relations to fit
the two orders defined in CERN Root, Ly and L;. This process finally gives the formula for the numerator.
Dividing by the denominator, the thermal mean of the transverse mass in a classical ideal gas (m;)r is
obtained

(mg)p = N(;:T) [—mel (%) ®(m, T) + mmTLq (%) Q(m, T) + X(m, T))| + % (7.26)
where: (7.27)
i =i () - (2]
O(m, T) = (m?+61%) Ko () +m 27K () —mk ()] (7.29)
Q(m, T) = mK, (%) _ATK, (%) —mK, (%) , (7.30)
S(m, T) = 2m3 Ky (%) +4m?TEK, (%) + 6T, (7.31)
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Figure 7.1: Left Panel: Comparison of Bessel fit temperature, exponential fit temperature and ki-
netic energy temperature of pions. Right Panel: Comparison of simulated m;, to the
values obtained by the analytic solution with the temperatures.

7.2 Comparison of exponential and Bessel Function in fits for temperature de-
termination

This section will deal with the similarities and differences between the approximate and the exact fit to pion
transverse mass spectra to obtain temperatures as discussed in Section 4.2.4. As can be seen in Fig. 7.1, the
temperature of the fit with a Bessel function better reproduces the kinetic energies at high temperatures in
early stages of the collision. However, comparing the simulated transverse mass to the analytic transverse
masses, the simulated transverse pion mass is perfectly reproduced by the exponential fit. Why this is the
case is unclear. However, the Bessel fit being in line with the momentum-direction independent kinetic
energy would point to a more isotropic momentum distribution, while the exponential fit matching the
simulated transverse mass would point to a more anisotropic momentum distribution.

66



7.3 Input files for models and collision systems

7.3.1

pro
tar
nev
IMP
elb
tim
eos
cdt
f13
#f14
#f15
f16
f19
20

XXX

UrQMD Au+Au 1.23 A GeV 0-10 %

197 79
197 79
1000
0.0 4.7
1.23

30 0.5
1

0.25

7.3.3 UrQMD Ag+Ag 1.58 4 GeV 0-10 %

pro
tar
nev
IMP
elb
tim
€eos
cdt
f13
#f14
f15
f16
f19
20

XXX

109 47
109 47
1000
0.0 3.9
1.58

30 0.5
1

0.25

7.3.2 UrQMD Ag+Ag 1.23 A GeV 0-10 %

pro 109 47
tar 109 47
nev 1000
IMP 0.0 3.9
elb 1.23
tim 30 0.5
eos 1

cdt 0.25
f13

#f14

f15

f16

19

20

XXX

7.3.4 UrQMD Au+Au 1.58 A GeV 0-50 %

pro 197 79
tar 197 79
nev 1000
IMP 0.0 10.4
elb 1.58
tim 30 0.5
eos 1

cdt 0.25
f13

#f14

f15

f16

f19

20

XXX
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7.3.5 SMASH Au+Au 1.23 A GeV 0-10 %

Version: 1.5 # minimal SMASH version to use with this config file
Logging:

default: INFO
General:

Modus: Collider

Time_Step_Mode: Fixed

Delta_Time: 0.25

End_Time: 30.0

Randomseed: -1

Nevents: 250

Testparticles: 20

Output:

Output_Interval: 0.5

Particles:

Format: ["Oscar2013"]

Extended: True

Only_Final: False

Modi:
Collider:

Projectile:
Particles: {2212: 79, 2112: 118} #Gold197
Saturation_Density: 0.16
Diffusiveness: 0.01
Radius: 6.65

Target:
Particles: {2212: 79, 2112: 118} #Gold197
Saturation_Density: 0.16
Radius: 6.65
Diffusiveness: 0.01

E_Kin: 1.23

Fermi_Motion: "on"

Impact:
Max: 4.7

Calculation_Frame: "center of mass”

Collision_Term:

Pauli_Blocking:
Spatial_Averaging_Radius: 1.86
Momentum_Averaging_Radius: ©0.08
Gaussian_Cutoff: 2.2

Potentials:

Skyrme:

Skyrme_A: -124.0
Skyrme_B: 71.0
Skyrme_Tau: 2.00
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7.3.6 GiBUU Au+Au 1.234GeV 0-10 %

ldhkhdkhdhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhdhhhhhhhhhdrhhhhhhhrhhhhrdrhhrhx

I General Input
L R R R R

&input

numEnsembles = 160 ! number of ensembles
eventtype = 1 I HeavylIon collision
numTimeSteps = 60 I number of time steps
delta_T = 0.5 I time step size

num_runs_SameEnergy = 5

num_Energies = 1

path_To_Input = '/u/fseck/gibuu/buuinput’
checkGridSize_Flag = .true. ! check grid dimensions
length_real = 3000

length_perturbative = ©

printParticleVectorTime = .true.

timeForOutput = 0.5

timeSequence = 0.5

/

R R R R R R R R
I Heavy-Ion

R R o R R o R R R R P L
&projectile

projectile_Z=79, projectile_A=197 ! Au

/

&target

target_Z=79, target_A=197 ! Au

/

&heavyIon ! Eventype=1

impact_Parameter = 2.5

distance = 7.5

ekin_lab_Projectile = 1.23 ! kinetic Energy/nucleon of projectile

ekin_lab_Target = 0. ! kinetic Energy/nucleon of target
cmsFlag = .true.

adjustGridFlag = .true.

/

&HICanalysis_Input
flag_outputReal = .false.
flag_outputPert = .false.
flag_outputDetailed = .false.

pionAnalysis = .false.

/

L R R R R
I Misc

R L R R R R L T T
&initDensity
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densitySwitch 1 ! 1 = dynamic, 2 = analytic

gridSize(1:3) 20., 20., 40. ! Size of density grid in x/y/z direction [fm]
gridPoints(1:3) = 40, 40, 80 ! Number of grid points in x/y/z direction

/

&initPauli

pauliSwitch = 1 ! 1=dynamic, 2=analytic

/

L R R R R R R R R R R R
I Potentials

R R R R R R R T
&Coulomb

CoulombFlag = .true.

/

&baryonPotential

symmetryPotFlag = ©

EQS_Type = 4 ! equation of state for nucleon resonances spin=1/2

DeltaPot = 3 ! potential of spin=3/2 resonances

HypPot=2

/

R R o R o R R R R R

I Collision term
!******************************************************************************

7.3.7 PHSD Au+Au 1.23 A GeV 0-10 %

197, MASSTA: target mass

79, MSTAPR: protons in target

197, MASSPR: projectile mass

79, MSPRPR: protons in projectile

1.23, ELAB: (=4060000. Lab energy per nucleon LHC)

0.0, BMIN: minimal impact parameter in fm ! no effect for p+A

4.6, BMAX: maximal impact parameter in fm ! no effect for p+A
0.2, DBIMP: impact parameter step in fm (used only if IBweight_MC=0)
150, NUM : optimized number of parallel ensambles ("events")

1, ISUBS: number of subsequent runs

12586, ISEED: ANY uneven INTEGER number

0, IGLUE: =1 with partonic QGP phase (PHSD mode); =0 - HSD mode
106., FINALT: final time of calculation in fm/c

10, ILOW: output level (default=190)

9, Idilept: =0 no dileptons; =1 electron pair; =2 muon pair

9, ICQ: =0 free rho’'s, =1 dropping mass, =2 broadening, =3

9, IHARD: =1 with charm and bottom; =6 - without

9, iCSDQPM ! =1 o0ld; =2 Pierre x-section; =3 full

0, iDQPM =0 old, =1 DQPM2014, =2 DQPM2015, =3 DQPM* for parton masses
9, ievalmuB =0 Evaluation of T + muB=0 ; =1 Evaluation of T + muB
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(e~

, IBweight_MC: =0 constant step in B =DBIMP; =1 choose B by Monte-Carlo
1, IUSER: =1 for general users : use default /optimized settings;

Note: These are example files. The impact parameter was varied in the calculations in this thesis!
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