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Abstract

Back in the year 1808, Johann Wolfgang von Goethe described the primary aim of the
academic Faust in his famous tragedy “Faust. Der Tragédie erster Teil” [97] with the
monologue “Dass ich erkenne, was die Welt im Innersten zusammenhdlt” (freely translated:
“That I may know, what holds the world together at it‘s innermost core”). In fact, the
aim of nuclear physicists conducting fundamental researches is still the same.

In the year 1808, the atom model by John Dalton was published in which atoms are
assumed to be the fundamental constituents of matter. Today we know that atoms consist
of an electron shell and a nucleus which itself consists of nucleons, namely protons and
neutrons, that further consist of quarks and gluons. At the moment, electrons as well as
quarks and gluons are assumed to be fundamental particles since they show no evidence
of a sub-structure. The reason for the formation of nucleons from quarks and also the
formation of nuclei from nucleons is the strong interaction which is mediated by the gluons.
Therefore, one can conclude that the strong interaction holds the world together at it‘s
innermost core.

In modern physics, the strong interaction is investigated using large particle accelerators
at facilities like CERN, BNL or GSI. The ions are accelerated to relativistic energies
and then collided creating a system of matter at extreme temperature and density for a
tiny fraction of a second. The particles emerging from this system are then measured in
large detector systems like ALICE, STAR or HADES to deduce information on the strong
processes occurring in the collision.

In this work Ag(1.58A GeV)+Ag collisions measured with the HADES detector in
March 2019 are analyzed. The HADES experiment is specialized on the measurement of
fixed-target collisions at few GeV energy. At these energies, the properties of the system
created in the collision are comparable to the conditions expected in merging neutron
stars. Therefore, the study of heavy-ion collisions at these energies allows to deduce
information on the nuclear Equation of State (EoS) relevant for the stability of neutron
stars.

The most abundant charged particle emerging from heavy-ion collisions at these energies
are protons. Together with the neutrons they constitute the dominant part of the bulk
matter and therefore provide a direct access to the properties of the created system at
kinetic freeze-out. Another important aspect of these studies is the production of strange
hadrons which are not present in the initial nuclei. At these energies even the lightest
strange mesons, the kaons, and the lightest hyperons, the As, are produced close to their
free NN threshold energy. Thus, their production is strongly correlated to effects con-
nected to the surrounding matter. This applies in particular to double strange hyperons,
the =s, which are produced far below their free NN threshold energy in such collisions.
Their measurement allows to investigate whether medium effects are stronger for particles
produced further below their free NN threshold. However, the = hyperons have not been
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measured in heavy-ion collisions at such low energies before. Finally, also hypernuclei
like the 3H, which is the lightest known, are of great interest as they combine effects
concerning hyperons and bulk matter phenomena.

Due to the conservation of strangeness under the strong and the electromagnetic inter-
action, strange hadrons can decay to non-strange hadrons only via the weak interaction.
This results in rather long mean lifetimes which lead to characteristic decay topologies.
These can be utilized to identify weakly decaying particles. In this work, the identification
procedure is enhance using an ANN in addition to the standard hard selection criteria.
Acceptance and efficiency effects are corrected using particles simulated with the event
generator Pluto, processed by HGeant and finally implemented in real events.

In this thesis, the emission of protons as well as the production of A hyperons,
K¢ mesons and $H hypernuclei are analyzed multi-differentially as a function of trans-
verse momentum, rapidity and centrality. Therefore, the 3.03 billion 30 % most central
Ag(1.58A GeV)+Ag events recorded by HADES are used. Furthermore, the lifetimes
of A hyperons, K¢ mesons and $H hypernuclei are measured. The obtained }H lifetime
of (253 + 24 + 42) ps is compatible with the lifetime of free A hyperons, as predicted
by theoretic calculations due to its low binding energy. Finally, also the double strange
= hyperons are reconstructed. Unfortunately, the fully optimized signals lie below the
confidence threshold of 5o, which is why both an production rate and an upper production
limit are estimated using averaged acceptance and efficiency corrections. Never before,
2H or = were successfully reconstructed and analyzed in heavy-ion collisions at such
low energies. The obtained results are compared to previous measurements and put in
context with world data form different energies and collision systems.



Kurzfassung

Im Jahr 1808 beschrieb Johann Wolfgang von Goethe das vorrangige Ziel des Gelehrten
Faust in seiner beriihmten Tragodie ,Faust. Der Tragddie erster Teil* [97] mit den Worten
,Dass ich erkenne, was die Welt im Innersten zusammenhalt®. Tatsachlich ist das Ziel
heutiger kernphysikalischer Grundlagenforschung noch immer dasselbe.

Im Jahr 1808 wurde das Atommodel von John Dalton publiziert in welchem die Atome
als elementare Bausteine von Materie angenommen werden. Heute wissen wir dass Atome
in Wirklichkeit aus einer Elektronenhiille und dem Atomkern bestehen, welcher wieder-
um aus Nukleonen, genauer gesagt Protonen und Neutronen, besteht, die weiterhin aus
Quarks und Gluonen aufgebaut sind. Nach aktuellem Forschungsstand sind die Elektronen
sowie Quarks und Gluonen die elementaren Bausteine von Materie da diese bislang keine
Anzeichen einer Sub-Struktur zeigen. Der Grund warum sich aus Quarks Nukleonen und
aus Nukleonen Atomkerne bilden ist die starke Wechselwirkung, welche von den Gluonen
vermittelt wird. Es lasst sich demnach schlussfolgern dass die starke Wechselwirkung die
Welt im Innersten zusammenhélt.

Die starke Wechselwirkung wird heutzutage an groffen Beschleunigeranlagen wie zum Bei-
spiel CERN, BNL oder GSI erforscht. Dort werden Ionen auf relativistische Energien
beschleunigt und dann zur Kollision gebracht, wobei sich fiir einen winzigen Bruchteil
einer Sekunde ein System bestehend aus Materie bei extrem hoher Dichte und Tempe-
ratur bildet. Die Teilchen die aus einem solchen System hervorgehen werden schliefslich
in grofen Detektorsystemen wie zum Beispiel ALICE, STAR oder HADES gemessen, um
Informationen iiber die starken Prozesse, die in der Kollision auftreten, abzuleiten.

In dieser Arbeit werden Ag(1.58A GeV)+Ag Kollisionen, die im Mérz 2019 mit dem
HADES Detektor gemessen wurden, analysiert. Das HADES Experiment ist auf die Mes-
sung von fized-Target Kollisionen bei Energien von wenigen GeV spezialisiert. Bei diesen
Energien sind die Eigenschaften der entstehenden Systeme vergleichbar mit denen die in
kollidierenden Neutronensternen vermutet werden. Aus diesem Grund lassen sich anhand
von Schwerionenkollisionen bei diesen Energien Informationen iiber die nukleare Zustands-
gleichung, die die Stabilitdt von Neutronensternen beeinflusst, gewinnen.

Das héufigste geladene Teilchen welches bei diesen Energien aus Schwerionenkollisionen
hervorgeht ist das Proton. Gemeinsam mit den Neutronen bilden sie den groften Anteil
an Materie und erlauben daher den Zustand des Systems zum Zeitpunkt des kinetischen
Ausfrierens direkt zu messen. Ein weiteres wichtiges Forschungsgebiet ist die Entstehung
von ,seltsamen“ Hadronen welche in den kollidierenden Kernen nicht vorkommen. Bei
diesen Energien werden selbst die leichtesten ,seltsamen® Mesonen, die Kaonen, und die
leichtesten Hyperonen, die As, nahe ihrer Schwellenenergie fiir isolierte NN Kollisionen
produziert. Aus diesem Grund wird ihre Produktion besonders stark von der umgebenden
Materie beeinflusst. Dies gilt umso mehr fiir die doppelt ,seltsamen® Hyperonen, die =s,
welche in derartigen Kollisionen weit unterhalb ihrer Schwellenenergie fiir isolierte NN
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Kollisionen produziert werden. Ihre Messung erlaubt Riickschliisse auf den Zusammen-
hang zwischen Schwellenenergie und der Relevanz von Mediumeffekten zu ziehen. Leider
wurden = Hyperonen bisher noch nie in Schwerionenkollisionen bei derart niedrigen En-
ergien gemessen. Schlussendlich kommt auch den Hyperkenen wie zum Beispiel dem }H,
welches der leichteste Bekannte ist, eine grofse Bedeutung zu, da diese Effekte in Bezug
auf Hyperonen und regulidre Baryonen vereinen.

Aufgrund der Erhaltung der Seltsamkeitsquantenzahl durch die starke und elektromagneti-
sche Wechselwirkung konnen ,seltsame’ Hadronen nur durch die schwache Wechselwirkung
in ,nicht-seltsame® zerfallen. Dies fiihrt zu verhaltnisméafig hohen Lebensdauern und cha-
rakteristischen Zerfallstopologien. Diese konnen benutzt werden um schwach zerfallende
Teilchen zu identifizieren. In dieser Arbeit wird das Verfahren durch die Verwendung eines
kiinstlichen neuronalen Netzwerks unterstiitzt. Akzeptanz- und Effizienzverluste werden
mithilfe von simulierten Teilchen des Eventgenerators Pluto, die von HGeant verarbeitet
und in reale Events implementiert werden, korrigiert.

In dieser Arbeit werden die Emission von Protonen sowie die Produktion von A Hypero-
nen, K¢ Mesonen und 3H Hyperkernen multi-differentiell in Abhéngigkeit von Transver-
salimpuls, Rapiditdt und Zentralitidt analysiert. Hierzu werden die 3,03 Milliarden 30 %
zentralsten Ag(1.58A GeV)+Ag Kollisionen, die von HADES aufgezeichnet wurden, ver-
wendet. Zusitzlich werden die Lebensdauern von A Hyperonen, K¢ Mesonen und 3H Hy-
perkernen gemessen. Die gemessene 3 H Lebensdauer von (253 4 24 + 42) ps ist kompatibel
mit der Lebensdauer freier A Hyperonen wie es von theoretischen Berechnungen aufgrund
der niedrigen Bindungsenergie erwartet wird. Dariiber hinaus werden auch die doppelt
,seltsamen = Hyperonen rekonstruiert. Leider liegt das vollstdndig optimierte Signal
immernoch unterhalb der Schwelle von 50 weshalb sowohl die Produktionsrate als auch
ein oberes Produktionslimit mithilfe gemittelter Akzeptanz- und Effizienzkorrekturen be-
stimmt werden. Dies ist das erste Mal dass $H und Z~ erfolgreich in Schwerionenkollisionen
bei derart niedrigen Energien rekonstruiert und analysiert werden. Alle Ergebnisse wer-
den letztendlich mit vorherigen Messungen sowie dem weltweiten Datensatz, bestehend
aus unterschiedlichsten Energien und Kollisionssystemen, verglichen.
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1. Introduction

1.1. The Standard Model of Nuclear Physics

In the year 1961, M. Gell-Mann proposed the so-called eightfold-way to order the vast
amount of new particles discovered at this time [94|. Three years later he and G. Zweig
independently extended this theory by the proposal that all hadrons are built from three
types of quarks which were not yet discovered |95, 183]. Although these approaches were
revised and extended several times since then, they still form the base of what is called
today the standard model of nuclear physics.

Currently, the standard model includes three fundamental interactions, the strong, the
electromagnetic and the weak one each having its own fundamental gauge-bosons mediat-
ing the interaction, namely the gluons, the photons and the Z- and W-bosons respectively.
The fourth known fundamental interaction, the gravitation, is not included in the standard
model. For each interaction only particles carrying the according charge can couple to the
corresponding gauge-bosons and thereby interact. The charge of the strong interaction is
called color charge and the charge of the electromagnetic interaction is the electric charge.
Within the electro-weak unification theory the electromagnetic and weak interaction are
combined in the electro-weak interaction.

Besides the fundamental interactions and their gauge-bosons, the standard model includes
six fermions carrying one out of three color charges, the quarks, and six color-neutral
fermions, the leptons. Both quarks and leptons are grouped in three families by increasing
mass and their electric charge. Table 1.1 lists the fermions included in the standard model
and their charges. The most recent addition to the standard model happened in 2012
when the discovery of the Higgs-Boson was announced by the ATLAS (A Toroidal LHC
ApparatuS) [1, 2] and the Compact Muon Solenoid (CMS) [77, 78] collaborations. In the
scope of the quantum field theory it can be understood as an excitation of the Higgs-field
which is responsible for the generation of the rest masses of all fundamental particles.

A very active research area of modern nuclear physics is the search for physics beyond the
standard model like for example particles not yet included. The goal is to either disprove or
to extend the standard model and thereby solve open questions concerning yet unexplained
observations like the cosmologic dark matter and dark energy problem [82]. The ultimate
goal from the theory side is to unify the electro-weak and the strong interaction and to
integrate the gravitational interaction described by the general theory of relativity. The
thereby obtained grand-unification theory would describe all four known fundamental
interactions at once. However, nuclear physics itself is still a very active research field
focused on studying the strong interaction in more detail to shed light on processes that
cannot be described by calculations based on first principles, yet. Strongly interacting
baryon-rich matter as studied in this thesis is an example for such processes. Therefore,
in the following section the strong interaction is described in more detail.
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Class Families Color | Electric
15t ond grd Charge | Charge
up (u charm (c top (t 2/3 e
Quarks | (0 © b (1) E
down (d) strange (s) bottom (b) -1/3 e
Electron (e) Muon (u) Tau (1) -le
Leptons Electron- Muon- Tau- No 0
Neutrino (ve) Neutrino (v,) Neutrino (v-)

Table 1.1.: Overview of the fermions in the standard model of nuclear physics [169, 184].

1.2. The Strong Interaction

In the year 1973, H. Fritzsch, M. Gell-Mann and H. Leutwyler proposed a theory to
describe the observed effects of the strong interaction [90] which is called Quantum Chromo
Dynamics (QCD) today. The theory was developed in close analogy to the established
Quantum Electro Dynamics (QED) theory which describes electromagnetic interactions
between electrically charged particles by the exchange of virtual photons. Analogous, in
the QCD theory the strong interaction between particles carrying color charge is described
by the exchange of gluons. The color charge is defined in analogy to the additive color
model with the colors black and white corresponding to a neutral charge and the eligible
charge states being three colors that add up to white like red, green and blue.

The fundamental difference between the QED and QCD theory is that in contrast to the
photons which are electrically neutral, the gluons themself carry a color and an anti-color
charge. Therefore, not only the quarks interact strongly but also the gluons mediating the
interaction interact between each other via further gluons. If one attempts to separate two
bound quarks, the gluon field between them, also called flux-tube or string, increases due to
further gluon-gluon interactions. Once enough energy is stored in the flux-tube, it breaks
creating a new quark-antiquark-pair resulting in two independent bound systems. For
this reason at larger scales than a few fermi only color neutral objects like baryons (three
quarks) or mesons (quark and anti-quark) can exist which is called confinement of quarks.
Another consequence is that the strong interaction is not observed at macroscopic scales
unlike the electromagnetic or the gravitational interaction. If one reverses the situation and
compresses bound quarks, the flux-tube between them decreases and the strong binding
ceases. At some point, the quarks can be assumed to move freely within the compressed
system which is called asymptotic freedom.

AxAp > h (1.1)

According to Heisenberg’s uncertainty principle 1.1, increasing quark distances correspond
to decreasing momentum transfer in their interaction and decreasing quark distances cor-
respond to increasing momentum transfer. Therefore, confinement is not only observed
at low quark densities but also at low temperatures and asymptotic freedom is not only
observed at high quark densities but also at high temperatures.
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1.2.1. Theoretical Description

In the theoretical description of interactions the exchange of gauge-bosons is quantified
by a factor proportionally influencing the interaction cross-sections called the coupling
constant. The coupling constant of the electromagnetic interaction o, also called fine-
structure constant, is almost independent from the amount of momentum transferred in
the interaction and rises only at very small distances. The gluon-gluon interactions how-
ever result in a strong dependence between the coupling constant of the strong interaction
ag and the amount of momentum transferred in the interaction. Therefore, it is also called
running coupling constant.

At high momentum transfers or low distances, where og is small, strongly interacting
particles can be described using perturbative approaches neglecting higher order interac-
tion terms. At low momentum transfers or large distances however these higher order
terms contribute significantly to the interaction due to the increase of ag. An approach
to calculate strong interactions in this regime is called lattice-QCD [83]. In this approach
the interactions are solved numerically on a finite discrete space-time-grid with quarks
positioned at the crossings and gluons connecting them. The obtained results are then
extrapolated to a hypothetical infinite space-time-grid which corresponds to the situation
in nature. At the moment lattice-QCD calculations are mostly restricted to systems with
vanishing or small net-baryon-densities due to the fermion sign problem arising at finite
baryochemical potentials. Therefore, strongly interacting baryon-rich matter mostly needs
to be described by effective approaches.

1.2.2. Phenomenology of Hadrons

Hadrons are usually observed in two configurations: Baryons which consist of three quarks
and mesons which consist of a quark and an anti-quark. Also further configurations like for
example penta-quarks consisting of four quarks and an anti-quark are feasible, however, the
existence of hadrons consisting of four or more quarks is not yet finally proven. Although
under normal conditions quarks cannot exist unbound, their bare rest masses have been
extracted from their influence on hadron properties. For the two lightest quark flavors
up and down bare rest masses of < 5 MeV /c? are found [184]. The lightest baryon, the
proton, however has a rest mass of ~ 938 MeV /c? which is about a factor 100 higher than
the sum of the rest masses of its constituents. This strong difference between bound and
unbound quark masses can be interpreted in two pictures described in the following;:

Phenomenologically motivated interpretation: From scattering experiments it is known
that the charge distribution of a nucleon has a size of about one fermi. Due to
Heisenberg’s uncertainty principle 1.1 restricting the positions of quarks to the size
of a hadron rises their momenta to the order of few hundred MeV/c. According
to Equation 1.2 discovered by A. Einstein these momenta relate to energies and
thereby mass. In that sense, the large hadron masses can be understood as a result
of confining the quarks inside the volume of a hadron.

E = \/p*c® + mict (1.2)
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Experimentally motivated interpretation: In deep inelastic scattering experiments it was
found that hadrons contain more quarks than initially assumed. Besides the quarks
defining the quantum numbers of a hadron which are called valence-quarks, hadrons
also contain virtual quark-antiquark-pairs dynamically created in the gluon fields
between the valence-quarks which are called sea-quarks. In that sense the large
hadron masses can be understood as a result of the large amount of energy stored
in the dynamically created sea-quarks as well as the gluons inside a hadron.

Unfortunately, up to now there is no theory which completely describes the dynamically
generated masses for all hadrons. One particular open question concerns the masses of
mesons: While the lightest mesons, the pions, have masses around 140 MeV /c?, the second
lightest mesons are more then three times as heavy with masses around 500 MeV /c?
although free strange quarks are associated with a mass of only ~ 93 MeV /c? [184]. Also
the chiral partners of the pions, the os, have masses around 500 MeV /c?. This breaking
of the chiral symmetry is described in the QCD theory by a different coupling to the
virtual quark-antiquark condensates filling the QCD vacuum. It is assumed that in a hot
or dense medium in which the quarks approach asymptotic freedom the condensates melt,
the chiral symmetry is restored and chiral partners have the same spectral distribution.

1.2.3. Phases of Strongly Interacting Matter

If matter is heated up such that molecular, atomic and nuclear binding effects can be
neglected, it can be described as a gas of hadrons in which the quarks are confined. As
already mentioned before, if the temperature or quark density is increased much further,
the confinement of the quarks ceases due to the effect of asymptotic freedom. In this state,
which is called Quark Gluon Plasma (QGP), the quarks are still strongly coupled but can
move freely in the entire medium. The transition from the hadron gas into the QGP state
can be described as a transition between thermodynamic phases. The corresponding phase
diagram is shown in Figure 1.1 in a schematic way with the net-baryon density on the

x-axis and the temperature on the y-axis. The net-baryon density can also be replaced by
the baryochemical potential since they are strongly correlated.
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Lattice-QCD calculations predict at vanishing baryochemical potentials a transition from
the hadron gas to the QGP phase as well as a restoration of the chiral symmetry at temper-
atures around 160 MeV [66, 117|. The transition happens continuously and is therefore
a crossover transition. Predictions suggest that at higher baryochemical potentials the
transition becomes a higher order phase transition which implies the existence of a critical
point somewhere in between [58, 102, 117, 159]. Unfortunately, lattice-QCD calculations
for non-zero baryochemical potentials are still challenging. However, thanks to recent
developments, the existence of a critical point in the region of temperatures larger than
135 MeV and baryochemical potentials lower than 270 MeV is highly unlikely [154]. Due
to the limited theoretical predictions, the region of intermediate to high baryochemical
potentials is primarily explored from the experimental side. One very promising physics
program to determine the position of the critical point in the QCD phase diagram is the
beam energy scan conducted by the STAR (Solenoidal Tracker At RHIC) [104] collabo-
ration [38]. The region of highest baryochemical potentials and vanishing temperatures
is not reachable through heavy-ion collisions and therefore only sparsely explored. It can
only be described with effective approaches with further exotic states of matter like for
example a color superconductor or a quarkyonic phase being feasible.

1.2.4. Exotic Matter in the Universe

The conditions required for QCD matter to form exotic states are barely reached anywhere
in our universe. The hottest natural material on earth is found in its innermost core, but
its temperature corresponds to “only” ~ 0.5 eV. Even the temperature at the hottest place
in our entire solar system, which is the center of our sun, corresponds to “only” ~ 1.3 keV
and is therefore still considered “cold” with respect to the QCD phase diagram. Also
the high macroscopic densities of matter at these places are irrelevant since they result
from a compression of the volumes normally taken up by the electron shells rather than a
compression of the nucleons themselves.

There are only two types of objects in our universe where matter in exotic QCD phases
is expected: black holes and neutron stars. Both of them are remnants of heavy stars
that burned up their entire fuel and therefore collapsed due to the gravitational force to
extremely dense objects. While neutron stars are stabilized against further compression
by the fermi pressure as a result of the Pauli principle, black holes collapse into a point-like
singularity and therefore develop an event horizon. Since it is impossible to gather any
information from beyond the event horizon, details about the conditions inside a black
hole are an unsolved mystery. Neutron stars on the other hand do not develop an event
horizon and can therefore be studied using telescopes.

The matter inside a neutron star is still considered “cold” with respect to the QCD phase
diagram. However, due to the extreme gravitational compression, the volumes normally
taken up by the electron shells completely vanish and the density of the nucleons packed
in the nuclear cores is increased. Recent astrophysical observations in combination with
theoretical models conjecture that the high nuclear densities result in the formation of
exotic quark matter in the cores of neutron stars [47]. Recently, the collision of two
neutron stars in a so called neutron star merger event is also in the focus of nuclear
physics. Simulations of such merger events show that in the collision parts of the neutron
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star matter are heated up to temperatures of ~ 50 MeV [136]. As it will be discussed in
the following Section 1.3, matter under similar conditions can be produced and studied in
the laboratory using heavy-ion collisions. In our universe an asymmetry between matter
and anti-matter is observed and systems with vanishing baryochemical potential do not
exist. However, it is assumed that shortly after the big bang, quarks and anti-quarks were
produced symmetrically in pairs. As the universe expanded, the temperature decreased
and the matter condensed from the QGP phase forming the very first hadrons. The
corresponding high temperature low baryochemical potential region of the QCD phase
diagram can be studied on earth using heavy-ion collisions, which will be discussed in
more detail in the following Section 1.3.

1.3. Heavy-lon Collisions

Heavy-lIon Collisions (HICs) are the only possibility to create and study QCD matter
under extreme conditions in the laboratory. In the collision of heavy-ions accelerated to
relativistic energies the nucleons are compressed and heated up creating a system of high
temperature and density for a few fm/c (~ 10% s) until it expands again. Due to the short
lifespan of the system its properties are only indirectly accessible in most studies using the
measurements of particles emerging from the system in combination with effective models.

The temperature and the baryochemical potential of the created system strongly depend
on the kinetic energy of the incident ions. At the highest energies of few TeV per nu-
cleon like provided by the Large Hadron Collider (LHC) at the European Organization
for Nuclear Research (CERN), the ions are almost translucent and the nucleons are barely
decelerated during the collision [84]|. The particles emerging from such collisions are cre-
ated from energy as matter-antimatter-pairs with high momenta. Therefore, the system is
characterized by a vanishing baryochemical potential and high temperatures. In contrast
to that, at energies of few GeV per nucleon like provided by the SIS18 accelerator at GSI,
the ions are strongly decelerated in the collision and the nucleons participate in the cre-
ated system [155]. Most particles emerging from such collisions are or consist of nucleons
from the colliding nuclei. Therefore, the system is characterized by a high baryochemical
potential and moderate temperatures. At the moment, the vanishing temperature part of
the QCD phase diagram cannot be explored by heavy-ion collisions, since the matter is
always heated up to non-negligible temperatures there.

The time evolution of a Ag(1.58A GeV)+Ag collision with an impact parameter of 3 fm
simulated with the UrQMD transport model [59, 69| is schematically depicted in Fig-
ure 1.2. The four sub-figures can be roughly associated with the following phases of the
collision:

Pre-Collision Phase: Initially, the two Lorentz-contracted nuclei approach each other in
their common Center of Mass (CM) system. All nucleons from a nucleus carry
approximately the same proportion of the total momentum, however, not exactly
due to their fermi-momenta.



1.3. Heavy-Ion Collisions 7

t=-2.0fm/c t=8.0fm/c T=14.0 fm/c t=20.0fm/c

Figure 1.2.: Schematic depiction of the time evolution of a Ag(1.58A GeV)+Ag collision
with an impact parameter of 3 fm simulated with UrQMD [59, 69]. The depictions show
the particles in the CM system of the colliding nuclei. Nucleons that have not interacted
(spectators) are depicted light red and those that interacted (participants) are depicted
dark red. Nuclear resonances are depicted blue, hyperons white, strange mesons yellow
and all other mesons green. The nucleon diameters correspond to their average inelastic
strong interaction length and the remaining particles are scaled according to their masses.
The depictions are generated by the UrQMD viewer developed by P. Klaus in [121].

High-Density Phase: In this simulation, about 8 fm/c after the first interactions between
the nuclei took place, a high nuclear density in the reaction zone is reached. As
the nucleons are strongly decelerated by nucleon-nucleon reactions, they remain in
the reaction zone and contribute to the high density system which is also called
fireball. As it was explained before there are multiple scenarios on what happens
inside this fireball: For example, the matter might experience a phase transition
to the QGP or another exotic phase [167]. Furthermore, the spectral functions
of hadrons inside the fireball are expected to be modified due to coupling to the
medium and the chiral symmetry is restored to some extend due to melting of
the quark-antiquark condensates [55, 57, 64|. Besides that, the high-density phase
also comprises the highest rate of nucleon-nucleon interactions. Only if a sufficient
amount of nucleon-nucleon interactions take place over the short lifespan of the
system, it can be assumed to approach a thermal equilibrium. As it will be shown
later on, many measurements are “well” described by a thermal ansatz which suggests
the conclusion that a thermal equilibrium is (almost) achieved.

Expansion Phase: Immediately after the fireball reaches its maximum density, it starts to
expand due to the high pressure gradient between its center and the surrounding
matter resulting in a decrease of both temperature and density. In non-central
heavy-ion collisions, the expansion is not azimuthally symmetric and depends on
the orientation of the reaction plane (cf. Section 1.3.4) [19, 21, 22]. The azimuthal
asymmetry with respect to the reaction plane is called flow and parametrized using
Fourier coefficients. The first three coefficients are called directed flow vy, elliptic flow
vy and triangular flow v3. Additionally, also an anisotropy between the longitudinal
and the transverse expansion is observed as a result of the nucleons being not fully
stopped in the collision. This effect is also visible in Figure 1.2. In Section 1.4
different approaches to describe the expansion profile of the fireball are discussed.
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Post-Freeze-Out Phase: At some point, the expansion has progressed so far that inelastic
particle-particle interactions cease due to increasing mean nucleon distances. Except
for resonance decays, the chemical composition of the particles remains unchanged
with respect to the strong interaction. Though it can still change due to electromag-
netic and weak decays, this point in time is called chemical freeze-out. At a later
point also the elastic particle-particle interactions cease. After this point, which is
called kinetic freeze-out, the momenta of the particles remain unchanged again with
the exception of electromagnetic and weak decays. The two freeze-out points are
very important in the study of heavy-ion collisions, since they represent in most
analyses the chemical and kinetic state of the particles as they are finally measured

in the detectors.

1.3.1. HIC Experiments and the QCD Phase Diagram

The baryochemical potential and the tem-
perature are collective thermodynamic
properties to describe the macroscopic
state of a medium and can therefore not
be measured directly. While the temper-
ature at the kinetic freeze-out can be ob-
tained from the kinetic distributions of the
measured particles using the functions de-
scribed in Section 1.4, the baryochemical
potential can be obtained for the chemi-
cal freeze-out using a Statistical Hadroniza-
tion Model (SHM) [72]. In this model the
multiplicities of particles emerging from the
fireball are described by Equation 1.3. In
this equation ¢ indexes the various particle
species with multiplicities M;, the degener-
acy factors g;, the energy F; and the baryon
numbers B;. V represents the volume of
the fireball, pup its baryochemical poten-
tial and T its temperature. As it will be
described in the following Section 1.3.2, at
low collision energies the additional canonic
suppression factor Fg; is required to de-
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depiction was created by T. Galatyuk.

scribe the production rates of strange hadrons. Furthermore, as the particle multiplicities
are measured in the detectors, any feeddown effects from electromagnetic and weak decays
occurring after the chemical freeze-out need to be considered, too.

d3
M; = gZ-V/ #exp (—

Using a %> minimization, the baryochemical potential and temperature which describe
the measured multiplicities best are determined. As it is shown in multiple publications,

E; — Biup

T ) (xFs;) - (1.3)
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a reasonable description of all multiplicities can be achieved from low SIS18 energies to
high LHC energies [36, 45, 81, 173|. The thereby obtained chemical freeze-out points are
depicted in Figure 1.3 in the baryochemical potential temperature plane. Furthermore, the
plot shows the region with available lattice-QCD calculations as well as the regions covered
by future physics programs and accelerator facilities. HADES is measuring at the highest
baryochemical potentials currently available. The recently conducted beam energy scan by
the STAR collaboration connects this region to the highest available energies. Therefore,
almost the entire range is nowadays explored by current heavy-ion collision experiments.

Figure 1.3 also shows that all measured chemical freeze-out points from lowest to highest
energies align on a common trajectory. This hints at a global freeze-out criterion valid from
lowest to highest energies. One commonly discussed global freeze-out criterion candidate
is the average energy per particle (E) / (V). Assuming the chemical freeze-out to occur
as soon as (E) / (N) drops below ~ 1 GeV in the SHM reproduces the measured chemical
freeze-out points with fair agreement [81]. Alternative freeze-out criteria are discussed in
this reference as well.

1.3.2. Strangeness Production at SIS18 Energies

All particles emerging from a heavy-ion collision at SIS18 are either nucleons from the
colliding ions, recombinations of the quarks contained in them or newly produced particles
like for example pions. The production of new particles is possible since according to
A. Einstein mass and energy are equivalent and can be converted into each other according
to Equation 1.2. However, sufficient energy to produce the rest masses of the new particles
has to be available. In the microscopic transport picture a heavy-ion collision is described
by a superposition of multiple Nucleon-Nucleon (NN) collisions. One commonly used
measure for the energy available to produce new particles is the energy available in the
collision of a projectile with a target nucleon /syy. In a fixed-target collision it is defined
by Equation 1.4. In a relativistic heavy-ion collision the rest masses of the projectile
m, and the target m; are both the nucleon rest mass and the projectile energy F,, is
the total energy of a projectile nucleon with the kinetic energy Fpeqn. The result has
to be understood as only an approximate since many body effects like for example fermi
momenta are ignored.

Vs = \/m]?oc4 + mict + 2E,mc? (1.4)

In an isolated collision a specific reaction channel is only possible if /s exceeds the sum
of rest masses of the particles in the output channel. This sum is therefore called the
energetic threshold ,/syyes of the reaction. In a heavy-ion collision however, individual
NN collisions are not isolated due to collective effects. Remaining with the assumption
that a heavy-ion collision is properly described by a series of NN collisions, in a first NN
collision a nuclear resonance R could be created. In a following RN reaction, /s could
exceed /sxy due to the higher mass of the resonance. Furthermore, also by elastic NN
collisions, the kinetic energy of a single nucleon can be increased resulting in an increased
V/Snn in subsequent collisions. Therefore, in a heavy-ion collision also reaction channels
with \/Sthres > /SN are possible and called “sub-threshold” in the following.
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At SIS18 collision energies strange hadrons are extraordinary important, since strangeness
is the only quark flavor that is generated entirely as particle antiparticle pairs in the
collision. Hypothetically also the heavier quark flavors could be produced, however, this
would require a large accumulation of energy which is highly unlikely. Since strange
quarks can only be produced as quark-antiquark-pairs in strong processes, the amount of
produced strangeness in one collision balances out which results in the strangeness-balance

equation 1.5:

_M@w+A4@y+M4@)+wwan+mMR1=AuKy (1.5)
§<r0 S>0

In this equation M represents the multiplicities of the various particle species. The left
side of the equation corresponds to the particles containing one or more strange quarks
that carry a strangeness of —1 for historic reasons. Those are the single strange baryons
A and ¥, the multi-strange baryons = and 2 as well as the anti-kaons. The right side of
the equation corresponds to the particles containing an anti-strange quark which therefore
carry a strangeness of +1. Since at SIS18 energies the production of anti-baryons is highly
unlikely, these are only the kaons. Most of these particles appear in multiple charge
and/or excitation states. In this equation the species names always correspond to all
existing states. The ¢ meson which consist of a strange and an anti-strange quark does
not appear in the strangeness balance equation since it carries an overall strangeness of 0
and thereby always conserves strangeness.

In the SHM the conservation of strangeness poses a challenge at low collision energies. At
high collision energies enough strange hadrons are produced to conserve strangeness on
average which is described by a grand canonical ensemble. At low collision energies how-
ever, the conservation of strangeness results in a canonical suppression of the production
of strange hadrons which is accounted for in the SHM by the canonical suppression factor
Fg; [72]. This factor describes the probability to produce for each strange hadron an ac-
cording amount of anti-strange hadrons to balance the strangeness. Since the strange and
anti-strange quark need to be produced close to each other in space, one realization is to
calculate the production probabilities in Fs; within a canonical volume Vi which is always
smaller than the entire volume of the fireball V. In systematic studies it turned out that
the SHM describes the measured multiplicities of strange hadron with these modifications
well [81, 106, 174].

Assuming strangeness to be produced in isolated NN collisions, the most straight-forward
production channel is the production of a kaon-antikaon-pair according to Equation 1.6:

N+N-—=N+N+K+K. (1.6)

The exact threshold of this channel depends on which charge states of the nucleons and
the kaons are chosen, but is always ~ 2.87 GeV. Due to the baryon dominance of the
systems created at SIS18 energies, there is a more favorable strangeness production channel
involving a hyperon given by Equation 1.7:

N+No>A+K+N (1.7)
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Independent of the chosen charge states, this channel has a threshold of only ~ 2.55 GeV.
Exchanging the A hyperon in this channel by a ¥ hyperon gives another possible
strangeness production channel with a threshold of ~ 2.63 GeV. For the production of
multi-strange hyperons more kaons need to be produced along with them to counter

—_—

balance the strangeness. For example the most favorable production channel of the =
hyperons is given by Equation 1.8:

N+N—oE+K+K+N (1.8)

However, this production channel already has a threshold of ~ 3.25 GeV again depending
on the chosen charge states. It is obvious that the production of double strange hyperons
is suppressed against the production of single strange hyperons. Even further suppressed

is the production of the triple strange €2 hyperon whose most favorable production channel
has an threshold of ~ 3.62 GeV.

Due to the multitude of nucleons participating in a heavy-ion collision, interactions be-
tween produced strange hadrons and further particles are possible. One example of such
secondary reactions are the so called strangeness exchange reactions in which the strange
quark from a meson is transferred to a baryon or vice-versa. An according reaction is

given by Equation 1.9:
N+ K<+ A+ (1.9)

With the vacuum rest masses of the particles, the sum of masses of the state involving the
hyperon is lower compared to the state involving the anti-kaon which makes the hyperon-
state energetically favored due to a higher phase-space factor. However, as it will be
discussed is the following Section 1.3.3, the in-medium anti-kaon mass is expected to be
lower than its free mass which might favor the anti-kaon state.

1.3.3. In-Medium Modifications

The presence of hot and/or dense matter
influence the properties of the particles in-
side them [148]. One example for this effect m m
is the melting of the quark-antiquark con-
densates present in the QCD vacuum which
results in the restoration of the chiral sym-

metry. However, hadrons also couple to the h

medium itself which modifies their prop-

erties additionally. One example of such Figure 1.4.: Schematic depiction of a me-
couplings to the medium is the excitation son (m) coupling to a medium via reso-
of resonance-hole-pairs by mesons which nance (R)-hole (h) excitation.

is schematically shown by the Feynman-

diagram in Figure 1.4. In case of strange mesons, the coupling is realized via hyperon
resonances. As it was already mentioned in the previous section, only anti-kaons which
carry a strange quark can couple directly to hyperons which is not possible for kaons which
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carry an anti-strange quark. In a baryon dominated medium, like created in heavy-ion
collisions at SIS18 energies, the effective coupling is attractive for anti-kaons resulting
in a decreased effective mass and repulsive for kaons resulting in an increased effective
mass [85, 115, 125).

Since the microscopic description of interactions with the medium is difficult, the couplings
are often described by the mean-field approach in which the microscopic interactions with
the medium are effectively described by interactions with fields created by the medium.
These fields are constrained via potentials which reflect the attraction of anti-kaons and
the repulsion of kaons.

1.3.4. Centrality

The colliding nuclei are extended Spectator_NudeonS .
particles and can be described

roughly by spherical bags with 2 Overlap-Region
diffuse surfaces filled with nucle- © Ebeam

ons. Their radius can be approxi- % .?.
mated with the nuclear charge ra- & b

dius which amounts to 5.3 fm in
case of Ag nuclei [89]. Assum- ¥l X
ing an inelastic nucleon-nucleon Impact-Parameter b
cross-section of 25 mb, the in-

elastic strong interaction length

amounts to ~ 0.9 fm. Since the

radii of the colliding nuclei are sig-

nificantly larger, in a heavy-ion Figure 1.5.: Schematic depiction of a peripheral
collision not all nucleons undergo Ag(1.58A GeV)+Ag heavy-ion collision. Similar
inelastic interactions if the nuclei depiction already used in [170].

do not collide central. The degree

of centrality of a collision is quantified by the distance of closest approach between the
centers of mass of the colliding nuclei which is also called impact parameter.

Figure 1.5 schematically depicts its definition in a peripheral Ag(1.58A GeV)-+Ag fixed-
target collision. The collision is shown in the laboratory system which is why only the
projectile nucleus is Lorentz-contracted. The protons (red circles) and neutrons (green
circles) are depicted with their average inelastic strong interaction length as diameter
in relation to the projectile and target nuclei depicted with their nuclear charge radii.
Therefore, in this simplified geometric model all nucleons in the orange overlap-region
can be assumed to interact inelastic in the collision and are therefore called participants.
On the other side, all nucleons in the blue region are assumed not to participate in the
collision and are therefore called spectators. In Section 3.5 a more involved geometric
Glauber model [134] is described which is used to estimate the amount of participants
with higher precision.
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It is obvious that the amount of participants strongly depends on the impact parameter and
therefore the degree of centrality of the collision. Furthermore, the amount of participants
can be understood as a measure for the size of the medium created in the collision. Since
it is the aim of many studies to investigate the effects of this medium on the production
and emission of particles, it is important to define event classes with similar amount of
participants. For this purpose, the centrality of a collision is defined as the probability
of a similar collision being more central (having a smaller impact parameter) than the
current one. In other words, the centrality amounts to the cross-section of all more central
collisions as a proportion of the total inelastic cross-section. Therefore, the centrality class
of the 0-10 % most central collisions corresponds to the 10 % of all inelastic collisions with
the smallest impact parameters.

Another important property to classify the emission of particles is the so-called reaction
plane which is spanned by the longitudinal axis and the impact parameter. At collision
energies /sy of few GeV the spectator nucleons shield the emission of particles from
the collision zone in direction of the reaction plane. Therefore, particles are emitted
preferential perpendicular to the reaction plane which is called out-of-plane emission and
is measured by negative elliptical flow coefficients [19]. At higher collision energies, the
situation reverses as the spectator nucleons pass the collision zone faster than it expands.
This leads to particles from the collision zone being emitted preferential parallel to the
reaction plane which is called in-plane emission and is measured by positive elliptical flow
coefficients [21, 22].

Unfortunately, neither the impact parameter nor the reaction plane can be directly mea-
sured with sophisticated methods. Since the reaction plane is not required for the analyses
described in this thesis, it will not be further discussed. The method used to estimate the
impact parameter and thereby the centrality of an event is described in Section 3.5.

1.4. Phase-Space Distribution Models

The kinematics of particles emitted from the collision zone of a heavy-ion collision are
a result of the complicated sub-processes occurring between the involved particles. Mi-
croscopic transport models, like for example the UrQMD model [59, 69], simulate heavy-
ion collisions by initializing the nucleons within the colliding nuclei and then simulate
the entire chain of nucleon-nucleon, nucleon-resonance, resonance-resonance and further
particle-particle interactions. However, since especially resonance-resonance interaction
cross-section are almost impossible to measure, models like for example the additive quark
model [98, 176] are used to estimate them which is a source for uncertainties. Fortunately,
in most cases even analytic models based on simple assumptions describe the measured
kinematic distributions reasonably well. In the multi-differential analyses described in
Chapter 4, such models are used to extrapolate the measured kinematic distributions to
regions of the entire phase-space not covered by the measurement. In the following, two
commonly used analytic models as well as variations of them are described.
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1.4.1. Isotropic Statistical Model

The model labeled Isotropic-Statistical (IS) model in this thesis is based on the SHM which
was successfully used to describe the production of various particles from SIS18 energies
of few GeV up to LHC energies of few TeV [36, 45, 81, 173|. The central assumption of this
model is that particles are emitted from a thermalized fireball which results in momentum
distributions described by the Boltzmann-like Equation 1.10:

d3N) ( E )
— =C exp| —— 1.10
( d*p ) 15 P Trss (1.10)

Under this assumption the kinematic distributions of the particles are described by only
two free parameters: Tgsy is the effective temperature of the fireball and C' is a scaling
constant which combines physical constants and the multiplicity of the particle. Note that
if the model is applied to particle multiplicities, the parameters reflect the state of the
fireball at chemical freeze-out, in contrast to applying the model to kinematic distributions
where the parameters reflect the state of the fireball at kinetic freeze-out.

Conversely, in multi-differential analyses of the kinematic distributions of particles, the
transverse momentum components p, and p, are transformed to the radial component
p¢ (transverse momentum) and an azimuthal angle ¢. Since there is no reason for an
anisotropy in azimuthal direction if the analysis is performed independent from the orien-
tation of the reaction plane (cf. Section 1.3.4), the azimuthal component can be eliminated
from the equations. Instead of the transverse momentum p; sometimes the transverse
mass m; is used. Both formulations can be converted into each other using the relation
e - dp; = my - dmy. In the following, always the transverse mass m; is used as it results
in more compact equations. Furthermore, the longitudinal momentum component p, is
transformed to the Lorentz-additive longitudinal rapidity y according to dp, = E-dy. The
Lorentz-additivity of the rapidity y allows to describe the boost between the laboratory
system and the center-of-mass system of the fireball in a fixed-target collision by a fixed
rapidity offset. With this transformations the IS kinematic distributions are described by

Equation 1.11:

d*N ) ( my - cosh (y))
=271 -C-m? - cosh cexp| ——= . 1.11
< dmydy ) ;4 ¢ (y) - exp Toss (1.11)

Examining the argument of the exponential function of Equation 1.11 one notices that for a
fixed rapidity, the transverse mass spectrum can be interpreted as yet another Boltzmann-
like function with the temperature given by Equation 1.12. These temperatures are also
referred to as Boltzmann-temperatures:

T
Ty =—201 (1.12)
cosh (y)

The transverse kinematic distribution over the entire phase-space can be obtained by
integrating over rapidity. This integral can be solved analytically by using the modified
Bessel function K (z) yielding Equation 1.13:
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In a similar manner, the longitudinal kinematic distribution over the entire phase-space
can be obtained by integrating over the transverse mass. Analytic integration yields

Equation 1.14:

(@)= [ G, o
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Equation 1.14 can be transformed into a Gaussian function, by approximating the poly-
nomial bracket as constant and substituting the cosh (y) in the exponential function by its
second order Taylor expansion around 0. The width of this Gaussian function, which is
also referred to as the thermal width of the rapidity spectrum, is defined by Equation 1.15:

dN 2 T
(—) X C - exp (—y—2> with o =/ ==L, (1.15)
dy ) 1 20 mo

While the isotropy of the fireball integrated over all reaction plane angles is well justified in
the two transverse directions, the longitudinal direction is special since it is the direction
of the beam axis and therefore the direction of the initial momentum of the beam-ions.
Depending on the kinetic beam energy, the colliding ions are not fully stopped in the
collision, which results in an additional residual expansion of the fireball in longitudinal

direction and therefore an anisotropic fireball. This longitudinal anisotropy is not reflected
by the default IS model.

The simplest solution to overcome this problem is to apply the model to the transverse
and longitudinal spectra independently, allowing for different transverse and longitudinal
parameter values. Another approach, which was proposed in [164], is to extend the IS
model by an additional parameter 1 to describe the longitudinal anisotropy, e.g. by
assuming two identical IS fireballs positioned at 4+n around the center-of-mass rapidity
of the collision system. This approach is referred to as Double Isotropic-Statistical (DIS)
model in this thesis and is defined by Equation 1.16. Despite its simplicity, it is found
that this approach describes the measured kinematic distributions quite well.

( d>N ) ( d>N ) ( >+< d?N ) ( ) (1.16)
g m’ — m, .
dmdy ) prs dmydy ) ;¢ By =1 dmdy ) ;g YT

A more sophisticated assumption to describe the longitudinal anisotropy is that the IS
fireball spans the rapidity range from —n to +n around the center-of-mass rapidity of
the collision system, which is the original proposal from [164|. Mathematically this cor-
responds to integrating the IS model from —n to +n. This approach is called Integrated
Integrated Isotropic-Statistical (IIS) model in this thesis and is defined by Equation 1.17:
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Since unfortunately the additional integral of the IIS model cannot be easily solved ana-
lytically, in this work it is approximated using the numerical Gauss-Legendre integration
method. In this work it is found that using 50 sampling points for the numerical integra-
tion provides a fair compromise between speed and accuracy.

1.4.2. Siemens-Rasmussen Model

The Siemens-Rasmussen (SR) model in an extension of the IS model proposed by
P.J. Siemens and J.O. Rasmussen in 1979 [168]. In order to explain the kinematic
distributions of protons and pions from ion collisions at several hundred MeV which
are not well described by purely thermal models, they proposed to extend the thermal
fireball by a (mean) expansion velocity §. This velocity is also called blast-wave velocity
or simply blast. With this extension, the model can be understood to produce particles
with thermal kinematic distributions, but due to the expansion of the thermal source
itself, the particles experience an additional radial boost defined by the blast velocity.
Applying the extension results in the momentum distribution defined by Equation 1.18
using the Lorentz-factor v and the parameter o defined by Equation 1.19:

dsN ’yE ) |:( TEff) sinh (Oz) TEff
0 =C-exp| =) (14 - cosh (« 1.18
< d*p )SR P ( TEff vE @ VE ( ) ( )

(1.19)

Like the IS model, the SR model is transformed into the transverse mass and rapidity
system for practical usage, resulting in Equation 1.20:

d*N d*N
( ) =27 -m? - cosh (y) - (T) (1.20)
dmdy ) g5 d’p ) sp

Due to the more complicated terms in the SR model equations, the integrals for the
transverse or longitudinal kinematic distributions over the entire phase-space cannot be
easily solved analytically. Therefore, they are approximated again using the numerical
Gauss-Legendre integration method with 50 sampling points. Since in this special case
the method can only be applied with finite integral borders, the transverse integration
is performed in the range m; € [0,10000] MeV /c*> and the longitudinal integration is
performed in the range y € [0,5] and the result is multiplied with 2 as the model is
symmetric by definition. Since the distribution is decreasing exponentially towards high
transverse masses and high absolute rapidities, these approximations are justified.

The default SR model assumes a radial symmetric blast-wave and is therefore not capa-
ble to describe the longitudinal anisotropy which was already discussed in Section 1.4.1.
However, the same approaches discussed for the IS model can be applied to the SR model
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resulting in the Double Siemens-Rasmussen (DSR) model defined by Equation 1.21 and
the Integrated Siemens-Rasmussen (ISR) model defined by Equation 1.22:

d2N d2N d2N
- My Y —1,0) + me, y =+ 1, 1.21
(dmtdy>DSR (dmtd?J)sH( vy =) (dmtdy)SR( vy +1, ) ( )

d*N /’7 ( d*N )
= mg,y + x,3)dx 1.22
(dmtdy)ISR —y \dmydy SR( Y 2 ( )

The two dimensional integral that arises in the equation for the longitudinal kinematic
distribution over the entire phase-space of the ISR model is again solved numerically,
this time applying an adaptive quadrature integration algorithm [96]. In the analyses
described in the sections of Chapter 4, these models are used to extrapolate the measured
distributions to region of the phase-space not covered by the measurement. The systematic
uncertainties of these extrapolations are determined by comparing the results of different
models.

1.5. State of the Art and Aim of the Thesis

The investigation of fixed-target heavy-ion collisions with beam energies around 1-2 GeV
per nucleon started in the early 1970s with first experimental setups at the Lawrence
Berkeley National Laboratory (LBNL) in the USA and the Joint Institute for Nuclear
Research (JINR) in the USSR. In the year 1984 these studies were continued by an ex-
perimental program at the Bevalac accelerator of the LBNL involving the Plastic-Ball
spectrometer [56], the Streamer-Chamber experiment [103], the Equation Of State (EOS)
experiment [151] and the DiLepton Spectreometer (DLS) [182]. Shortly afterwards exper-
iments at higher energies using the Alternating Gradient Synchrotron (AGS) accelerator
at the Brookhaven National Laboratory (BNL) and the Super Proton Synchrotron (SPS)
accelerator at CERN followed. At GSI the investigation of heavy-ion collisions using the
SIS18 accelerator started in the early 1990s when the KaoS (Kaon Spectrometer) [166],
the FOPI (FOur PI) [156] and the TAPS (Two-Three-Arm Photon Spectrometer) [140]
experiment were taken into operation.

The primary goal of the KaoS spectrometer was the measurement of Kaons utilizing a
double-focussing quadrupole-dipole magnetic spectrometer. The production of Kaons was
measured in light (C+C), intermediate (Ni+Ni) and heavy (Au+Au) ion collision systems
at various beam energies between 0.6 and 2.0A GeV allowing to study both system size and
energy dependence of the production of strangeness around its free NN threshold energy.
Due to the limited geometrical acceptance of the spectrometer, it was not capable of
reconstructing short lived particles from their decay daughters. Summaries of the physics
results obtained by the KaoS collaboration are given in [87, 88|.

One of the most astonishing observations made by the KaoS collaboration is that the
ratio of produced K™ and K mesons is almost independent of the size of the collision [88|.
Despite the strong difference between the free NN production threshold energies of K™ and
K™ mesons, as pointed out in Section 1.3.2, their production rates scale in the same way.
A similar observation involving also A hyperons as well as K§ and ¢ mesons was made by
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the HADES collaboration in Au+Au collisions [18]. However, the K~ and ¢ results suffer
from large statistical uncertainties. For the HADES Ag+Ag data the increased amount
of recorded events leads to a significant decrease of the statistical uncertainties. In this
thesis the production of A hyperons and K& mesons is studied which, in combination with
the K', K~ and ¢ mesons that are studied in parallel in [122], allows to test the observed
universal scaling of strange particles with Ap,,.; with a higher precision than ever before.

Due to its large geometrical acceptance, in contrast to KaoS, the FOPI experiment was
able to reconstruct short lived particles, like for example A hyperons as well as K{ and
¢ mesons. The measurements of FOPI were conducted again from light (Ca+Ca) up to
heavy (Au-+Au) ion collision systems over a wide range of beam energies from 0.1 to
1.9A GeV. After its decommissioning the physics program of FOPI was continued by the
HADES experiment.

KaoS observed that the inverse slopes of the transverse spectra of K mesons lay sig-
nificantly above the ones of K mesons. At FOPI, an unexpected high ratio between
the production rates of ¢ and K~ mesons was measured [131], which lead to the assump-
tion that a significant amount of all K~ mesons originates from the ¢ — K + K decay
thus significantly influencing the overall K= transverse slope [144]|. This assumption was
later confirmed by measurements of the HADES collaboration and it showed that the
production of K and K™ mesons can be described with the same transverse slope if the
feeddown contribution from the ¢ decay is subtracted [17]. Further studies of the produc-
tion of strangeness conducted by FOPI are described in [107, 126, 143]. Besides that, also
the azimuthal emission anisotropies (flow) and in particular their energy dependence was
studied by FOPI [44, 155].

In this thesis the emission/production of protons, A hyperons, K& mesons, §H hypernuclei
and = hyperons is investigated using the recent HADES Ag(1.58A GeV)+Ag data sample.
These particles have been studied by HADES before in Ar(1.76 A GeV)+KCl collisions [30,
31, 33, 34| as well as Au(1.23A GeV)+Au collisions [17, 18, 175]. Due to the intermediate
system size and intermediate energy of the Ag+Ag collisions, their study will allow to
analyze the effects of system size and energy in a very systematic way. Furthermore, thanks
to the large amount of recorded events, the precision of the measurements is strongly
enhanced and particles that could not be measured in the previous data samples, like for
example the 3H and the = in Au+Au or the §H in Ar+KCl, might become accessible.

In Chapter 1 the physical background for the performed analyses is briefly summarized.
Furthermore, in Section 1.4 some analytical models that are going to be used in the
analyses later on are defined and described. In Chapter 2 the technical prerequisites for
the conducted analyses are described. This chapter primarily consists of Section 2.2 which
describes the physical setup of the HADES detector system and Section 2.3 which describes
the most important steps required to analyze data recorded by the HADES experiment.
In Chapter 3 several analysis methods that have been either newly developed, altered
or investigated within the scope of this project are described. All these methods are of
general nature and can be used for various different analyses. In the sections of Chapter 4
the individual particle analyses performed in the scope of this project as well as their
results are described. Finally, in Chapter 5 the results obtained in the previous chapter
are summarized and interpreted.



2. The HADES Experiment

2.1. The Research Facility GSI / FAIR
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its accelerator infrastructure, which is Bl
schematically shown in Figure 2.1. It
allows to accelerate ions up to the
heaviest natural element, uranium, to
energies of 1-2 GeV per nucleon. The
positively charged ions produced in the Figure 2.1.: Schematic view of the GSI acceler-
Ion Sources at low kinetic energies are ator infrastructure [101].

first accelerated by the UNIveral Lin-

ear ACcelerator (UNILAC) up to energies of 11.4 MeV per nucleon [100]. To reach higher
energies, the ions are accelerated further by the Heavy-Ion Synchrotron 18 Tm (SIS18)
ring accelerator. Afterwards, the ions can either be used directly for experiments like
HADES or to produce a secondary beam of rare nuclei in the FRagment Separator (FRS).
Furthermore, the setup involves the Experimental Storage Ring (ESR) storage ring that
allows to store and cool accelerated ions (cf. [100]).

Experiment and
Storage Ring CRYRING

Main Control Room

Experimental Halls
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At the moment the GSI facility is being extended to the Facility for Antiproton and Ion
Research (FAIR). One of the most important aspects of this extension is the construction
of the new Heavy-lon Synchrotron 100 Tm (SIS100) ring accelerator. It will allow to
accelerate ions, injected by the upgraded SIS18 accelerator, to 29 GeV in case of protons,
corresponding to 14.5 GeV per nucleon for deuterons and ~ 10 GeV per nucleon for heavy-
ions [172]. This will open up new possibilities to various kinds of researches and further
additions to the current facility, like an improved fragment separator, an improved storage
ring and an additional storage ring designed specifically for anti-protons, are planned.

The physics program of FAIR involves a phase 0 in which experiments are operated at
the current SIS18 accelerator. Yet, they already employ detector technology developed for
future FAIR experiments. In the scope of FAIR Phase-0 the HADES experiment measured
Ag+Ag collisions at 1.58 A GeV beam energy in March 2019, which are analyzed in this
thesis. The following Section 2.2 describes the setup and capabilities of the HADES
detector system.
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Figure 2.2.: Exploded view of the HADES detector setup. The original image from [162]
has been altered to include the improved RICH-detector, the new ECAL-detector and the
FW-detector.

2.2. The HADES Detector System

The apronym HADES stands for High Acceptance DiElectron Spectrometer. Its setup
is shown in Figure 2.2 in an exploded view for better visualization of the different sub-
components. As the name implies, the detector is specifically designed for the measure-
ment of e'e  pairs, especially those produced by decays of the vector mesons p, ® and
¢. Due to their short lifetimes and the non-strongly interacting decay products, these
probes transport information on the hot and dense phase created in the collision almost
undisturbed to the detector. However, a precise measurement of e e  pairs from vector
meson decays is challenging.

In general, the vector mesons p, w and ¢ can be produced directly in elementary NN
collisions: N + N — N + N + (p, 0, ¢). In case of the w, the energetic threshold of
this channel amounts to /s = 2.66 GeV assuming a o mass of 0.78 GeV [184]|. However,
in heavy-ion collisions at SIS18 energies the available energy in elementary NN collisions
is often below. For example, in Ag+Ag collisions at 1.58 A GeV beam energy, which are
analyzed in this thesis, /sy amounts to 2.55 GeV. Therefore, the vector mesons g, w and
¢ are produced below their free NN threshold energy, which leads to low production rates
of < 1072 per event. In addition, the branching ratios of their dileptonic decay channels
are pretty small and amount to only &~ 107 [184].

Measuring a statistically significant amount of e"e decays of vector mesons, despite their
low production probabilities, requires a detector with the following features:

e High event rates are achieved by the fast DAQ system, described in Section 2.2.9,
of the HADES experiment that allows to record in average up to 11,000 Ag+Ag
events at 1.58 A GeV beam energy per second.
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e High geometric acceptance: Due to the low e"e mass, which leads to high
opening angles in the vector meson decays, this is of special importance. In azimuthal
direction the HADES detector setup is divided into six identical but independent
sectors covering the full azimuthal angle (See Figure 2.2). In polar direction the
detectors span angles between 18° and 85° in forward direction.

e To achieve high reconstruction efficiencies, an efficient track reconstruction
method, described in Section 2.3.3, was developed for the HADES experiment.

e Low e"e background: There are two main contributions to the e e background
with respect to the reconstruction of vector mesons via their dileptonic decay chan-
nels:

— Hadrons, mostly charged pions, wrongly identified as e” or e : This back-
ground can be suppressed very efficiently using the RICH detector of the
HADES experiment, which is only sensitive to highly relativistic particles. It
is being described in Section 2.2.3.

— High energetic photons converted to e e pairs in matter: This background
is reduced by minimizing the amount of heavy material, created particles are
traversing, which is achieved by the target setup, described in Section 2.2.2.

In addition to its capabilities in the reconstruction of e"e pairs, the HADES detector
is very well suited to measure hadrons. Its high event rates in combination with its
high geometric acceptance and reconstruction efficiencies allow to conduct very detailed
analyses even for rarely produced hadrons, which is the topic of this thesis. In the following
sections the individual sub-detectors of the HADES experiment are described. Further
information on the capabilities of the HADES experiment can be found in [32].

2.2.1. The START and VETO Detector

Out of all detectors of the HADES experi-
ment, only the START- and the VETO de-
tector are directly exposed to the high in-
tensity heavy-ion beam. Thus, they require
high resistivity against radiation. Despite
their high production costs, diamond detec-
tors, produced with the Chemical Vapor De-
position (CVD) method, are used, because
they furthermore provide a precise time res- : A
olution and a high heat conductivity, which ; ' L
allows to run them without any external
cooling [32].

Vorprai. X 30

Looking in the direction of the beam, the Figure 2.3.: Photo of the START detector.
START detector, shown in Figure 2.3, is the

first detector of the HADES experiment, located 5.27 cm in front of the first target seg-
ment. It is 60 um thick and has an active area of 4.7 mm x 4.7 mm read out by 16 strips
with a pitch of ~ 300 um per side, orientated in x- and y-direction respectively.
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When a beam ion traverses the START detector and reacts in the target, the time mea-
sured by the START detector is used as the time of the heavy-ion reaction, despite the
spacial distance between the detector and the target, causing a constant offset. Further-
more, the START detector is used to monitor the intensity and the focusing of the beam.
Due to its relevance, high efficiencies of 2 95 % are required. However, the continuous
irradiation damages the atomic structure of the diamond and thereby leads to decreasing
efficiencies. To cope with this effect, the detector can be moved in x- and y-direction.

The VETO detector, shown in Figure 2.4, is
located 54.68 cm behind the target. It has
an active area of 8 mm x 8 mm and is read
out by eight pads. The VETO detector’s
main purpose is to reject triggered events in
which either no nuclear reaction took place
in the target or in which another beam ion
traversed the target simultaneously with the
actual colliding ion, making it impossible to
guarantee that the correct reaction time was
measured by the START detector. The cri-
teria used to identify problematic events are
described further in Section 3.2. Figure 2.4.: Photo of the VETO detector.

2.2.2. The 15-fold Silver Target

Concerning the conversion of photons and the
energy loss of charged particles, heavy ele-
ments are exceptionally crucial as both effects
scale quadratic with the atomic number of the
traversed material (Z%). Therefore, the heavy-
ion target of the HADES experiment, shown
in Figure 2.5, was designed to allow parti-
cles created in the collision to leave the tar-
get without traversing much material. This
is achieved by reducing the thickness of the
target material to 40 ym, which on the other
hand decreases the nuclear interaction prob-
ability to 0.1 %. By concatenating 15 iden-
tical target segments with 3 mm gaps, a to-
tal nuclear interaction probability of 1.5 % is
achieved whilst remaining a photon conver- Figure 2.5.: Photos of the 15-fold silver
sion probability of below 1 % [15]. target used in the analyzed beam time.

As every heavy-ion beam has a cloud of beam ions, called “halo”, around its focus, also
the amount of material around the actual target needs to be minimized. The 15 Silver
disks of 2.2 mm diameter are glued to thin kapton strips, attached to the actual mounting
structure entirely made of carbon fibers, providing a high structural stability at low weight.
Nevertheless, a contamination of Ag+C events needs to be considered in the later analyses.
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2.2.3. The RICH Detector

Particles, created in nuclear reactions in the target, traverse the Ring Imaging CHerenkov
(RICH) detector first. It comprises a radiator gas volume which was filled with Isobutane
in the analyzed Ag+Ag beam time. At a refraction index of 1.0015 in the relevant photon
energy range [163], only highly relativistic charged particles with v 2> 18 reach velocities
above the speed of light in the gas and thereby emit Cherenkov light. The emitted light is
then reflected by a parabolic mirror towards photo multipliers placed in backward direction
to prevent them from measuring charged particles, which they are also sensitive to.

With this setup the detector is almost exclusively sensitive to electrons and positrons
at the relevant collision energies, because the next lightest charged particles, the pions,
require a momentum of = 2500 MeV /c to emit Cherenkov light in the radiator gas. As
Cherenkov light is always emitted conically with a fixed angle towards the particle track,
it is detected as characteristic rings by the photo multipliers. Matching the centers of
these rings with the reconstructed particle tracks, allows to identify electron and positron
tracks. More details on the RICH detector can be found in [20].

2.2.4. The MDC Detectors

The track reconstruction is based on 24
trapezoidal shaped Mini Drift Chambers
(MDCs) in four planes (MDC I - MDC IV)
for each of the six sectors. With this setup
the full azimuthal angle except the frames
and the coils is covered as well as polar an-
gles between 18° and 85°. The first two
chambers of each sector are placed in front
of the magnet, described in Section 2.2.5,
and the latter two are placed behind it,
allowing to deduce the particle momenta
from the deviation of the tracks in the mag-
netic field. The full track reconstruction
and particle identification method is de-
scribed in Section 2.3.3.

5 (4+20°)

The chambers operate on the principle of
multiple proportional counters with a com-
mon gas volume. In the analyzed Ag+Ag Figure 2.6.: Schematic view of the sense
beam time, an admixture of 70 % Argon wire layers of a MDC chamber [132].

and 30 % Carbon Dioxide was used [137].

In this admixture, Argon serves as counting gas, whilst Carbon Dioxide serves as quench-
ing gas to absorb ionizing radiation from the recombination of electron-hole pairs, which
otherwise would induce secondary signals not related to the actually measured particle.

In order to meet the requirement of a low material budget to reduce multiple scattering
and photon conversion, the anodes and cathodes of the chambers are made from thin
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wires distributed over 13 planes per chamber. Every second layer is equipped solely with
cathode wires of 80-100 um diameter inclined by 90° towards the x-direction of the chamber
coordinate system defined in Figure 2.6. Every other layer is equipped alternating with
field wires that serve as further cathodes and sense wires of 20-30 ym diameter that serve
as anodes as well as read-out wires. As shown in Figure 2.6, the wires of the sense wire
layers are inclined by £40°, £20° and twice 0°. Due to their different orientations, the
point a particle traversed the chamber at, corresponds to the intersection point of multiple
active sense wires.

During operation, a negative potential of
~ 2000 V, varying between the differ-
ent planes, is applied to the cathode and
field wires while the sense wires remain at
ground potential. This causes ionization
electrons, created along the trajectory of
a charged particle, to drift along the field
lines towards the sense wires, as it is shown parti® .. 2
in Figure 2.7. Once the electrons reach suf-
ficient energy, they ionize further gas atoms
and thereby increase the total amount of
free electrons. This effect, also referred to
as avalanche effect, occurs mostly close to
the sense wires where the density of the Figure 2.7.: Schematic view of a drift cell

[ww] sixy—A

electric field rises strongly. The time, the from one of the two innermost sense wire
ionization electrons need to drift to the layers with an ionizing particle passing
sense wire, rises monotonically with the through. The ionization electrons are de-
distance between the ionizing particle and picted as thin orange lines [179].

the sense wire. Thus, its distance of closest
approach can be deduced from the time of the measured signal, resulting in a total spacial
resolution of a few hundred microns.

Another important quantity that can be measured by the MDCs is the specific energy loss
of a particle in the detector gas. It can be described by the Bethe-Bloch-Equation 3.7 [184],
which is explained in Section 3.4.2. Since the chambers are being operated at voltages
where they are in proportional mode, the amount of energy, initially deposited, can be
deduced from the integral of the measured signal. However, since the signal amplitude is
not measured directly, this integral is not trivial to determine. Therefore, it is estimated
using the Time over Threshold (ToT) method. For this method, it is assumed that all
signals have equal shapes and only differ in their height. In that case, the time a signal
stays above a fixed threshold scales proportional with the integral of the signal.

Section 2.3.3 describes how particle tracks are reconstructed and identified based on the
quantities measured by the detectors. Further information, specifically on the MDCs, can
be found in [32, 132, 179].
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2.2.5. The Magnet

The magnet of the HADES experiment is used to generate a toroidal magnetic field be-
tween the two inner and the two outer planes of MDCs. It consists of six coils made
from a copper-niobium-titanium alloy [158] that are located at the borders of adjacent
sectors, where the MDCs are not sensitive due to their frames. The coils are cooled by
a liquid nitrogen and liquid helium cooling system down to 4.7 K, where they reach su-
perconductivity. Thus, currents up to 3464 A can be generated despite the compact coil
setup and an inhomogeneous magnetic field of 0.9 - 3.6 T strength is induced. With
standard polarity, positively charged particles are deflected towards low and negatively
charged particles towards high polar angles, allowing to reconstruct their momenta from
the strength of the deflection, as described in Section 2.3.3.4. Since especially the electron
positron identification by the RICH detector would suffer from a residual magnetic field,
the coil geometry was optimized to provide an almost field free region around the target.
Further information on the magnet and its cooling plant can be found in [32, 158]|.

2.2.6. The META Detectors

The Multiplicity Electron Trigger Array (META) is located directly behind the fourth
plane of MDCs. It is a generic term for the RPC detector, described in Section 2.2.6.1,
and the TOF detector, described in Section 2.2.6.2. Both detectors are used to measure
the time of flight of particles. In combination with the length of their reconstructed tra-
jectories, this allows to calculate the speed of the particles, which, in combination with the
momentum, enables us to identify the particle as described in Section 3.4.1. Furthermore,
the detector signals are used as an input for the CTS, described in Section 2.2.9.

2.2.6.1. The RPC Detector

The Resistive Plate Chamber
(RPC) detector covers polar an-
gles between 18° and 45°. Due
to the forward boost of the CM
in fixed target collisions, this re-
gion comprises a high track den-
sity. Thus, a detector with high
granularity as well as short dead
times is required.

2 layers

Each of the six RPC detectors

consists of two overlapping layers Figure 2.8.: Schematic view of the internal column,

with three columns of 31 individ- row and cell structure of the RPC detectors [161].
ual cells, as it is shown in Fig- -

ure 2.8. Every cell contains three 2 mm thick aluminum electrodes separated by two 2 mm
thick glass electrodes. The detector gas, which is an admixture of 90 % Freon (CoHoFy)
and 10 % Sulfur Hexaflouride (SFg) [123], is filled in 270 pm wide gaps between the alu-
minum and glass electrodes. During operation, a positive potential of ~ 6000 V is applied
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to the center aluminum electrode that acts as an anode whilst the outer two aluminum
electrodes are held at ground potential and thereby act as cathodes. When an ionizing
particle traverses the cell, it triggers an avalanche of ionization electrons in the detector
gas due to the strong electrical field and thereby induces a clear electrical signal in the
center aluminum electrode which is read out on both ends of the cell.

Since particles traverse the electrical field twice in each cell, high efficiencies of 2 95 %
are achieved. On average, the time resolution amounts to 77 ps in case of a single hit in
the detector and 83 ps in case of multiple hits in adjacent cells [68]. In polar direction the
spacial resolution of the detector is limited by the sizes of the cells which range from 2.2cm
at lowest polar angles to 5cm at highest polar angles. In azimuthal direction the sizes of
the cells range from 12 cm at lowest polar angles to 52 cm at highest polar angles. In
azimuthal direction the position of a detected hit is calculated from the delay between the
measurements on both ends of the cell resulting in a spacial resolution of up to 6 mm [63].
Because the total gas volume of the detector is small and the applied high voltage is far
above the region of linear gas amplification, the correlation between the RPC signals and
the initially deposited energy, and thereby the specific energy loss of the particles, is rather
weak. Further information on the RPC can also be found in [62].

2.2.6.2. The TOF Detector

The polar angle region between 44° and 88° is covered by the Time Of Flight (TOF) de-
tector. Every one of its six sectors consists of eight modules that comprise eight plastic
scintillator rods made from BC408 material with lengths between 1 and 2 m. The scin-

tillation light, generated by ionizing particles in the rods, is read out on both sides by
individual PhotoMultiplier Tubes (PMTSs).

The time of a hit can be averaged over the times measured by the two PMTs per rod
taking into account the time the scintillation light needs to traverse the full length of the
rod. Thus, a temporal resolution of 150 ps is achieved. The position of a detected hit along
the rod (azimuthal direction) can be calculated from the delay between the signals from
the two PMTs which results in a spacial resolution of ~ 2.5 cm in azimuthal direction. In
polar direction, the spacial resolution of the detector is limited by the widths of the rods.
They amount to 2 cm for the rods of the four innermost modules and 3 cm for the rods
of the four outermost modules (cf. [40]).

The intensity of the induced scintillation light scales with the amount of energy a particle
deposited in the scintillation material. Therefore, the signal shapes are correlated to the
specific energy losses of the particles. Since the density of the scintillation plastic is higher
than the density of the detector gas in the MDCs, the particles loose more energy, which
makes the energy loss measurement of the TOF detector more accurate than the one of
the MDC detector.
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2.2.7. The ECAL Detector

The Electromagnetic CALorimeter (ECAL) is positioned directly behind the RPC detector
and covers approximately the same polar angle region. It was used for the first time in
the analyzed Ag+Ag beam time and replaced the older PRE-SHOWER, detector. The
main purpose of the calorimeter is to detect photons, which previously could only be
reconstructed from their conversion dilepton pairs. Furthermore, the ECAL can be used
to improve the identification of measured particle tracks, especially the separation of
electrons/positrons and pions.

Every sector of the ECAL consists of 163 modules.  Each module contains a
9.2 cm x 9.2 cm x 42 cm CEREN25 lead glass block. When relativistic particles
traverse the lead glass, they deposit their energy effectively generating showers of photons
which are measured by PMTs. The total energy of the particle is then calculated from the
amplitude of the measured signal. In the analyzed Ag+Ag beam time only four of the six
sectors of the ECAL were equipped with modules resulting in an azimuthal acceptance of
~ 2/3. Further information on the ECAL can be found in [93].

2.2.8. The FW Detector

The Forward Wall (FW) detector is located 6 - 7 m behind the target and covers polar
angles between 0.33° and 7.17°. Like the full HADES experiment it is constructed symmet-
rically around the beam axis going through its center and thereby covers the full azimuthal
angle, however, it does not follow the general six-sector layout of the HADES experiment.
The main purpose of the FW detector is the measurement of the spectator protons and
light nuclei. Their azimuthal distribution is related to the angle of the event plane, which
was described in Section 1.3.4. Furthermore, the spectator’s polar distribution as well as
their amount relates to the centrality of the collision.

The FW consists of 288 quadratic plastic scintillator modules made from BC408 material
that are read out by individual PMTs. Due to the forward boost in fixed target heavy-ion
collisions, the particle density drops with increasing polar angle. Therefore, the module
size is increasing at higher polar angles to remain similar hit rates in all modules. Since
the strong irradiation of the heavy-ion beam would damage the modules, the FW has a
8 cm x 8 cm hole in its center. It is surrounded by five rings of 4 cm x 4 cm modules
(140). Around these center modules two rings of 8 cm x 8 cm modules (64) are placed
and afterwards follow 3 rings, with 12 modules missing at the edges of the outer ring, of
16 cm x 16 cm modules (84).

2.2.9. The CTS and DAQ System

The Data AcQuisition (DAQ) system of the HADES experiment collects and stores the
data of all sub-detectors. It consists of the Front-End Electronics (FEEs) of the individual
detectors, the Central Trigger System (CTS) and the Event Builders (EBs).

When a beam ion is detected by the START detector, the CTS is activated and a decision
whether the ion reacted in the target and whether the reaction is of physical relevance is
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taken. A first level trigger decision is taken based on raw detector hit information like the
amount of total hits in the META detectors. A second level trigger decision can be taken
based on detector data preprocessed by Image Processing Units (IPUs) to select events
that contain lepton candidates, however, in the heavy-ion beam times the second trigger
level is usually not used. When the CTS takes a positive trigger decision, it sends a global
reference time signal as well as the positive trigger decision to the detector FEEs. This
starts the read-out of the data from the respective detectors and sends them to the EBs
via a global gigabit switch. The EBs collect all data and finally write them to disk in the
HADES List mode Data (HLD) file format. When the FEEs have finished the read-out
and transmitted the data, they notify the CTS system. Only after all FEEs finished the
read-out and notified the CTS, the next trigger decision can be taken. Therefore, the
maximum event rate to be recorded by the DAQ is limited by the slowest FEE in the
system.

In the analyzed Ag+Ag beam time the LVL1 trigger decisions were taken based on the
sum of hits in the RPC and the TOF detector. This number is correlated to the amount
of particle tracks in the event, which corresponds to the centrality of the collision (cf. Sec-
tion 1.3.4). Two Physics Triggers (PTs) were defined. The PT2 trigger required 5 hits and
the PT3 trigger 20 hits in the RPC and TOF detector. However, to reduce the amount
of peripheral events, only every 32"! event with a positive PT2 but negative PT3 trigger
decision was recorded.

Further information on the DAQ and CTS system of the HADES experiment can be found
in [133].
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2.3. The HADES Software Framework

The software required to analyze HADES data is contained in the HYDRA (HADES
sYstem for Data Reduction and Analysis) software framework. It is entirely based on
the ROOT framework [150], commonly used in high-energy experiments, and employs a
similar modular structure. Each sub-detector of the setup has its own module containing
the classes required to decode the raw data, store parameters, apply calibrations, recon-
struct hits, store final data, simulate detector responses and further tools specifically for
the particular sub-detector. Furthermore, the framework contains global classes to con-
trol the full reconstruction process and distribute data from various sources among all
sub-processes as well as classes combining data from different detectors to final physical
objects like particle tracks. After the reconstruction process, the reconstructed objects
and information are stored in the HADES Data Summary Tape (DST) file format that
allows to perform analyses without having to run computation intensive tasks, like the
reconstruction of particle tracks, every time an analysis is run.

The following sections describe the steps required to extract information on physical ob-
jects from the detectors raw data stored in the HLD file format. Since the final data of this
process are stored in the DST file format, the whole process is also called DST production.

2.3.1. Collision Time Estimation

As stated in Section 2.2.1, the START detector is used to measure the time a beam ion
traversed the target. If the ion collides with a target nucleus, the time measured by the
START detector is used as the time the collision took place. However, due to the high
intensity of the beam, often there are multiple hit candidates in the START detector and
the correct one needs to be identified.

In the first step, the raw START detector hits, extracted from the HLD data, are calibrated
using the parameters obtained from the calibration process described in Section 3.1. Next,
the first calibrated START detector hit in a rough time window of +25 ns around the zero
point in time is selected as the preliminary hit defining the collision time. Afterwards,
the raw hit data from the META detectors RPC and TOF are calibrated and translated
to single physical hits. Multiple hits that most probably are caused by the same particle
are merged together in clusters. In the next step, the three fastest hits in the RPC and
TOF detector are selected and their times are normalized to a distance of 2100 mm to the
target region. Since the three fastest particles of a reaction most probably have velocities
close to the speed of light which amounts to roughly 300 mm/ns, their times of flight
normalized to a distance of 2100 mm has to be close to 7 ns. Finally, the three fastest
times of flight are averaged and the START detector hit closest to -7 ns, is selected as the
hit determining the most probable collision time. In case no START detector hit is found
in an interval of +2 ns around -7 ns, the event gets discarded. Multiple hits in the START
detector with a temporal difference of less than 0.5 ns were most probably caused by the
same ion. In that case their measured times are averaged.
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Figure 2.9.: Active wires projected onto the common projection plane between MDCs
I and IT or III and IV respectively. The 2D view in the left shows three clusters at the
intersection points of multiple activated wires. The 3D view in the right demonstrates
how the required thresholds to identify a cluster remove random intersections between
activated wires [32].

In the following steps, the data of the other detectors are processed and particle tracks
are reconstructed as described in Section 2.3.3. To improve the precision of the collision
time estimation further, the tracks of the most abundant particle species, namely protons
and pions, are identified by rough selection criteria. Using Equation 2.1 with their recon-
structed momenta as well as their well known rest masses [184], their expected velocities
and thereby their expected times of flight can be calculated. Finally, the measured colli-
sion time is adjusted to improve the accordance between the measured times of flight and
the times of flight calculated from the momenta according to:

f= 2 (2.1)

2.3.2. Collision Vertex Estimation

Like the collision time, the spacial position of the collision, also called primary collision
vertex, is an observable required for many subsequent measurements. Identifying a particle
using the method described in Section 3.4.1 requires the total flight length of the particle in
addition to its time of flight. As almost all particles, created in a collision, emerge directly
from the primary collision vertex, integrating a particle trajectory between the primary
collision vertex and the measured META hit, gives the total flight length of the particle.
In the HADES experiment three different methods to estimate the primary collision vertex
are used. They are sorted by increasing precision, however, they also increasing levels of
the particle track reconstruction:
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MDC-Cluster-Vertex: This vertex is determined as the first step of the track reconstruc-
tion and serves as a starting point for the cluster finding in the inner two MDCs,
described in Section 2.3.3. To determine it, a common projection plane between
MDC planes I and II is defined, as shown in Figure 2.10. For each of the 15 target
segments as well as for the START detector, the active wires from MDCs I and II
are projected to the projection plane with the corresponding positions serving as the
view points of the projections. Figure 2.9 gives an example of how such a projection
looks like. Afterwards, the resolutions of the intersection points of multiple active
wires are quantified. Finally, the target segment with the best resolution is selected
as the position of the MDC-Cluster-Vertex. Obviously, due to the applied method,
the vertex has no resolution in the xy plane and only 16 possible z positions, cor-
responding to the 15 target segments and the START detector. Nevertheless, the
found target segment matches the one found by the more precise Track-Candidate-
Vertex in most cases.

Inner-MDC-Track-Segment-Vertex: As the name implies, this vertex requires at least one
successfully reconstructed inner track segment. First, the inner track segments are
extrapolated towards the target region assuming straight tracks due to the vanishing
magnetic field in this region. Afterwards, the Inner-MDC-Track-Segment-Vertex is
determined as the average point of closest approach of all extrapolated inner track
segments. The quality of the vertex is estimated using a %> value in combina-
tion with the distances of closest approach of all inner track segments. Unlike the
MDC-Cluster-Vertex, the Inner-MDC-Track-Segment-Vertex provides non-discrete
positions in x, y and z direction.

Track-Candidate-Vertex: This vertex is estimated based on fully reconstructed track can-
didates and thereby requires the full track reconstruction to be executed in advance.
The track candidates are extrapolated towards the target region using the Runge-
Kutta parametrization from the final step of the track reconstruction procedure.
Afterwards, the Track-Candidate-Vertex is determined analogue to the Inner-MDC-
Track-Segment-Vertex as the point of closest approach of all track candidates. Ad-
ditionally, a %? value quantifying the quality of the vertex is calculated.

In general, the precision of all methods for the estimation of the primary collision ver-
tex increases with the amount of available particle tracks. Therefore, the event vertex
reconstruction is more precise for central collisions than for peripheral ones. Due to the
use of fully reconstructed tracks, which provide a precise Runge-Kutta parametrization of
the trajectory, the Track-Candidate-Vertex yields the highest resolution and is therefore
used throughout this thesis. However, the precision can be increased further during the
analysis as described in Section 3.7.
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2.3.3. Reconstruction of Particles

The reconstruction of particles involves
several steps required to deduce their prop-
erties from raw detector hits. At first, their
trajectories are reconstructed from the hits
in the four MDC planes in combination
with the known magnetic field between
plane II and III. This procedure is referred
to by the term “Tracking” and requires a so-
phisticated method to distinguish between
actual trajectories and random combina-
tions, especially in heavy-ion collisions with
large amounts of particles traversing the
detectors. Afterwards, the reconstructed
trajectories are matched with the hits in
the META detectors and the momentum
of the particle is reconstructed based on
its deflection in the magnetic field. The
full process is schematically shown as a
flowchart in Figure 2.11 and can be divided
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Figure 2.10.: Schematic view of the virtual

projection planes between MDCs I and II
or III and IV respectively. Furthermore,
the virtual kick-plane in the center of the
magnetic field region is shown as well as
a trajectory showing how the deflection in
the magnetic field can be approximated by

an instantaneous deflection at the inter-
section point with the kick-plane [32].

into four steps which will be explained in
more detail in the following sections.

2.3.3.1. Inner Clusters and Track Segments

In the first step, after the MDC-Cluster-Vertex (cf. Section 2.3.2) has been determined,
the clusters and track segments of the two inner MDC planes I and II are searched.
Therefore, the areas around each active wire corresponding to the measured drift times
are projected to the hypothetical projection plane located between the chambers, with
the MDC-Cluster-Vertex serving as the view point of the projection. Such a projection is
exemplary shown in Figure 2.9. Using the projection, the intersection points of multiple
active wires are searched. To suppress random intersections a minimum amount of active
wires contributing to an intersection point are required (Ny > Nypes). Iteratively, the
intersection point with the highest resolution not yet processed is selected as a cluster.
This process corresponds to the yellow box in Figure 2.11.

Off-Vertex-Cluster

In heavy-ion collisions most particles originate from the primary collision vertex.
Therefore, in the first iteration of the inner cluster and track segment finding rou-
tine, the MDC-Cluster-Vertex (cf. Section 2.3.2) is used as the view point of the
projection of the active wires. However, there are also charged particles created at
secondary vertices like in case of weakly decaying hadrons. Since the clusters of
their trajectories are not pointing to the primary collision vertex, they are called
Off-Vertex-Cluster. Using the standard cluster finding method, their reconstruction
efficiencies are low compared to those originating from the target region. The effi-



2.3. The HADES Software Framework 33

ciencies are increased by processing all active wires that have not been assigned to
a cluster in the first iteration of the cluster finding routine in a second iteration.
This second iteration corresponds to the orange box in Figure 2.11 and aims at
finding intersection points of multiple active wires independent from their pointing.
Therefore, first a list of all active wires that have not been assigned to a cluster in
the first iteration is created. In this list, combinations of two wires from MDC I
and two wires from MDC II intersecting each other and with a minimum angle of
40° between them, are searched. Afterwards, the line connecting the intersection
points is created and all active wires close to this line are added. If this amount
of active wires exceeds a threshold lower than the one used in the first iteration,
an Off-Vertex-Cluster is created and added to the list of all clusters found. This
procedure is repeated until no further Off-Vertex-Cluster are found.

Finally, the inner track segments are build from the identified cluster. Therefore, straight
tracks are assumed, due to the vanishing magnetic field in the region of the two inner
MDC planes. For each cluster found, an inner track segment is created and adjusted
to the spacial positions measured by the MDC wires participating in the cluster using a
x? minimization technique. The resulting %> value can afterwards be used as a quality
indicator for the inner track segment as well as the complete track created from it.

Especially the cluster and track segment reconstruction in the inner two MDC planes
suffers from fake correlations due to the high track density. To cope with these contami-
nation, dedicated fake-rejection criteria like for example the already mentioned minimum
amount of wires contributing to a cluster are applied.

2.3.3.2. Outer Clusters and Track Segments

The reconstruction of clusters and track segments in the outer MDC planes III and IV
follows the same principle as for the inner MDC planes I and II. However, due to the
deflection of the particles in the magnetic field, the primary collision vertex cannot be used
as the view point for the projection towards the common projection plane. This problem
is solved by approximating the continuous deflection of the particles in the magnetic field
by an instantaneous deflection when the particles cross a virtual plane in the center of the
magnetic field, called kick-plane, which is schematically shown in Figure 2.10. Using this
approximation, the intersection points of the extrapolated inner track segments with the
kick-plane can be used as the view points for the projection of the active wires from the
outer MDC planes towards their common projection plane.

Using these view points, the clusters in the outer two MDC planes are identified individ-
ually for each found inner track segment with the same method already used for the inner
two MDC planes. Afterwards, the outer track segments are created from the identified
clusters in the outer MDC planes, again using the same method as for the inner two MDC
planes, resulting in another %2 value that can be used as a quality indicator for the outer
track segment as well as the complete track created from it. Finally, similar fake rejection
criteria as for the inner track segments are applied to the outer track segments. The indi-
vidual combinations of an inner MDC track segment with the outer MDC track segments
found using its intersection point with the kick-plane, are now called a track candidate.
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Figure 2.11.: Flowchart of the track reconstruction procedure. The colored arrows show
how the found inner MDC track segments (red) and the found combinations of an inner and
an outer MDC track segment (blue) are accumulated in global lists. The boxes represent
the executed steps with the rounded boxes corresponding to loops. Their sequence is shown
by the black arrows, starting with the MDC-Cluster-Vertex as input for the two iterations
of the inner MDC cluster and track segment finding procedure, depicted in yellow and
orange and described in Section 2.3.3.1. Afterwards follow the outer MDC cluster and
track segment finding procedures, depicted in green and described in Section 2.3.3.2, the
matching with the META detector hits, described in Section 2.3.3.3 and the momentum
reconstruction, described in Section 2.3.3.4 which results in final track candidates.

2.3.3.3. META Hit Matching

In the next step, the reconstructed outer track segments are matched against the recon-
structed hits in the META detectors to assign time of flight measurements to the recon-
structed trajectories. Therefore, the track segments are extrapolated towards the planes of
the META detectors and the intersection points are calculated. The accordance between
an intersection point and a possible hit in the META detectors is quantified by the so
called META Match Quality (MMQ) parameter which is calculated by Equation 2.2.

dx?  dy?
2 dy

2 2
o o,

MMQ = (2.2)

In this equation dxr and dy represent the distance between the calculated intersection
point and the measured hit in the coordinate system of the plane of the META detector.
o, and o, represent the corresponding spacial resolutions of the META detector at the
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hit position which strongly depend on the position in polar direction due to the setup
of the META detectors. The resulting MMQ value can be interpreted as the distance
between the intersection point and the META hit given in standard deviations. Finally,
all combinations of outer segments and META hits with a MMQ value smaller than 10 are
accepted. In heavy-ions collision events with high hit densities in the META detectors,
further restrictions on the distance in y-direction are applied in the analyses later on.
These restrictions, which will be described in more detail in Section 3.3, are required to
reduce the amount of tracks matched with wrong META hits, since the spacial resolution
of the META detectors in y-direction is limited solely by their cell sizes. Similar procedures
are also used to match the outer segments with the hits in the ECAL detector and the
inner segments with the centers of the rings, measured by the RICH detector.

2.3.3.4. Momentum Reconstruction

The momentum of a charged particle is reconstructed from its deflection in the magnetic
field. Using Equation 2.3 [184| the momentum of a particle p can be calculated from
its deflection radius R, its charge number z, its pitch angle to the magnetic field A and
the magnetic field strength B. Since only the sign of the charge number can be deduced
from the direction of the deflection, but not its absolute value, an absolute charge of 1
is assumed for all particle tracks. Therefore, the reconstructed momentum is actually
the momentum over charge ratio p/z, which needs to be considered for particles carrying
multiple elementary charges like Helium or Lithium nuclei.

pcos A = zeBR (2.3)

In the HADES experiment three different methods are used to calculate the momentum
of a particle from its reconstructed trajectory. In the following, the three methods are
explained, sorted by increasing precision, however, they also increase in the required com-
putational power:

Kick-Plane Method: This method is the most simple and fastest approach to estimate
the momentum of a charged particle track. It utilizes the same approach used to
determine the view points for the reconstruction of clusters and track segments in
the outer two MDC planes III and IV, as described in Section 2.3.3.2. Therefore,
the continuous deflection of a particle in the magnetic field is approximated by a
single instantaneous deflection as the extrapolated trajectory crosses the kick-plane
located in the center of the magnetic field as shown in Figure 2.10. Unfortunately,
due to the strong inhomogeneity of the magnetic field, the momentum resolution of
this method is limited, which requires more sophisticated methods.

Cubic Spline Method: This method is an extension of the kick-plane method, providing
a higher precision in the reconstruction of the momenta. Using the intersection
points of the inner and outer track segments with the center planes of the four MDC
detectors, the trajectory in the region of the magnetic field between MDC plane
IT and IIT is interpolated using a cubic spline model. Afterwards, the trajectory
between MDC plane II and III is divided into 49 segments of equal length and the
continuous deflection of the particle is approximated by 50 instantaneous deflections
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at the edges of these segments. Using the analytic derivative of the cubic spline at
these points together with a precise map of the magnetic field, allows to calculate the
momentum for each of the 50 points individually. The final momentum is obtained
by averaging the 50 individually reconstructed momenta and applying systematic
corrections obtained from simulations. Although the obtained momenta are more
precise than the ones of the kick-plane method, some effects like the non-toroidal
magnetic field geometry close to the edges of the sectors where the coils sit, or the
remaining magnetic field in the regions of the inner and outer track segments are not
taken into account. This makes the more accurate Runge-Kutta method necessary,
especially for low momenta particles.

Runge-Kutta Method: This method provides the highest precision of all methods for the
momentum reconstruction implemented for the HADES experiment and is therefore
the standard method used in high-end analyses. However, it also requires the most
computational power compared to the other methods. It utilizes the Runge-Kutta
method [124, 157] to solve the differential equation of motion of a charged particle
over the complete spacial range of its trajectory numerically. The Lorentz force is
hereby calculated using the three dimensional map of the magnetic field together
with the estimated momentum. Afterwards the accordance between the Runge-
Kutta trajectory and the measured hits in the four MDC detectors is quantified by
a %’ technique yielding the y’grk value. In an iterative y? minimization procedure,
starting with the results from the cubic spline method, the momentum is adjusted so
that the measured MDC hits are best described by the Runge-Kutta trajectory. Fur-
thermore, the final ¥’rk value can be used as a quality indicator for the momentum
reconstruction as well as the complete track reconstruction.

Further information on the reconstruction of particle tracks as well as the momentum
determination methods in the HADES experiment can be found in [32].

2.3.4. Simulated Events

The term “Simulated Events” refers to events consisting of particles with known properties
generated according to a given model for which the responses of the detectors are simu-
lated and that pass through the same reconstruction procedure like the experimental data.
In the analysis of experimental data they are of great importance since the comparison
of initially generated particles with the particles finally reconstructed allows to deduce
properties of the detector and the applied procedures that cannot be deduced from experi-
mental data. These properties include but are not limited to the spacial acceptance of the
detectors, inefficiencies due to the limitations of the detectors and the electronics as well
as the efficiencies and resolutions of the applied reconstruction and analysis procedures.
However, the generation of simulated events that match the properties of experimental
data is challenging.

For the HADES experiment primarily two generators for simulated particles are used.
Both of them are based on the Monte-Carlo (MC) method to generate randomized results
that fulfill given criteria on average. In the following, they will be shortly introduced:
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Figure 2.12.: Flow chart of the steps to produce DSTs prepared for further analyses
from experimental data (blue), Pluto particles (red) and UrQMD events (green). The
features of DSTs with Pluto particles embedded into UrQMD simulations (yellow) or into
experimental data (purple) are discussed in Section 2.3.4.

The UrQMD Transport Model: For the HADES experiment version 3.3p2 of the Ultra rel-
ativistic Quantum Molecular Dynamics (UrQMD) event generator is used to simu-
late the reactions occurring in the collision of two nuclei with given energies using
a microscopic transport approach. Information on the underlying methods and im-
plementations as well as the capabilities and limitations of the model can be found
in [59, 69].

The Pluto Particle Generator: Unlike the UrQMD event generator, Pluto does not simu-
late the underlying reactions leading to a final state, but only the final state itself
by assuming the particles to be emitted from a source with a given kinematic dis-
tribution. Furthermore, for unstable particles it can be specified via which decay
channels and with which branching ratio they are supposed to decay for which also
the daughter particles are simulated. Further information on the underlying meth-
ods and implementations as well as the capabilities and limitations of the generator
can be found in [91].

The use of purely simulated events poses some problems: Due to the complicated underly-
ing processes, the kinematic distributions of the particles are usually unknown. Limitations
of the generator can influence the generated particle species, like for example UrQMD does
not generate any nuclei in the final state. In a realistic simulation rarely produced par-
ticles, like particles containing strangeness at HADES energies, or rare decay channels,
like the dilepton channel of vector mesons, occur also rarely. Thus, they do require large
amounts of simulated events to gain a significant amount of the process of interest in the
analysis.
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These problems are dealt with by using Pluto to generate purely the specific particle
or decay channel of interest with a given kinematic distribution and embedding one of
this particle into each simulated UrQMD event. Unfortunately, for the previous Au+Au
dataset it was shown that using this method the simulated reconstruction efficiencies
of particle tracks involving an Off-Vertex-Cluster (cf. Section 2.3.3.1) are significantly
higher than expected from particle tracks not involving Off-Vertex-Cluster [170]. These
observations were confirmed in the analyzed Ag+Ag data. It was concluded that these
problems are a result of several sources of spurious particles present in experimental data
but not taken into account in purely simulated events. Therefore, a procedure to embed
the particles generated by the Pluto event generator into experimental events has been
developed.

Figure 2.12 shows the processes conducted to produce the three kinds of DSTs (experi-
mental events and Pluto particles embedded into either experimental or UrQMD events)
schematically. Experimental data are first processed by the so called Unpackers that con-
vert the raw bytestream from the detectors FEEs stored in the HLD files (cf. Section 2.2.9)
into information on the hits detected by the individual sub-detectors. Afterwards, detector
specific calibration procedures are applied to the raw hit information by the Calibrators.
The resulting information are then processed by the track reconstruction procedure already
described in Section 2.3.3.

In case of simulated particles, first the interactions of the particles in the detector mate-
rial as well as the magnetic field are simulated. Therefore, the HGeant package, based
on the GEometry And TRacking (GEANT) 3.21 package [73], comprising the full three
dimensional geometry of the HADES detector system as well as all used materials and
their properties, is used. The package samples all processes occurring when a particles
traverses the detector system, like interactions with matter (e.g. energy loss or multiple
scattering), the interaction with the magnetic field due to the Lorentz force, but also the
decays of unstable particles, using a Monte-Carlo approach. After the interactions have
been simulated for Pluto and UrQMD particles independently, they are merged to gen-
erate simulation data with Pluto particles embedded into UrQMD events. In the next
step, the detector hits in the sub-detectors are generated from the interactions simulated
by GEANT with the help so called Digitizers by mimicking the response behavior of the
detector as well as the connected electronics. In case of Pluto particles embedded into
UrQMD events, the resulting hits are now processed by the same event reconstruction
procedure that is used for experimental data. In case of Pluto particles embedded into ex-
perimental events, the simulated hits of the Pluto particles from the Digitizers are merged
with the calibrated hits of experimental data from the Calibrators taking into account
specific detector properties like resolutions to decide whether two hits need to be merged
into one. Afterwards, the hits are also processed by the event reconstruction procedure.

For simulated particles, the original particle properties are transported through the com-
plete chain of simulation and reconstruction steps. Since they finally are processed by the
exact same event reconstruction procedure as experimental events, the differences between
experimental and simulated events are limited to differences between the used event gen-
erator and reality as well as the accuracy of the simulation of the detector responses. The
accordance between experimental and simulated events will be discussed in Section 3.3.
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2.4. The March 2019 Ag+Ag Beam Time

In March 2019 the HADES collaboration conducted a measurement campaign, also called
“beam time”, of heavy-ion collisions. '°"Ag ions were impinged on the Silver target, de-
scribed in Section 2.2.2, which is made of natural Silver [127], consisting of 51.8 % 17Ag
and 48.2 % "%Ag [65] isotopes. The measurement campaign was split into three differ-
ent phases of datataking for physics analyses as well as additional datataking periods for
commissioning and calibration purposes. The specifications of the different phases are
summarized in the following Table 2.1:

Property Phase 1 Phase 2 Phase 3
Collision system W7Ag + 07Ag (51.8 %) and 97Ag + 'YAg (48.2 %)
Beam energy 1.58A GeV 1.23A GeV
Beam intensity 1.5 - 3.5 MHz
Magnet current 3200 A 2500 A 200 A
Duration 430.9 h 39.1h 6.3 h
Events recorded 13.64 x 10° 1.32 x 10° 0.24 x 10°
Mean event rate 8.8 kHz 9.4 kHz 10.7 kHz
Data recorded 333.6 TB 29.3 TB 5.5 TB
Mean data rate 215.1 MB/s 208.2 MB/s 239.9 MB/s

Table 2.1.: Specifications and characteristics of the three phases of the March 2019
measurement campaign.

With a grand total of 15.28 billion recorded collisions and 368.1 TB raw data including
commissioning and calibration data, the March 2019 beam time comprises the largest
amount of data ever collected by the HADES collaboration in a single beam time. In the
analysis described in this thesis only data from the major phase 1 of the beam time are
analyzed. The trigger settings used for the datataking are described in Section 2.2.9.

The experimental data are recorded in blocks of events, so called runs. For the March
2019 beam time one of these runs contains on average 450,000 events corresponding to 50
seconds of datataking. In total 32966 runs were recorded. In the procedures described
in the following Chapter 3 data collected within such a run are often used to study the
performance of the detector system over the whole beam time. Furthermore, since it is
almost impossible to ensure a constant performance over the full duration of the beam
time of almost an entire month, many methods are applied on single runs in order to take
performance variations of the detector system into account. Therefore, it is assumed that
all performance changes within the duration of one run are negligible.
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3. Analysis Methods

In this chapter all methods and procedures required to perform the physics analyses, which
will be described in Chapter 4, are explained. These include the filtering of events and
tracks, the identification of particles, the estimation of the centrality of the collision as
well as further methods specifically for the reconstruction of weakly decaying particles.
Additionally, the calibration procedure for the START detector required to assure precise
reaction time measurements is described in the following Section 3.1.

3.1. START Detector Calibration

The calibration procedure of the START detector can be split into two steps: First,
the constant delays! between all strips of the START detector and all pads of the VETO
detector are compensated by individual offsets. In the second step, the offsets are adjusted
for each run of the beam time individually making use of the measured times of flight and
momenta of © tracks. After this calibration the the START detector reaches a time
precision of approximately 50 ps (o).

The primary aim of the first step of the calibration procedure is to compensate constant
delays between the strips of the START detector and the pads of the VETO detector such
that all measured times can be correlated to each other. One of the most dominant source
of delays between the strips and pads are differences in the length of the wires that connect
the detector with its FEE. At an electrical signal speed of approximately 2/3 of the speed
of light, which corresponds to ~ 20 cm /ns, divergences of only a few millimeter in the wire
lengths result in non-negligible delays due to the signal transmission times. Furthermore,
different thresholds to suppress electrical noise as well as different amplifications in the
strips and pads lead to delays of the measured times. This is a consequence of signals with
low amplitudes needing more time to exceed a certain threshold than signals with high
amplitudes, in the following also referred to as time-walk effect. Fortunately, if a single
strip of the START detector or pad of the VETO detector is considered the time-walk
effect between the signals of different beam-ions can be neglected since all beam-ions have
the same charge and energy and thereby induce similar shaped signals.

The calibration is executed in the following way: First, all START and VETO hits within
an event are collected and the delays between the START and VETO hits are calculated.
For each possible combination of a START strip with a VETO pad the distribution of
these delays is plotted. The distributions show a peak structure as a result of correlated
START and VETO hits caused by the same beam-ion and a continuous background as
a result of uncorrelated hits caused by different beam-ions. Next, the most abundantly
hit strip of the START detector is searched. For the analyzed Ag+Ag beam time this
is strip 3 in x-direction. For the eight delay distributions corresponding to the eight

!Differences between the measured times when a single beam-ion is detected by multiple strips or pads.
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Figure 3.1.: Delays between the eight most abundantly hit strips in x-direction of the
START detector and the most abundantly hit pad 4 of the VETO detector. The left plot
shows the distributions before and the right plot after the first step of the START detector
calibration procedure has been applied.

VETO pads and the single selected START strip, the most probable value of the peak
structure is determined using a Gaussian fit function. These values are used as offsets
to compensate the constant delays between the VETO pads and thereby constitute the
calibration for the VETO detector. Afterwards, the procedure is repeated conversely to
determine the calibration offsets for the START strips: First, the most abundantly hit pad
of the VETO detector (Pad 4 in the analyzed Ag+Ag beam time) is determined. Now,
the most probable values of the delay distributions of the various START strips with this
single selected VETO pad are determined and used as offsets to compensate the delays
between the START strips.

Figure 3.1 shows the delay between the START and VETO hits along the y-axis for
the eight most abundantly hit START strips in x-direction on the x-axis and the single
selected VETO pad 4 used to determine the calibration offsets for the START strips. The
distributions before the calibration procedure is applied are shown in the left and the the
distributions afterwards in the right. In both plots the peak structures due to correlated
START and VETO hits as well as the uncorrelated background are clearly visible. The
applied calibration offsets compensate the delays between the various START strips in
general. However, some START strips (e.g. strip 0) show a second peak structure at least
one order of magnitude less abundant than the primary peak structure and shifted by 5 ns.
Furthermore, if one investigates the peak structures precisely, one notices sub-structures.
Both effects can be attributed to changes in the detector performance over time which
are not accounted for in the first step of the START detector calibration. Nevertheless, a
time precision of ~ 110 ps (o) is achieved on average after the first calibration step.
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Figure 3.2.: Average temporal difference between times of flight measured by the RPC
detector and times of flight calculated from the measured momentum for © tracks for
each run of the whole beam time. Only the eight most abundantly hit strips in x-direction
of the START detector are shown. The upper two rows show the differences before and
the lower two rows after the second step of the START detector calibration procedure has
been applied.

To improve the precision of the time measurement further, changes in the detector per-
formance over time, that generate the previously mentioned sub-structures as well as the
shift of the secondary peak (see Figure 3.1), need to be taken into account. These perfor-
mance changes are a result of changing delays due to the time-walk effect when the signal
thresholds or the amplification voltages are changed. Such changes are inevitable in order
to keep the required detection efficiency although the crystal structure of the detector
gets damaged by the irradiation from the heavy-ion beam. Furthermore, also temperature
changes in the detector material or its FEE can lead to non-negligible delays. To compen-
sate for such effects, in the second step of the START detector calibration procedure the
offsets for the START strips are adjusted individually for each run using the measured
momenta of t tracks.
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Without a proper reaction time measurement, the identification of particles using the
method described in Section 3.4.1 is impossible. © tracks however can be identified re-
quiring just a negative polarity and a momentum larger than 300 MeV /c as contributions
from other charged hadrons are negligible small under those selections. As the RPC detec-
tor provides a better time resolution than the TOF detector, only 1= measured in the RPC
detector are taken into account. Using Equation 2.1 the speed of the identified n= tracks
is calculated from the nominal pion mass [184] and the measured momentum. Together
with the length of the reconstructed trajectory between the primary event vertex and the
META detector hit, the expected time of flight is calculated. Next, the distributions of the
differences between the actually measured time of flight and the calculated time of flight
are created for each strip of the START detector and each run of the beam time. Like in
the first step of the calibration procedure, the means of those distributions are determined
using a Gaussian fit function and are used as additional offsets for each run individually.
Together with the offsets determined in the first step, the calibration parameters for the
START detector are now complete.

Figure 3.2 shows the offsets determined in the second step of the START detector cal-
ibration procedure. Each of its panels represents one of the eight most abundantly hit
strips of the START detector in x-direction. The offsets off all runs of the beam time are
given by the small red dots with their position within the beam time on the x-axis. The
upper two rows show the offsets finally used for the calibration. One clearly sees that all
strips of the START detector show comparable trends since in most cases the conditions
of all strips of the detector change simultaneously. As a cross check and in order to deter-
mine the final temporal precision of the detector, the offsets are recalculated after the full
event reconstruction procedure has been repeated with the final calibration parameters.
These offsets are displayed in the lower two rows of Figure 3.2. Ideally, they should all
show exactly 0. However, since in the event reconstruction procedure many criteria are
defined relative to the measured reaction time, the sample of ©~ tracks changes which is
why the determined offsets get smeared around 0 by statistical fluctuations and the reso-
lution of the measurement. Nevertheless, the plots show that the procedure successfully
compensates fluctuations in the performance of the START detector over the beam time.

Finally, after the full calibration procedure for the START detector has been applied a
time precision of Aty < 50 ps (o) is achieved on average. This result falls in line with
the temporal resolution determined for the previous Au+Au beam time in which a similar
detector setup like for the analyzed Ag+Ag beam time was used [145].
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3.2. Event Selection Criteria

The triggered and recorded collisions, called events in the following, are tainted by events
that have to be excluded from the physics analyses for various reasons. The following list
gives some examples:

e Peripheral events: The size of the hot and dense phase created in a collision
scales with the number of participating nucleons and thereby with the centrality of
the collision. Therefore, central events are of greater importance than peripheral
ones for analyses aiming to study the hot and dense phase.

e Events that cannot be analyzed by the standard reconstruction methods:
Events for which an important information, like the reaction time, measured by the
START detector, is missing. In this case the flight times of charged particles and
thereby their masses cannot be deduced by the standard method (cf. Section 3.4.1).

e Events originating from reactions outside the target: These occur when
beam-ions react with material like the START detector or the mounting structure
of the target. Since these materials contain mostly Carbon, a significant proportion
of events from the Ag+Ag beam time were actually Ag+C collisions.

e Events including particles from more than one collision (Pile-Up): In case
two reactions occur shortly after each other, the detectors are not able to distinguish
between particles from one or the other reaction. Therefore, the particles cannot
be clearly assigned to the two reaction times which hampers proper time of flight
measurements or to the two primary event vertices which strongly influences the Off-
Vertex-Topology parameters described in Section 3.6. Furthermore, due to the larger
amount of particles measured simultaneously, the efficiencies of both the detectors
and the reconstruction procedures suffer. Such events are mostly caused by quick
intensity fluctuations of the heavy-ion beam.

e Events in which a part of the detector system was not operational: Prob-
lems with parts of the detector systems causing slightly lowered efficiencies do not
bias the physics results since the simulations are tuned to reproduce the average
efficiencies of the detector systems. However, if a significant part of the detector
system fails the influences are not averaged out which is why the affected events
need to be removed.

Problematic events are identified in two steps: In the first step, nine predefined quality
criteria are applied. Afterwards, the average amounts of the most abundant hadrons, ",
n" and protons, as well as e” and e per event are calculated for each sector and each run.
In case one of these averages diverges more than a fixed proportion from the corresponding
daily average, all events from this run are not used in the analyses later on. This procedure
will be described in more detail in Section 3.2.1.

The following list defines the nine quality criteria used in the first step of the event selection
procedure. They are listed in the same order like in Figure 3.3 which shows the proportions
of events remaining accepted after applying the criteria sequentially and the proportion
of events rejected by each criterion.
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Figure 3.3.: Event reduction by the various criteria to discard problematic events. The
green bars show the amount of events accepted after the corresponding selection criteria
have been applied sequentially, the red bars show how many events are removed. The plot
was generated with a sub-sample of ~ 54 million recorded events which are representative
for all events analyzed in this thesis.

e Physics Trigger 3: As the name implies, this criterion requires a positive PT3
Trigger decision as a first pre-selection of central collisions. In the analyzed beam
time, the PT3 Trigger requires 20 hits in the RPC and TOF detector which is fulfilled
by the ~ 55% most central Ag+Ag events. A more accurate centrality estimation is
performed using the method described in Section 3.5 later on.

e Good START Hit: This criterion requires that both steps of the collision time
estimation, described in Section 2.3.1, succeed. The first step of the procedure is
considered successful if a preliminary START detector hit is found. The second step
is considered successful if in addition a START detector hit inside the defined £2 ns
window is found. The purpose of this criterion is to reject events in which the flight
times of charged particles cannot be determined by the delay between their META
hit and the selected START hit. Knowing the flight times of charged particles is
required to identify them via the method described in Section 3.4.1.

e Good Cluster Vertex: This criterion is based on the MDC-Cluster-Vertex, which
is determined as described in Section 2.3.2. It requires a successfully estimated event
vertex with a position corresponding to one of the 15 target segments. Thereby,
events, in which a Ag+C or Ag+Au reaction took place in the START detector,
are almost entirely removed. This is necessary, because the centrality estimation,
described in Section 3.5, assumes pure Ag+Ag events. Furthermore, since these colli-
sion systems are asymmetric, particles emerging from them have different kinematic
distributions and therefore bias the physics results.
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e Good Candidate Vertex: This criterion is strongly correlated to the previous
one since it also rejects events from outside the target region by the estimated
primary vertex. However, it utilizes the more precise Track-Candidate-Vertex whose
estimation procedure is also described in Section 2.3.2. The criterion requires a
successfully estimated vertex with a z-coordinate larger than -70 mm which roughly
corresponds to the region of the target.

e No additional START Hit: This criterion is used to reject events in which mul-
tiple beam ions reacted in the target less than 15 ns after each other. In such events
it is difficult to disentangle the particles of the different collisions. Thereby, it is
also difficult to assign appropriate flight times to the particles which biases the par-
ticle identification method described in Section 3.4.1. The rejection is achieved by
requiring that in a time window of +15 ns around the START detector hit, selected
as described in Section 2.3.1, no further START detector hit was recorded. Since
a single beam ion, traversing the START detector, can induce multiple hits due to
crosstalk between adjacent channels as well as the two sides of the START detector
which are treated independently, hits within a time window of £+0.5 ns around the
selected hit are accepted.

e No VETO Hit: This criterion requires that in the same time window used by
the previous criterion of +15 ns around the selected START detector hit no VETO
detector hit was recorded. Since only beam ions that did not react in the target
are measured in the VETO detector and an event is only recorded when a Physics
Trigger (cf. Section 2.2.9) decides that a reaction took place, this situation implies
that at least two beam ions traversed the START detector shortly after each other.
If, however, only one of them is detected due to detector inefficiencies, it cannot
be guaranteed that exactly this ion reacted in the target and thereby the correct
reaction time was measured.

e Good START VETO: This criterion is used to ensure that the detector signals
of a collision that triggered an event are not tainted by detector signals from a
secondary reaction that occurred later in time. Therefore, events in which a second
reaction took place before all sub-detectors were read out need to be identified. This
is achieved by identifying all START detector hits in a time window of 15-350 ns after
the selected START detector hit and requiring each of them to have a correlated
VETO detector hit within £2 ns around them.

e Good START META: This criterion has the same purpose as the previous one,
but uses META detectors hits instead of VETO detector hits. This is advantageous
as the presence of late hits in the META detectors proves that there is a contami-
nation actually inducing detector hits. To identify the problematic events, first all
START detector hits in a time window of 80-350 ns after the selected START de-
tector hit are identified. Afterwards, all META detector hits measured in a time
window of 7-12 ns after one of these secondary START detector hits are counted.
Finally, the event is rejected if this amount exceeds the threshold of 4 hits.
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e No Flash MDC: During the analysis of the Ag+Ag data it turned out that in some
events almost all sense wires from one or more MDC chambers recorded hits. Such
large amounts of active cells are unphysical and render an accurate reconstruction
of MDC track clusters as described in Section 2.3.3 impossible, which is why these
events need to be identified and removed. In further investigations it turned out
that these commonly show low times over threshold and occur over the full recorded
range of time, even prior to the trigger signal. Therefore, in order to reject these
events with noise without biasing real events, the amount of activated sense wires
with a time over threshold of less than 30ns that occurred earlier than 5 ns before
the trigger signal are counted for each MDC chamber. Finally, in case a threshold
of 20 is exceeded in one chamber, the event is removed (cf. [141]).

As it is shown in Figure 3.3 applying all of these nine criteria sequentially rejects approx-
imately 50% of all events. The largest fraction of events is rejected by the Good Cluster
Vertex criterion which primarily rejects Ag+C events from the START detector. Using
Monte-Carlo Glauber-Model calculations, described in Section 3.5, it can be estimated
that approximately the 25% most central Ag+C reactions fulfill the PT3 trigger condition
and are thereby recorded by the HADES DAQ system.

The second largest proportion of events is rejected by the Good START VETO criterion.
The reason therefore are primarily fluctuations in the ion rate of the heavy-ion beam
within milliseconds, also called micro-spill-structure, leading to multiple ions traversing
the experiment shortly after each other. This situation increases the probability of multiple
collisions overlapping in time and more events need to be discarded. However, since the
criterion requires a VETO hit, also actually unproblematic events are rejected if the VETO
detector did not detect an beam-ion due to inefficiencies.

In addition, to clearly identify time ranges in which the reconstruction of particle tracks
was influenced by problems in any of the involved sub-systems, a second step of selecting
events, which will be described in the following Section 3.2.1, is required.

3.2.1. Run-wise Sector Selection

The aim of the run-wise sector selection is to determine the performance in measuring
and reconstructing particle tracks for each of the six sectors in each run individually.
This allows to identify and reject ranges of time in which a part of the detector system
showed a significant diverging performance which cannot be accounted for in simulations
and thereby also in the estimation of reconstruction efficiencies.

The performance of the track reconstruction is determined using the amount of tracks
corresponding to the most abundant hadron species, namely protons, =~ and n, as well
as tracks identified as either e” or e tracks. The hadron tracks are identified using the
corresponding 3o regions in the momentum-velocity-plane, which are obtained as described
in Section 3.4.1, on top of the standard track selection criteria, described in Section 3.3.
The e and e tracks are identified by requiring a successfully matched ring, measured in
the RICH detector, in addition to the standard track selection criteria. Furthermore, a
velocity B larger than 0.9 is required and the squareroot of the sum of the squared angular
divergences in azimuthal and polar direction between their trajectory and the center of the
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Figure 3.4.: Average amount of = (upper left), == (upper right), Protons (lower left)
and e"e (lower right) per event, run and sector. Every dot represents one run and the
different colors represent the six sectors. The full lines correspond the daily averages
and the dotted lines correspond to the borders used to select/discard the sectors in the
corresponding runs.

matched RICH ring must not exceed 2°. Using these identification criteria, the average
amount of the four particle species per event is calculated for each run as well as each day
of the beam time for each of the six sectors individually.

The panels of Figure 3.4 show these averages for the different sectors (colors) over the
beam time (x-axis). For all particle species the second half of the beam time shows slightly
larger averages than the first half. This can be related to an observed improvement in
beam quality [100] combined with an improvement of the stability of the detector system.
In the simulations these changes are averaged out. Next, the decision whether a sector
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performed well in a run is taken by comparison of the averages of the individual runs
with the corresponding daily averages. To account for statistical fluctuations as well as
small performance changes which can be averaged out by the simulations, the averages of
protons, 1" and © tracks are allowed to have relative divergences of &7 %. Due to their
lower absolute rates, the e” and e tracks show larger statistical fluctuations. Therefore,
relative divergences of up to 10 % are accepted. In the subfigures of Figure 3.4 the
dotted lines indicate the allowed divergences from the daily averages.

If none of the four particle species exceeds their allowed relative divergence per run, data
from this sector are accepted and taken into account in the physics analyses. However,
in the reconstruction of short-lived particles via their decay products, the performance
in a region of space corresponding to one sector is also influenced by the performances
of the adjacent sectors. As a consequence of that all runs in which one or more sectors
are rated not performing well are excluded from physics analyses to preclude any bias on
the performance of the analyses. Using this condition on top of the nine event selection
criteria described previously, another 6.9 % of all events are discarded.
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3.3. Track Selection Criteria
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on how two track candidates

with at least one common component can be created are displayed in Figure 3.5. In case
A the two track candidates share a common inner track segment but are built from indi-
vidual outer track segments and META hits. This case appears not only randomly as a
result of the limited spacial resolutions, but also for e"e pairs created in the conversion
of a high energy v. Those pairs have small opening angles in the laboratory system, but
get separated by traversing the magnetic field due to their opposite charge. In case B the
track candidates share their inner track segment and their META hit but are build from
different outer track segments. In case C a single combination of an inner and an outer
track segment is matched to two META hits. This case appears mostly due to the limited
spacial resolution of the META detectors. It is an exceptional case as the two candidates
can only be separated by their META matching quality but not by their tracking quality
parameters. Case D represents the opposite of case C, here two completely independent
combinations of an inner and outer track segment are matched to the same META hit.
Note that besides these four exemplarily cases there are further possibilities of how track
candidates might share one or more of their components.

META Hit 2 Inner Seg. 2 Outer Seg. 2

Since in most cases at least one of the track candidates with one or more common com-
ponents is unphysical, a procedure to identify and reject them is required. First, all
track candidates for which a step of the track reconstruction procedure (cf. Section 2.3.3),
namely inner track segment reconstruction, outer track segment reconstruction, META
hit matching or Runge-Kutta momentum reconstruction, failed or that fulfill a (fake)
rejection criterion, are removed. Next, the track candidates are required to have a Runge-
Kutta tracking quality y’rk of less than 1000 and a MMQ value of less than 3. Besides
that all track candidates with a time of flight of more than 60 ns, which corresponds
to a velocity &~ 0.11 for the shortest tracks in the HADES detector, are rejected. Fi-
nally, a further criterion on the matching between the META hit and the track is applied.
This criterion accounts for the fact that the META detectors have no spacial resolution
besides the sizes of the RPC cells or widths of the TOF rods in y-direction of their coor-
dinate system, which roughly corresponds to the polar direction of the laboratory system.
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Figure 3.6.: Mass (upper panel), x’rk (lower left) and MMQ (lower right) spectra from
experimental data after all event selection criteria (cf. Section 3.2) and UrQMD simulations
separately for all tracks accepted and all tracks rejected by the track selection procedure
described in Section 3.3. The mass spectra are normalized to the amount of events and the
track quality parameter spectra to the corresponding amounts of tracks. The experimental
spectra show a subset of all events which is representative for the beam time.

For this criterion, the distance in y-direction of the META detector coordinate system
between the border of the cell of the META hit and the intersection point of the extrapo-
lated Runge-Kutta trajectory and the META detector plane is calculated. If this distance
exceeds a maximum value, the track candidate is rejected. To account for the stronger
deflection of low momenta particles in the magnetic field, which renders the extrapolation
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using the Runge-Kutta trajectory less precise, the maximum is calculated for each track
candidate individually. It ranges from =~ 6 cm for tracks with very low momenta to 4 mm
for tracks with high momenta.

After these preselection criteria are applied, the remaining track candidates are sorted
by increasing y’rk value. Iteratively, the track candidate with the lowest y’grx value is
selected and all track candidates which share one or more components with this selected
candidate are rejected. This is repeated until all track candidates have been either selected
or rejected assuring that among the selected track candidates each track component is only
used once. Finally, the minimum tracking quality is increased by rejecting all remaining
track candidates with a y’rk value larger than 400.

Figure 3.6 shows the distributions of the particle masses calculated according to Equa-
tion 3.1 in the upper panel, the distributions of the track quality parameter y’gx in the
lower left and of the parameter MMQ in the lower right. The distributions of tracks pass-
ing the track selection procedure are shown in green for real data and red for UrQMD
simulations. The cyan distributions corresponds to tracks from real data rejected by the
track selection procedure and the violet distribution to according tracks from UrQMD
simulations.

The mass distribution of accepted tracks from real data shows clear peaks at the nominal
mass of the charged hadrons =, =", K" and protons as well as the nominal mass over
charge ratios of the light nuclei *He, Deuterons, *He and Tritons. At the K mass no
peak is visible because it is overshooted by the background of low quality © tracks.
The Helium nuclei are measured at the half of their nominal mass since they are double
charged and only the momentum over charge and thereby the mass over charge ratios
can be measured. In the according distribution from UrQMD simulations, the charged
hadron peaks are visible at the same positions and with similar magnitudes. However, the
distribution shows no peaks for the light nuclei since the UrQMD model does not simulate
the clustering of protons and neutrons which is also why the proton peak from UrQMD
simulations overshoots the one from real data. Besides that, a high accordance between
real data and UrQMD simulations is observed. Looking at the mass distributions of the
rejected tracks, one observes similar peaks as for accepted tracks, however, with lower
magnitudes and much more track laying in the unphysical mass regions between them.
This proves that although the track selection procedure rejects a proportion of correct
tracks, it significantly reduces the amount of unphysical tracks which cannot be assigned
to one particle species. Comparing the distribution from real data with the one obtained
from UrQMD simulations again shows a high accordance.

Concerning the distributions of the track quality parameters x’*gx and MMQ it is shown
that the rejected tracks are of significantly worse quality than the accepted ones. Further-
more, the distributions of both parameters show a strong accordance between real data
and UrQMD simulations after the selection is performed although on average the quality
of real data tracks is slightly lower than in case of UrQMD simulation tracks. This needs
to be taken into account in the following analyses, however, it can be concluded that the
UrQMD simulations reproduce the measured spectra after applying the track selection
procedure fairly well.
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3.4. Particle ldentification

The Particle IDentification (PID) is primarily performed via two independent methods
which will be described in the following. The first method, described in Section 3.4.1,
utilizes the measured momentum over charge ratios as well as the measured times of flight
to calculate the mass over charge ratios of the particles and thereby identify them. This
method is sufficient for particles with a unique mass over charge ratio and whose signals
are negligibly contaminated by background. For all other particles the measured specific
energy loss in the detector materials needs to be considered additionally as described in
Section 3.4.2.

3.4.1. Particle ldentification via Time of Flight

Equation 3.1 allows to calculate the rest mass of a particle from its momentum and its
velocity. The momenta of the measured particles are deduced using the Runge-Kutta
method, as described in Section 2.3.3.4 and the velocities are calculated from the lengths
of the trajectories in combination with the times of flight measured by the RPC or TOF
detector. Since the deduced momenta are actually the momentum over charge ratios of
the particles, also the calculated masses are actually the mass over charge ratios.

If the measured velocity exceeds the speed of light due to measurement uncertainties,
Equation 3.1 yields an imaginary mass. In these cases, the absolute value of the calculated
mass is taken. This corresponds to replacing the measured velocity faster than the speed
of light $~1 by a velocity slower than the speed of light S.; calculated according to

Equation 3.2.

1
9_ _L

2
6>1

6<1 =

(3.2)

Figure 3.7 shows the distribution of the measured momentum over charge ratios and
velocities for all reconstructed charged particles that passed the track selection procedure
described in Section 3.3. The solid lines correspond to the nominal mass over charge ratios
of all charged particles directly measured in the HADES detector. Besides the K~ which
is rarely produced and thereby exceeded by background, the distributions of all plotted
particles species are visible.

The primary aim of this method is to determine the standard deviation of the distributions
in the momentum-velocity-plane corresponding to the different particle species using a
Gaussian function. All tracks withing +no are then identified as the respective particle
species. The standard deviations correspond to the resolution of the mass measurement
as a consequence of the resolutions of the momentum- and velocity measurement. These
resolutions are strongly correlated to the absolute momentum and velocity of the tracks
since both the momentum and velocity measurements are more accurate for slow particles
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Figure 3.7.: Momentum over charge versus velocity distribution of reconstructed charged
particles. The solid lines correspond to the nominal mass over charge ratios of various
particle species taken from [184] and the dotted lines correspond to a various values of the
newly introduced quantity a. The plot shows a subset of all events which is representative
for the beam time.

than they are for fast ones. Furthermore, the resolution of the velocity measurement
depends on whether the time of flight was measured by the RPC or the TOF detector
since they have different time resolutions. Therefore, the determination of the standard
deviations in the momentum-velocity-plane has to be performed differentially over the full
range and independently for tracks measured in the RPC and the TOF detector.

Unfortunately, neither the momentum nor the velocity dimension are suited to perform the
required differential projection onto the mass dimension along with. This is a consequence
of the measured mass being primarily determined by the measured momentum for slow
particles while at the same time being primarily determined by the measured velocity
for fast particles. To overcome this problem, in this work a new method to perform the
determination of the standard deviations of the distributions in the momentum-velocity-
plane has been developed.

The momentum-velocity-plane can be understood as a two dimensional Cartesian coordi-
nate system since momenta and velocities are measured independently. Ideally, the pro-
jections onto the mass dimension are performed in a different two dimensional Cartesian
coordinate system with the mass defining one of the two axes implying an independence
against the quantity defining the second axis. This additional quantity, called a in the
following, is defined by Equation 3.3. The constant s* is required to compensate the mag-
nitude differences between momenta and velocities and is fixed to 4 x 10 7. The dotted
lines in Figure 3.7 correspond to constant values of the quantity a. In the physical region
B < 1 they are always perpendicular to the solid lines corresponding to constant masses
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Figure 3.8.: Mass over absolute charge versus polarity (sign of charge) times a distribu-
tions of reconstructed charged particles measured by the RPC detector (upper plot) and
the TOF detector (lower plot). Negative masses correspond to particles with a measured
velocity faster than the speed of light. The solid lines show the £1, 2 and 3o selection

regions for charged pions and protons. The plots show a subset of all events which is
representative for the beam time.
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which demonstrates the definition of the quantity a. Together, Equations 3.1 and 3.3
define the non-linear transformation from the momentum-velocity into the mass-a coordi-
nate system, in which the solid and dotted lines from Figure 3.7 would be parallel to the
X- or y-axis by definition.

a= \/1 + s2p? — (1 — ﬁ2)2 (3.3)

Figure 3.8 shows the distribution of reconstructed charged particles that passed the track
selection procedure described in Section 3.3 in the mass-a coordinate system separately
for the RPC (upper plot) and TOF detector (lower plot). On the x-axis, the mass over
absolute charge ratio is shown with negative values corresponding to particles with a
measured velocity faster than the speed of light. On the y-axis, the quantity a multiplied
with the polarity (sign of charge) of the particles is drawn.

The +no selection regions for the various particles are now determined by projecting the
distributions shown in Figure 3.8 onto the mass axis for multiple slices of the a-axis. For
each of these projections, the peaks corresponding to the different particle species are
fitted with a Gaussian function. The parameters p (mean) and o (standard deviation)
of these Gaussian functions determine the selection region by connecting the results from
all a-slices. In the regions where the statistics of the distributions drop too low, the fits
become instable and less precise. Therefore, in these regions, the parameters p and o
are extrapolated from the adjacent regions assuming a linear trend between a and the
parameters. Yet another modification of the method has to be applied in the transition
region from S < 1 to 8 > 1, because the dependence between mass and velocity is
reversing there. Since the masses are primarily determined by the measured velocities in
these region, the resolution of the velocity measurement can be used to approximate the
resolution of the mass measurement. In other words, the actually non-Cartesian velocity-a
coordinate system becomes approximately Cartesian in the transition region. This allows
to use projections onto the velocity axis instead of the mass axis to determine the standard
deviations of the distributions. The resulting parameters p and o are then transformed
from the velocity-a into the mass-a coordinate system using Equations 3.1 and 3.3. The
final £1, 2 and 3o selection regions for charged pions and protons in the mass-a coordinate
system are shown by solid lines in Figure 3.8.

Finally, the selection regions have to be transformed back into the standard momentum-
velocity coordinate system. Therefore, the non-linear transformation defined by Equa-
tions 3.1 and 3.3 has to be reversed. Using the Wolfram-Alpha computation engine [180)]
the reverse transformation from the mass-a into the momentum-velocity coordinate sys-
tem was found to be described by Equations 3.4 and 3.5. These equations involve the
parameters v and w which are cubic roots of potentially complex numbers. Since cubic
roots have three equivalent solutions on the complex plane, the parameter ¢, which itself
has three possible values given by Equation 3.6, needs to be introduced. Only the appro-
priate combinations of one of the three possible values for the cubic roots in v and w and
one of the three possible values for ¢ yield correct results.
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Figure 3.9.: Momentum over charge versus velocity distributions of reconstructed charged
particles measured by the RPC detector (upper plot) and the TOF detector (lower plot).
The solid lines show the +1, 2 and 3o selection regions for charged pions and protons as

well as their nominal masses taken from [184]. The plots show a subset of all events which
is representative for the beam time.
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Figure 3.9 sows the data and selection regions from Figure 3.8 transformed back into
the momentum-velocity coordinate system again separately for the RPC (upper plot) and
TOF (lower plot). Again the solid lines correspond to the 1, 2 and 3o selection regions for
charged pions and protons. Furthermore, the lines corresponding to the nominal masses of
these particles are drawn. One can see that the distributions are almost ideally described
by the selection regions. Finally, the procedure is applied onto simulated data conversely
to account for slight differences between real and simulated data and allow for realistic
efficiency corrections.

Concerning the selection of particles originating from weak decays another effect needs
to be considered: Since the daughter particles travel the non-negligible decay lengths
“confined” in their heavier and therefore usually slower mother particles, their measured
times of flight are systematically shifted upwards. As a result, the calculated masses of
their tracks are also shifted up. In previous analyses of weakly decaying particles [161, 170]
it turned out that this effect is not fully described in simulations which results in systematic
acceptance and efficiency errors when the daughter particles are selected via their +3oc
selection regions. To overcome this, daughter particles from weak decays were identified
using wide ranges of calculated masses at the cost of an increased proportion of background
tracks in the selection regions. Furthermore, these selections did not properly take tracks
with measured speeds above the speed of light and the changing momentum resolution
into account.

In this work the selection method for particles originating from weak decays has been
reinvestigated with the aim of obtaining a method that fulfills the following criteria:

No systematic acceptance and efficiency errors due to the shifted times of flight.
As low as possible background track contaminations in the selection regions.
Differences between RPC and TOF taken into account.

Changing momentum resolution with absolute momentum taken into account.
Proper selection of tracks with measured speeds above the speed of light.
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Figure 3.10.: Momentum over charge versus velocity distributions of reconstructed
charged particles measured by the RPC detector (upper plot) and the TOF detector
(lower plot). The solid lines show the selection regions for charged pions and protons

originating from weak decays as well as their nominal masses taken from [184|. The plots
show a subset of all events which is representative for the beam time.
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The last four criteria are all fulfilled by the +no selection regions obtained by the previously
described method. In order to take the time of flight shift into account, the following
characteristics need to be considered: The shift grows with the speed difference between
the mother and the daughter particle. Therefore, it is on average stronger for daughter
particles with larger mass difference to their mother particle. Concerning the decays
analyzed in this thesis, the pions are affected the most while for protons from A decays,
SHe from 3H decays and As from =~ decays, the effect is almost negligible. Furthermore,
the shift usually results in higher measured masses since it is unlikely that the lighter
daughter particle is slower than the heavier mother particle. Finally, the effect is most
pronounced at intermediate momenta of the daughter particles.

It turned out that a selection obtained by extending the +3o selection regions by fixed
mass selection ranges, fulfills all the anticipated criteria. For charged pions the +3c
selection regions were extended by calculated masses between 100 and 300 MeV /c? and
for protons, the +30 selection regions were extended by calculated masses between 800
and 1100 MeV /c?. The resulting combined selection regions are depicted in Figure 3.10
for tracks in the RPC region (upper plot) and tracks in the TOF region (lower plot).
One observes that like previously mentioned the effect is much stronger for pions than for
protons and primarily affects the intermediate and low momentum regions while at high
momenta, the selection regions are identical to the ones shown in Figure 3.9. Finally, the
method is also applied onto the £30 selection regions obtained for simulated data to allow
for realistic efficiency corrections.

3.4.2. Particle ldentification via Specific Energy Loss

The identification of particles via the measured times of flight, as described in Section 3.4.1,
already allows for a clean selection of most particle species. However, in some cases the
identification needs to be improved further by additionally taking the measured specific
energy losses of the particles into account. This is especially important for particle species
with the same mass over charge ratio like for example deuterons and *He nuclei since
they cannot be distinguished from each other using the method described in Section 3.4.1.
Furthermore, in the analyses described in Chapter 4, it is used to improve the selection of
protons and *He nuclei as they have similar mass over charge ratios.

The specific energy losses of the particles are measured independently by the MDC and the
TOF detectors. Since only particles in the backward hemisphere of the collision are in the
acceptance of the TOF detector, particle identification using the energy losses measured
in the TOF detector will not be further discussed in this section. However, it can be
performed conversely to the particle identification using the energy losses measured in the
MDC detectors which will be described in the following.

When charged particles traverse matter, they interact electromagnetically with the elec-
trons of the atoms and thereby deposit energy. For particles with 0.1 < gy < 1000
the amount of energy deposited per length normalized to the macroscopic density p of
the traversed material is described with an accuracy of few percent by the Bethe-Bloch-

Equation 3.7 [184]:
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In this equation K is a constant factor of 0.307075 %&”‘2 z is the charge number, 5 the
velocity, v the Lorentz factor and M the mass of the charged particle. Z is the charge
number of the traversed material, A its mass number and [ its mean excitation energy.
me is the electron mass and W,,,,, which is given by Equation 3.8, is the maximum energy
transferred in a collision with a single electron [184]. Finally, ¢ (57) is a function to take
into account density effects for highly relativistic particles. At typical particle energies in
the HADES experiment these density effects are negligible small which is why this term

is not taken into account in the following.

As already stated in Section 2.2.4, an volumetric admixture of 70 % Argon and 30 %
Carbon dioxide was used as detector gas in the MDC detectors. At a macroscopic density
of 1.784 % and a molar mass of 40 ~%, the molar density of Argon amounts to 44.5 %
The macroscopic density of Carbon dioxide amounts to 1.98 %, its molar mass to 44 %
and thereby its molar density to 45.0 Z—%l Because of the almost equal molar densities, the
volumetric proportions of the constituents can be considered equal to the molar propor-
tions. Finally, the mass proportions of the three elements in the admixture are calculated

to be 68 % Argon, 23 % Oxygen and 9 % Carbon.

According to the Bragg rule of additivity [71], the energy loss of a charged particle travers-
ing a compound material or an admixture can be approximated by the sum of the energy
losses in the constituent materials weighted with their mass proportions. Using this ap-
proximation, given by Equation 3.9 in which the different constituent materials are indexed
by j, effects of the molecular bindings are neglected. Finally, the energy losses are calcu-
lated using the mean excitation energies of the materials taken from [110] which amount
to 188 eV for Argon, 95 eV for Oxygen and 78 eV for Carbon.

o) =2 ), 6

Figure 3.11 shows the distribution of the measured momentum over charge ratios and
energy losses in the MDC detectors for all reconstructed charged particles that passed
the track selection procedure described in Section 3.3. The solid lines correspond to the
theoretical energy losses of several particles calculated with the Bethe-Bloch-Equation 3.7
using the approximations described previously. One observes a good accordance between
the measured distributions of charged pions and protons and their theoretical predictions.
However, at low momenta where the energy loss rises exponentially, the theoretical pre-
dictions are overshooted by the measurements. The distribution of measured deuterons
is mostly overlaid by protons, although, around 900 MeV /c a separation is visible. The
distributions of tritons and helium nuclei are not visible since they occur rare compared
to protons and are thereby exceeded by background. Nevertheless, the calculated lines
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Figure 3.11.: Momentum over charge versus specific energy loss measured by the MDCs
distribution of reconstructed charged particles. The solid lines correspond to the theoreti-
cal energy losses of various particle species calculated by Equation 3.7 as described in the
text. The plot shows a subset of all events which is representative for the beam time.

show significantly higher energy losses for helium nuclei due to its 22 dependence. This
allows for a precise selection of helium nuclei if combined with the reconstructed masses
calculated according to Equation 3.1 as it will be described later on.

Again, the primary aim of the method is to determine the standard deviation of the
distributions corresponding to the various particles and then identifying them using +no
selection regions. However, since the energy loss follows an exponential trend, its logarithm
is used for the calculations instead. Unlike in case of the particle identification via time
of flight, the mass of a particle cannot be easily calculated from the measured momentum
and energy loss. Therefore, a coordinate system transformation like it was described in
Section 3.4.1 is not possible. As a result, the standard deviations are determined directly
in the momentum-energy-loss-plane again separately for the RPC and the TOF detector.

First, a preselection of particles is performed using their calculated mass according to
Equation 3.1. Next, the resulting distribution in the momentum-energy-loss-plane is pro-
jected onto the energy loss axis for multiple momentum slices spanning the entire range.
The standard deviations of these projections are determined using a logarithmic asym-
metric Gaussian fit function which is expressed by Equation 3.10 using the Heaviside
function © and a lower o, and upper oy standard deviation. At low momenta, the energy
loss rises strongly which prevents determining the standard deviations using the fitted
functions. At high momenta, the statistics drop resulting in increasing relative statistical
fluctuations. In both cases, the standard deviations from the adjacent momentum regions
are extrapolated assuming an exponential trend. Finally, the +no selection regions are
created by connecting all momentum slices using the parameters u, oy and oy .
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Figure 3.12.: Momentum over charge versus energy loss measured by the MDCs dis-
tributions of reconstructed charged particles in the proton mass region between 740 and
1140 MeV /c?. The upper plots shows particles measured in the RPC detector and the
lower plot particles measured in the TOF detector. The solid lines show the £1, 2 and 3o
selection regions for protons determined by the method described in the text. The plots
show a subset of all events which is representative for the beam time.
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To create the selection regions for protons only tracks in the corresponding mass region
between 740 and 1140 MeV /c? are considered. The momentum over charge versus energy
loss distributions are shown in the upper panel of Figure 3.12 for tracks from the RPC
region and in the lower panel for tracks from the TOF region. The solid lines show the
finally obtained +1, 2 and 3o selection regions. A strong accordance between the measured
distributions and the obtained selection regions is observed for tracks from the RPC as
well as the TOF region. In the TOF region an accumulation of tracks at high measured
energy losses between 50,000 and 100,000 %sz is visible. This is an artifact of the
procedure used to calculate the energy loss from the actual measurements in the event
reconstruction during which an upper limit of 100,000 is applied.

To create the selection regions for *He again only tracks in the corresponding mass region,
in this case between 1270 and 1520 MeV /c?, are considered. Again, the momentum over
charge versus energy loss distributions are shown in the upper panel of Figure 3.13 for
tracks from the RPC region and in the lower panel for tracks from the TOF region. In
these distributions two distinct distributions are observed. The one at higher energy losses
corresponds to the double charged Helium nuclei while the one at lower energy losses is
caused by single charged particles, namely protons and deuterons, contaminating the He
mass region. The selection region for *He in the RPC region, displayed by the solid lines,
corresponds to the +3c selection region obtained via the described method. However, to
prevent the selection region from reaching into the lower band of background particles,
the upper bound of the +3c proton selection region was used as a lower limit for the
lower bound of the 3He selection region. The artifact caused by the energy loss calculation
procedure at highest energy losses is more abundant than for the protons since Helium
nuclei loose more energy than protons due to the z? dependence.

In the TOF region the *He selection region cannot be determined by the described method
since it contains only *He nuclei from the low momentum region due to its geometrical
acceptance where the energy loss rises strongly. As already stated before, the fit functions
fail to describe the projected distributions under these conditions. Furthermore, a large
proportion of *He in the TOF region are affected by the upper limit applied in the energy
loss calculation procedure and thereby populate the artifact at high energy losses. For
these reasons, the 3He selection region for the TOF region was created manually.

Summing up, it has been shown that the selection regions obtained by the described
method succeed to describe the measured distributions in almost all cases. Finally, the
procedure is applied for simulated data conversely to account for slight differences between
real and simulated data in order to allow for realistic efficiency corrections.
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Figure 3.13.: Momentum over charge versus energy loss measured by the MDCs distribu-
tions of reconstructed charged particles in the *He mass over charge region between 1270
and 1520 MeV /c2. The upper plots shows particles measured in the RPC detector and
the lower plot particles measured in the TOF detector. The solid lines show the selection
regions for *He determined by the method described in the text. The plots show a subset
of all events which is representative for the beam time.
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3.5. Centrality Estimation

As stated in Section 1.3.4, the centrality of a heavy ion collision is an important prop-
erty since it defines the size of the created fireball and thereby strongly influences the
amount and kinematic distributions of particles emerging from it. Since neither the cen-
trality nor the impact parameter are direct observables, both are estimated based on an
geometric model proposed by Glauber like described in [16, 116 for Au+Au collisions at
VSN = 2.42A GeV. This section describes the same procedure but for Ag+Ag collisions
at /sy = 2.55A GeV.

First, the dependence between a given impact parameter and the amount of nucleons
participating in the reaction Np,.; needs to be calculated. For this purpose, a geometric
Glauber model is used in combination with a Monte-Carlo approach [134] to simulate the
elementary nucleon-nucleon reactions in the collision of the two nuclei. In a first step,
the positions of the nucleons inside the colliding nuclei are randomized assuming a uni-
form distribution in azimuthal and polar direction as well as a radial density distribution
described by a two-parameter Fermi distribution 3.11.

2

o (r) = 1 14+w(r/R) (3.11)
+exp((r—R) /a)

The required parameter values for Ag nuclei are taken from [89] and amount to
R = 5301 fm, a = 0.523 fm and w = 0. To account for the non negligible sizes of
the nucleons and the repulsive part of the strong interaction at small distances, two
nucleons are not allowed to be positioned closer than 0.9 fm within the nuclei. In the
next step, the impact parameter of the collision is randomized and the centers of gravity
of the two nuclei are spaced accordingly. Finally, the collision is simulated assuming
the nucleons to traverse the nuclei on straight trajectories in longitudinal direction. For
each nucleon from the projectile nucleus, the distance of closest approach to each nucleon
from the target nucleus is calculated. If this distance falls below a threshold based on
the inelastic nucleon-nucleon cross-section according to \/cine/m, the nucleon is counted
as a participant. This is repeated for the nucleons from the target nucleus accordingly.
The inelastic nucleon-nucleon cross-sections are taken from |75] and amount for the beam
energy of 1.58A GeV to 0, = 27.23 mb in case of symmetric (pp or nn) collisions and
Oinet = 24.26 mb in case of asymmetric (pn or np) collisions.

Figure 3.14 shows the differential cross-section of Ag+Ag collisions, simulated using the
described Glauber model, as function of the impact parameter of the collision. Accord-
ing to the simple black-disk approximation, the differential cross-section should rise lin-
ear with the impact parameter until dropping instantly to 0 at the sum of the radii
of the colliding nuclei. Up to an impact parameter of ~ 10 fm a linear rise of the
differential cross-section is observed since in this range every collision of the two nu-
clei results in at least one nucleon-nucleon reaction in the Glauber model. At impact
parameters between 10 and 16 fm the Glauber model differential cross-section drops
strongly however not instantly since, the simulated nuclei have diffuse surfaces unlike
in the black-disk approximation. This is why nucleon-nucleon reactions can occur at
impact parameters larger than the sum of the mean radii of the colliding nuclei. In the
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region where the differential cross-section
is rising linear, the total cross-section of
Ag-+Ag reactions can be calculated accord-
ing to Equation 3.12 using the black-disk 50
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approximation:

Ttot = T+ bynaz” - 1072 (3.12) %
Using this cross-section, the differential 30 5 E é .
cross-sections beyond the linear region can Ligigl Z
be extrapolated with an appropriate scal- 20 : N

20-30%

ing factor. Finally, the total cross-section
of Ag+Ag collisions at /sy = 2.55A GeV 10
amounts to 4575 mb in the described
Glauber model. This total cross-section is

10-20%
90-100%

Lol PR P P
now divided into multiple centrality classes N |ln(1)pact égramegr b [fml]6
corresponding to fixed proportions. The
impact parameter borders of the central-
ity classes corresponding to 10 % of the to-

tal cross-section are depicted by the dotted
lines in Figure 3.14.

In the next step, the actual experimental

observables are simulated. Typically, centrality is determined by the amount of RPC and
TOF detector hits. According to the “wounded nucleon” model [67] such quantities scale on
average proportionally with Np,.. To take event-by-event fluctuations of the observables
into account, they are sampled from Np,,; using a Negative Binomial Distribution (NBD)
described by its Probability Mass Function (PMF) 3.13:

_ Ttk Wk
B () = ¥y DT (0 (/k +1)"*

OO
o
foo)

Figure 3.14.: Differential cross-section of
Ag+Ag collisions simulated using the
Glauber model described in the text. The
dotted lines divide the total cross-section
equally in 10 centrality classes.

(3.13)

The parameter p is the mean of the distribution and the parameter £ can be calculated
from the mean p and the standard deviation o of the distribution by Equation 3.14:

12

o2 — 1

k= (3.14)

Using this equation, the negative binomial distribution can be described by its mean p and
standard deviation . The parameter values can be understood to describe the distribution
produced by a single participating nucleon. Therefore, the distribution produced by Npg.
participating nucleons is described by a mean of Np,,; -  and a standard deviation of
vV Npgrt - 0. Using the simulated Npg.;, the amount of RPC and TOF detector hits are
sampled independently. The effects of the production of particles as well as the acceptance
and efficiency of the detectors are contained in the values of the parameters 1 and o.
Since the detector efficiencies drop slightly at high multiplicities, Npg,; is scaled down by
an empirical correction factor € expressed by Equation 3.15 in advance to the sampling:
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e(@) =1—a- Npg” (3.15)

The values of the parameters y, 0 and « are determined independently for the amount
of RPC and TOF detector hits by an iterative fitting procedure aiming at minimizing the
difference between the distribution sampled from the Glauber model simulation and the
actually measured distribution quantified by a y%? value. The parameter values found to
reproduce the measured distributions best are given by the following Table 3.1:

Estimator uw o a
Nrpc Hits 0.590 0.839 5.20 x 1076
Nror Hits 0.252 0.520 7.20 x 1076

Table 3.1.: Parameter values for u, o and « used to sample the amount of RPC and
TOF detector hits from Npg,;.

Figure 3.15 shows the differential cross-sections in dependence of the amount of RPC de-
tector hits (upper left), TOF detector hits (upper right) and the sum of RPC and TOF
detector hits (lower left). The blue data points correspond to the Glauber model simu-
lations calculated by the previously described method. They have been scaled using the
scaling factor from the impact parameter distribution in combination with the black-disk
approximation cross-section. The red data points correspond to experimentally measured
events filtered by the event selection criteria described in Section 3.2 and normalized to
the Glauber model results approximately in the region of the 0-30 % most central events.

In all three cases a significant drop of the distributions from experimental data at low
amounts of hits is observed. This is a result of the centrality pre-selection conducted by
the PT3 trigger which requires at least 20 raw RPC and TOF detector hits. However, due
to further selection criteria applied onto the RPC and TOF detector hits during the event
reconstruction procedure, also lower values than 20 are observed. Above this drop-off
region in the range of the 30-50 % most central events the distributions from experimental
data overshoot the Glauber model results in case of the amount of RPC detector hist
as well as the sum of RPC and TOF detector hits. These overshoots are a result of
Ag+C events contaminating the anticipated Ag+Ag events that are not rejected by the
dedicated event selection criteria described in Section 3.2. Due to the asymmetry of the
Ag+C collision system, particles emerging from it are strongly boosted in forward direction
and thereby primarily measured in the RPC detector. Because of this contamination in
this work the focus is put on the 0-30 % most central events where a strong accordance
between experimental data and the Glauber model simulation is observed.

Using the differential cross-section distributions, the total cross-section is again divided
into centrality classes corresponding to fixed proportions. Since, unlike the continuous
impact parameter, amounts of hits can only have integer values, an infinitely precise
selection of an anticipated proportion of the total cross-section is impossible. Furthermore,
each border influences the two adjacent centrality classes. To overcome these problems, a
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Figure 3.15.: Differential cross-sections in dependence of the amount of RPC detector
hits (upper left), TOF detector hits (upper right) and the sum of RPC and TOF detector
hits (lower left) for the Glauber model simulations (blue) and experimental data (red).
The lower right plot shows the correlation between the impact parameter and the amount
of RPC and TOF detector hits for the applied Glauber model. The dotted lines divide
the total cross-section into centrality classes comprising 10 % each according to the cor-
responding quantity.

x? technique is applied to quantify the accordance between the actual proportion of the
total cross-section contained in each centrality class and the anticipated proportions. All
combinations of feasible border positions are tested and finally the combination with the
smallest overall %2 value is selected. These borders are shown in Figure 3.15 by the dotted
lines for centrality classes corresponding to approximately 10 % of the total cross-section.

The lower right plot of Figure 3.15 shows the correlation between the impact parameter and
the amount of RPC and TOF detector hits simulated by the Glauber model in combination
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Figure 3.16.: Differential cross-sections in dependence of the impact parameter (left)
and the amount of nucleons participating in the reaction (right). The colored distribu-
tions correspond to the differential cross-section distributions of events from centrality
classes comprising approximately 10 % of the total cross-section that are selected using
the amount of RPC and TOF detector hits. Furthermore, the actual proportions of the
total cross-section contained by the different centrality classes are given in the legend.

with the technique described previously. The vertical dotted lines divide the total cross-
section in 10 equal centrality classes using the impact parameter and the horizontal dotted
lines using the amount of RPC and TOF detector hits. Although most events are distribute
to the correct centrality class using the amount of RPC and TOF detector hits, the spread
of the amount of nucleons participating in the reaction and the amounts of RPC and TOF
detector hits sampled from it around their means leads to a non negligible amount of
events distributed to a wrong centrality class when using the amount of RPC and TOF
detector hits for the classification.

The same effect can also be observed in Figure 3.16. The left part of it shows the differential
cross-sections in dependence of the impact parameter and the right plot in dependence
of Npg¢ from the Glauber model simulation. The gray distribution corresponds to the
total cross-section and the colored distributions correspond to centrality classes comprising
approximately 10 % of the total cross-section selected using the amount of RPC and TOF
detector hits. While in both cases a clear separation between the centrality classes is
observed, the distributions significantly overlap with the adjacent centrality classes and,
especially in the more peripheral region, even with the next to adjacent centrality classes.
This effect needs to be considered when comparing experimental results with theoretical
simulations where the impact parameter and thereby the actual centrality is known. The
legends of the plots, furthermore, show the actual proportions of the total cross-section
comprised by the centrality classes which are all close to the anticipated 10 %. The
divergences are due to the fact that, as already stated, an infinitely precise selection of a
proportion of the total cross-section using the amount of RPC and TOF detector hits is
impossible due to their integer character.
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o | ot | ™| W) | 809
0-25% 0.00 - 6.04 fm 65 - 172 127.7 +6.4
0-10% 0.00 - 3.82 fm 101 - 172 160.9 +6.9
10 - 20 % 3.82 - 5.40 fm 76 - 100 114.5 +6.2
20 - 30 % 5.40 - 6.62 fm 95 - 75 81.1 +5.1
30 - 40 % 6.62 - 7.64 fm 38 - 54 56.5 +5.4
40 - 50 % 7.64 - 8.54 fm 25 - 37 38.1 +4.7

Table 3.2.: Centrality class selection ranges and (Npg,) values finally used in the anal-
yses. Please note that the given values are not yet published and therefore have to be
understood as preliminary values.

In the analyses described in Chapter 4 experimental events as well as experimental events
with embedded simulated particles are distributed to the various centrality classes ac-
cording to their amount of RPC and TOF detector hits while entirely simulated events
are distributed according to their impact parameter. Table 3.2 summarizes the impact
parameter as well as amounts of RPC and TOF hit ranges consistently used throughout
this thesis. Furthermore, the average amount of nucleons participating in reactions from
the various centrality classes (Npg,t), determined using the Glauber model simulation, are
given. In the analyses later on these are used to study the dependence between measured
observables and the size of the system created in the collision.
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3.6. Off-Vertex-Decay Topology

As stated before, particles containing strangeness are produced very rarely in heavy-ion
collisions at typical HADES energies. Even in the most central Ag(1.58A GeV)+Ag col-
lisions a A hyperon is produced only in approximately every 10" collision. On the other
side, the decay products of its primary decay channel A — p + © are much more abun-
dant. With approximately 60 protons, primarily coming from the colliding nuclei, and
approximately 15 ©= [138], primarily produced as pairs or by hadronic resonances, in the
most central Ag(1.58A GeV)-+Ag collisions, out of 9,000 p-t -pairs only one corresponds
to the decay of a A hyperon. Similar ratios between expected signal rates and combina-
torial pairs are found for the K — n" + n decay and the 3H — ®*He + © decay. In case
of the = hyperon, which is expected to be produced only once in approximately 10,000
Ag(1.58A GeV)+Ag collisions and which decays primarily via the two-step decay process
= > A+ 71 —p+n + n,the combinatorial background exceeds the expected signal
by a factor of 135,000,000 in the most central collisions.

Obviously, a method to strongly reduce the combinatorial background is required. The
decay of strangeness is mediated by the weak interaction leading to rather long mean
lifetimes of the corresponding hadrons. Multiplied with the speed of light, one estimates
the mean flight length ct, which amounts to several centimeters in case of the discussed
decays. Therefore, the daughter particles of these decays originate from a secondary vertex
which can be located several centimeters away from the primary collision vertex.

Based on this displaced secondary vertex a so called off-vertex-decay or VO topology
quantified by the parameters depicted in Figure 3.17a can be defined. The first parameter
is called VDX and corresponds to the distance between the event vertex and the decay
vertex which is the center point of the vector connecting the daughter particle trajectories
at their points of closest approach. The next two parameters define the Distances of
Closest Approach (DCA) between the daughter particle trajectories and the event vertex
also called Vertex Distances (VDs). Conventionally, in this thesis the heavier daughter
particle is referred to as daughter 1 (Daul) and the lighter daughter particles as daughter
2 (Dau2). These three parameters quantify how far away from the primary event vertex
the hypothetical decay occurred and therefore have larger values in case of actual weak
decays than in case of combinatorial background.

The next parameter is called MotVD and is defined as the DCA between the hypothetical
mother particle trajectory and the event vertex. Since the daughter particle trajectories
do not necessarily have an intersection point in the three dimensional space, their DCA is
quantified by another parameter called Minimum Track Distance (MTD). Ideally, those
last two parameters are 0 in case of actual weak decays, however, the limited resolution of
the reconstructed trajectories as well as a potential displacement between the estimated
event vertex and the actual collision vertex lead to in non-zero values.

The final parameter is the opening angle between the two daughter particle trajectories
which is called A. Its primary purpose is to discard constellations with very low opening
angles in which the trajectories of the two daughter particles would be indistinguishable
close in the first two MDC detector planes. This is necessary to achieve a realistic descrip-
tion of the remaining combinatorial background using the method which will be described
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Figure 3.17.: Schematic depictions of the Off-Vertex-Decay (OVD) topologies and the
corresponding parameters in case of a single decay (a) as well as the second (b) and the
first (c) sub-decay of a two-step cascade decay.
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in Section 3.9. Finally, to account for the forward boost of the particle emerging from the
collision due to the fixed target setup, the decay vertex is required to be located after the
event vertex in longitudinal direction (Zgyentvertex < ZDecayVertex)-

Particles containing two strange quarks like for example the = hyperon usually decay via
two consecutive weak decays. In these cases two sets of off-vertex-topology parameters are
defined as depicted in Figures 3.17b and 3.17c. Conventionally, in this thesis the decays are
numbered in the order they are reconstructed which is reverse to the order they actually
occur. Note that the mother particle of the second decay is at the same time a daughter
particle of the first decay and therefore the parameters Dec1MotVD and Dec2DaulVD are
identical. This needs to be taken into account when selection criteria are applied to these
parameters as it is further discussed in Section 4.5. The forward boost is again accounted
for by requiring the consecutive vertices to be positioned in longitudinal direction in the
same order they occur in time (Zgyentvertex < Z1#DecayVertex < ZomDecayVertex)-

3.7. Event Vertex Determination

The event vertex is used as an estimate for the collision vertex in the definition of the
off-vertex-topology parameters described in the previous Section 3.6. Since most of the
parameters are determined using the event vertex, the precision of its determination is of
extraordinary importance. In Section 2.3.2 three ways of estimating the collision vertex
are described, however, the determination can be further improved using the method
described in the following.

Figure 3.18 shows the distribution of the position of the Track-Candidate-Vertex, which
is the most precisely determined vertex described in Section 2.3.2. The left plot shows
the distributions of the transverse x- and y-position. The actual transverse position of
the collision vertex is limited by the diameter of the target material disks of 2.2 mm
(cf. Section 2.2.2) and the diameter of the heavy-ion beam. Using the START detector
the spacial distribution of the beam-ions was monitored during the entire beam time
(cf. Section 2.2.1). Consistently, the beam-ions were primarily observed in 3-4 x- and y-
strips of the START detector which corresponds roughly to a Full Width at Half Maximum
(FWHM) of 1 mm in x- and y-direction. The transverse distributions of the event vertex
however have FWHMs 2 2 mm. Therefore, in the transverse directions the most probable
positions determined by Gaussian fit functions are used for the event vertex. In the
analyzed beam time these most probable positions are —0.578 mm in x- and —0.299 mm
in y-direction depicted by the black lines in Figure 3.18.

The right plot of Figure 3.18 shows the distribution of the Track-Candidate-Vertex
in z-direction. Here the feasible collision vertex positions are the discrete positions of
the 15 target segments since their thickness of 40 ym is negligible. These positions
as well as the borders used to distribute the events over the 15 target segments are
determined by a 15-fold Gaussian fit function with a common standard deviation
o which is depicted red in Figure 3.18. The means of the Gaussians are taken as
the positions of the vertex segments and are depicted by black lines. The borders
used to separate the target segments are determined by Equation 3.16 between two
segments with ¢; and p; being the scale and mean of the Gaussians corresponding
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Figure 3.18.: Distribution of the event vertex reconstructed via the methods described
in Section 2.3.2 of events fulfilling the event selection criteria described in Section 3.2. The
left plot shows the x- and y-direction distribution as well as the corresponding Gaussian fit
functions. The right plot shows the distribution in z-direction as well as the corresponding
15-fold Gaussian fit function. The lines indicate the values determined by the method
described in the text to improve the collision vertex estimation. The plots show a subset
of all events which is representative for the beam time.

to the two adjacent segments
and o being the common stan-
dard deviation:

o%1n (i—;) + @
2 — p1

The lower border of the first tar-
get segment is set to the posi-
tion of the first target segment
minus 3o and the upper bor-
der of the last target segment is
set to the position of last tar-
get segment plus 3o0. In the
right plot of Figure 3.18 the bor-
ders are depicted as green dot-
ted lines. Finally, the positions
and ranges consistently used in
the analyses described in Chap-
ter 4 to determine the z-position

of the event vertex are summa-
rized in Table 3.3.

(3.16)

z =

SZ;ES:I ¢ Position Range
1 —61.848 mm —65.212 - —60.094 mm
2 —58.290 mm —60.094 - —56.391 mm
3 —54.483 mm -56.391 - —52.862 mm
4 —-51.243 mm —-52.862 - —49.265 mm
5 —47.292 mm —49.265 - —45.600 mm
6 -43.953 mm —-45.600 - —42.182 mm
7 —40.373 mm —42.182 - —-38.709 mm
8 —-37.090 mm —38.709 - —35.257 mm
9 —-33.406 mm —-35.257 - —31.463 mm
10 —-29.529 mm -31.463 - —27.863 mm
11 —26.175 mm —27.863 - —24.240 mm
12 —22.725 mm —24.240 - —20.980 mm
13 -19.002 mm —20.980 - —-17.033 mm
14 —-15.388 mm —-17.033 - —13.509 mm
15 —11.797 mm -13.509 - -8.432 mm

Table 3.3.: z-Positions and ranges of the 15 target
segments used for the event vertex determination,
see text for details.
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3.8. Armenteros-Podolanski Method

The Armenteros-Podolanski (AP) method

was first proposed 1954 by J. Podolan- A
ski and R. Armenteros [147]. It has been
invented to reconstruct particles decaying
into two daughter particles. First, the
transverse and parallel components of the
momentum vectors of the daughter par- Figure 3.19.: Schematic geometric defini-
ticles, with respect to the hypothetical tion of the Armenteros-Podolanski vari-
mother particle, are calculated in the labo- ables pT (blue) and pﬁ (red) taking the
ratory system as it is shown by Figure 3.19 A — p + n decay as example.

and defined by Equations 3.17 and 3.18:

(P4 +p-) X P | (P +p-) x pL|

+ —
+ P + | + P+ P

p+: (ﬁ++ﬁ—)ﬁ+ and p—: (ﬁ++ﬁ—)ﬁ— (3 ].8)
I P+ Pl | | P+ P |

In the equations + conventionally refers to the daughter particle with positive and — with
negative electrical charge. However, since the charges of the daughter particles do not
influence the kinematics, the method can also be applied to decays involving neutrally
charged particles. The positions of the polarity signs differ in the equations just for better
readability. Due to momentum conservation, the transverse components of the momentum
vectors of the daughter particles are of equal size (pj = p, = p1). They constitute the
first Armenteros-Podolanski variable. The second variable « is defined by Equation 3.19
and can be understood as the asymmetry between the parallel momentum components.

n _
] (3.19)

iy
Using these parameters, the kinematic constraints can be described by the decay dependent
constants pems, g and 7. The constant p.,s is defined by Equation 3.20 using the masses
of the two daughter particles m4 as well as the mass of the mother particle M. In case the
entire energy released in the decay is converted into transverse momentum of the daughter
particles, p; reaches its maximum possible value pe,s (= p1 < Pems)-

MQ + m2 _ m2 2
Pems = pcims - \/( = :F) — mi (320)

2M

Furthermore, in this special case, the value of the asymmetry between the longitudinal
momenta « is equal to the constant «y, defined by Equation 3.21. If the mother particle
of the decay is ultra-relativistic (3 — 1) and the entire energy released in the decay is
converted into longitudinal momentum of the daughter particles, p; amounts to 0 and «
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can be oy + r,, with r, being defined by Equation 3.21 too.

2 2
m5 —m= 2p
ap = +T and 1, = ]\c/;ns (3.21)
At typical HADES collision en- Armenteros-Podolanski Ellipses
ergies (/sxy of few GeV, most 5250
hadrons are produced with mo- é
menta comparable to their mass " K3

(p ~ m) hence they do not 200
reach the ultra-relativistic limit

which requires much larger mo-

menta (p > m). Further- 150
more, the boost of the CM sys-

tem with respect to the labora-

tory system amounts to approx- 100
imately two third (Bens ~ 2/3)

which is also not sufficient to con-

sider the mother particles ultra- 50
relativistic in the laboratory sys-

tem. Therefore, in the following

the Armenteros-Podolanski vari- 0 L1 Yl 'rq0|§ s |4' ! |0|6| Ll
ables are calculated after an addi- ' ' Tag ' ' ' R
tional artificial boost of f = 0.99
has been applied on the Lorentz
vectors of the daughter particles.

Figure 3.20.: Theoretical Armenteros-Podolanski
ellipses for the most abundant two-body-decay
channels of multiple particles: K¢ — n" + =,

Using these prerequisites, the &K +K,A—p+n,iH —3He + n and

kinematic constraints of the two- = — A + n. The red arrows demonstrate the

body-decay can now be expressed meaning of the constants p.ns, @p and r, taking
by (half) ellipses in the a-p  -plane the ¢ decay as example.

ranging from (ag — 714, 0) over

(0, Pems) to (g + 7o, 0). These ellipses are described by Equation 3.22 and depicted

in Figure 3.20 for multiple different particle decays.

2 2
a — Pl
=1 3.22
( 7aOé ) + pgms ( )

In this work, a new way of using the Armenteros-Podolanski parameters has been devel-
oped. Therefore, the characteristic ellipses are interpreted in polar coordinates normalized
to the semi-major and semi-minor axes of the ellipses. The corresponding radial coordinate
as well as the azimuthal angle are given by the following Equation 3.23 and are illustrated

in Figure 3.21.

2 2
a— ap P j Ta
Tap, = \/( - ) + ]?; and @,,, = arctan (pcms . o — oz) (3.23)
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Figure 3.21 shows the distribu- ©250
tion of simulated K{ over the E’
a-p -plane. These kind of “H

plots are commonly referred to 200
as “Armenteros-Podolanski plots”.
The K¢ have been reconstructed
from their =" and 1~ decay daugh- 150
ters which themselves have been
selected according to the crite-
ria described in Section 3.4. Be-
sides that no further selection cri-
teria have been applied. One ob-
serves that the measured distribu-
tion matches the theoretical dis- o0
tribution given by Equation 3.22
and depicted by the red curve al-
most perfectly. The remaining 008060 ERY )
smearing around the theoretical a
curve is due to the limited invari-
ant mass resolution of the mea-

100

Figure 3.21.: Distribution of simulated K¢ in the
a-p,-plane (Armenteros-Podolanski plot). The red
ellipse shows the theoretical distribution according

As already stated before, the to Equation 3.22. Furthermore, the interpretation
semi-major and semi-minor axes of the ellipse using polar coordinates is illustrated
of the ellipses, pens and r,, cor- in green.
respond to the extreme cases in
which the entire energy released in the decay due to the mass difference between the
mother particle and the masses of the daughter particles is converted into either trans-
verse or longitudinal momentum. Therefore, for fixed masses of the daughter particles,
both ellipse axes are strongly correlated to the mass of the mother particle which can also
be related to the radial component of the ellipses. However, to not bias the invariant mass
distribution, independent parameters are required.

surement.

According to the definition of a polar coordinate system, the radial and azimuthal compo-
nents are completely independent. Hence, the azimuthal angle in the a-p | -plane is at most
weakly correlated to the invariant mass. Furthermore, as it can be seen in Figure 3.21,
actual K¢ decays appear most abundantly around azimuthal angles of 90°, whereas the
combinatorial background is located around ~ 45° and 135°, as it will be shown in Sec-
tion 4.3. Summing up, the azimuthal angle in the a-p,-plane is almost independent from
the invariant mass of the mother particle but shows significantly different distributions for
actual decays and combinatorial background, making it an ideal parameter to be evaluated
by a neural network, which will be described in Section 3.10.
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3.9. Background Estimation

Although all methods described in this chapter aim at increasing the purity of the ex-
tracted signals, significant contaminations, called background in the following, always
remain. The residual background needs to be properly described and subtracted to ex-
tract the true signal counts. The method applied depends on wether the anticipated signal
corresponds to a particle directly measured in the detector like protons, or a decaying par-
ticle reconstructed from its daughter particles like As. In the following, the basic principles
of the background estimation procedures for both cases are described.

In case a charged particle is measured in the detectors, the background beneath its peak
in the mass spectrum consists of tracks from the tails of neighboring particle peaks, as well
as tracks build from wrong combinations of inner track segments, outer track segments
and META hits. These background tracks are suppressed by the track selection procedure
described in Section 3.3 an the particle identification procedures described in Section 3.4.
The residual background needs to be described sufficiently precise. First, two regions
on both sides of the anticipated peak in the mass spectrum are defined in which pure
background is assumed. Using the shape of the mass spectrum in these two regions, the
background beneath the signal peak is interpolated using a cubic spline interpolation func-
tion together with the interpolation methods of the GNU Scientific Library (GSL) [92]. In
Section 4.1 this approach is described in more detail and used to estimate the background
contaminating the proton mass peak.

If a particle is reconstructed from its decay daughters, the background in the corresponding
invariant mass spectrum is dominated by random combinations of uncorrelated particles
pairs, called combinatorial background. This type of background can be reproduced by
combining particles of the respective species from different events as they are necessarily
uncorrelated, which is commonly referred to as the mixed-event technique. However,
restrictions on the event classes, from which particles are combined, need to be taken to
ensure a realistic description of the combinatorial background.

Since most of the off-vertex-decay topology parameters, described in Section 3.6, depend
on the position of the collision vertex, only particles from events with the same primary
event vertex should be combined. Using the event vertex estimation procedure described
in Section 3.7, the events can be distributed among the 15 possible target segments each
having its own discrete event vertex position, which is why only particles from events
originating from the same target segment should be combined.

Furthermore, since the efficiencies of the detectors and the event reconstruction depend
on the amount of particles created in the collision, due to occupancy effects, the average
track quality decreases with rising multiplicity of particles. To assure that the quality of
the mixed-event combinations reflects the quality of the same-event combinations, only
particles from events with similar multiplicities may be combined. This is achieved by
distributing the events to 20 equal multiplicity classes according to their amount of RPC
and TOF detector hits, which is used as a measure for the event multiplicity, and only
combining particles from events with the same multiplicity class.
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Additionally, since the performance of the detector system and thereby also the quality
of the tracks fluctuates over time, as it was shown in Section 3.2.1, only particles from
events from the same day of the beam time are combined. Finally, a lower limit on the
opening angle between the two daughter particle trajectories, which was introduced as
parameter A in Section 3.6, needs to be applied. The reason therefore is to preclude
further occupancy effects because in case of very low opening angles the probability that
the two daughter particle tracks become indistinguishable close in the inner MDCs rises
in the same-event case but not in the mixed-event case. As it will be shown in the sections
of Chapter 4, the mixed-event technique describes the combinatorial background in the
invariant mass spectra well. Furthermore, as it will be described in Section 3.10, the
mixed-event combinations are used as a background sample for the training of the neural
networks which improve the separation of actual weak decay daughter combinations and
combinatorial background.

3.10. Neural Network Analysis

In references [18, 170] for the first time an Artificial Neural Network (ANN) was used to
enhance the separation of weak decays and combinatorial background in HADES. In this
work the approach further improved as described in the following.

The main principle is to perform a MultiVariate Analysis (MVA) taking the strong non-
linear correlations between the off-vertex-decay topology parameters, described in Sec-
tion 3.6, into account and thereby derive an additional response parameter with which
the separation of actual signals and combinatorial background can be enhanced. All func-
tionalities required and utilized in this work are contained in the Toolkit for MultiVariate
Data Analysis with ROOT (TMVA) [109] which is fully integrated into the ROOT frame-
work [150] and utilizes the same data structure.

As it was shown in Section 3.8, the azimuthal angle of the Armenteros-Podolanski el-
lipses, which is called APAngle in the following, is ideally suited as an input parameter for
such kinds of analyses. Together with the off-vertex-decay topology parameters DaulVD,
Dau2VD, MotVD, VDX and MTD, which are defined in Section 3.6, a set of six input
parameters is formed. Using simulated weak decays embedded into experimental data a
signal sample of these six parameters with a high amount of entries is generated. Further-
more, an equally large background sample is generated using the mixed-event technique
described in Section 3.9. Both samples are split into two equally large sub-samples. The
first sub-samples are called training-samples and are used to train the MVA method on
yielding 1 for the entries of the signal sample and 0 for the entries of the background sam-
ple. In the literature, this approach is called supervised learning since both the signal and
the background sample are pure and clearly defined. The second independent sub-samples
are called testing-samples and are utilized to evaluate the performance of the method in
selecting signal and rejecting background after the training was finished.

In the previous analysis [170] it turned out that in order to use the off-vertex-decay
topology parameters as input parameters for MVA analyses, hard selection criteria need
to be applied on the signal and background sample in advance to the training. These
criteria, in the following called pre-cuts, are required since due to the exponential nature
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MVA Method
Criteria Likeli- [PDE-RS| PDE- | H- | Fisher Rule-
Cuts | ood | / k-NN | Foam |Matrix| / LD | MEP | BDT | T | SVM
N li
o or 1peaf" o . o o o N N o N 5
Perfor- correlations
mance Nonli
onlinear B B . N B B N N N N
correlations
Training - + + + + + O O O -
Speed
Response + + - O + + + O + O
Robust- | Overtraining + @) @) @) + + @) e @) +
NeSS | Weak variables |+ @) - - + + O + 0) O
Curse of dimensionality — + - - + + O O O
Transparency + + O O + + - - - _

Table 3.4.: Capabilities of the MVA approaches contained in the TMVA toolkit: Rectan-
gular cut optimization (Cuts), Projective likelihood estimator (Likelihood), Multidimen-
sional likelihood estimator (PDE-RS), k-Nearest Neighbour classifier (k-NN), Likelihood
estimator using self-adapting phase-space binning (PDE-Foam), H-Matrix discriminant,
Fisher discriminant, Linear Discriminant analysis (LD), Multi Layer Perceptron (MLP),
Boosted Decision Tree (BDT), Predictive learning via rule ensembles (Rule-Fit) and Sup-
port Vector Machine (SVM). The different criteria are rated either “good” (+), “fair” (O)
or “bad” (—). “Curse of dimensionality” refers to the amount of additional training samples
required when further input variables are added. Table taken from [109].

of particle decays, they occur most abundantly close to the primary event vertex besides
their rather long decay times. In these cases the off-vertex-decay topology parameters
have almost no discrimination power and are thereby not suited to distinguish between
actual decays and combinatorial background. The pre-cuts are adjusted individually for
each decay and are described in more detail in the sections of Chapter 4.

In a first step, multiple different MVA approaches are tested to identify the ideal one
to use. In Table 3.4 from the TMVA users guide [109], the various MVA approaches
contained in the TMVA toolkit are listed and their capabilities are rated according to
multiple criteria. For the reconstruction of weak decays only approaches which perform
“good” concerning nonlinear correlations are considered since the input parameters used
are by definition strongly nonlinearly correlated. Furthermore, since due to the large
amount of combinatorial background the method needs to be evaluated a lot of times
in the final analysis, at least a “fair” response speed is required. All setup variants of
the remaining eligible approaches, as suggested by the TMVA developers, as well as the
TensorFlow (TF) [5] ANN with default structure and with the same structure like the Multi
Layer Perceptron (MLP) ANN are trained with a sample of 50,000 simulated A — p +
decays and an according mixed-event background sample. Afterwards, their performances
are evaluated using the independent testing samples which contain 50,000 decays and
background combinations as well.
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Figure 3.22.:
(true positive proportion) versus
background rejection (true nega-
tive proportion), also called ROC-
for the reconstruction of

Signal efficiency

curves,
As of various MVA approaches
contained in the TMVA toolkit:
Boosted Decision Tree (BDT),
Multi Layer Perceptron (MLP),
Deep Neural Network (DNN), Ar-
tificial Neural Network (ANN),
Predictive learning via rule en-
sembles (Rule-Fit), Support Vec-
tor Machine (SVM) and Likeli-
hood estimator using self-adapting
phase-space binning (PDE-Foam).
For each approach all setups sug-
gested by the TMVA developers
in [109] are tested. More details on
the individual setups can be found
there. Furthermore, the Tensor-
Flow (TF) [5] ANN is tested with
default setup and with a similar
setup like the MLP ANN.

Figure 3.23.: Schematic struc-
ture of a MLP ANN with six in-
put parameters, eight neurons in
a first hidden layer, six neurons
in a second hidden layer and one
output parameter, like it is used
in this work. The neurons of the
input layer are depicted by yel-
low circles which represent linear
functions x. The bias neurons
are depicted by blue circles which
represent constants of value 1.
The neurons in the hidden lay-
ers are depicted by a green cir-
cle which represents their synapse
function k and a red circle which
represents their activation func-
tion . The neuron of the out-
put layer is depicted solely by its

synapse function  (green circle). All neurons are interconnected by 117 synapses depicted
by black arrows. The functionality of the network is explained in the text in more detail.
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The results of these evaluations are shown in Figure 3.22. For a given signal efficiency on
the x-axis, which is defined as the proportion of events from the signal sample actually
classified as signal, an according selection value on the MVA response is determined. Next,
the background rejection, which is defined as the proportion of events from the background
sample not classified as signal, is evaluated using this selection value and depicted on the y-
axis. The resulting curves are also called Receiver Operating Characteristic (ROC) curves
which is an umbrella term for these kinds of plots. In this representation an approach
generating an entirely random response (worst case scenario) would generate a straight
curve from (0,1) to (1,0) while an ideal approach would show a 100 % background rejection
for any signal efficiency. Since all tested approaches clearly diverge from the “worst case”
it can be concluded that all MVA approaches were successfully trained. Furthermore,
significant performance differences between the various models are observed. Although TF
ANNs are commonly used in many areas the show only an average performance compared
to all other approaches in this special case. The MLP ANN approach (red curve) which was
already used in the previous analyses shows one of the best performances of all approaches
and was therefore selected as the approach to be finally used. Its functionality is explained
in the following in more detail.

The schematic structure of a MLP ANN, like it is used in this analysis, is shown in
Figure 3.23. The six input parameters of the MVA analysis are stored in six input neurons
depicted by yellow circles. They correspond to a linear transmission function x since they
simply pass on the stored value. Additionally, the input layer as well as the two hidden
layers include bias neurons depicted by blue circles which always pass on a value of 1.
The neurons of the input layer are connected to the eight neurons of the first hidden layer
by 56 synapses depicted by black arrows. Every synapse passes the value of its input
neuron multiplied by its intrinsic weight onto its output neuron. Therefore, every neuron
in the first hidden layer has seven input values that are summed according to the synapse
functions x which are depicted by green circles. Next, the summed value is transformed by
the activation function «, depicted as red circles and the result is passed on. Another 54
synapses connect the neurons from the first hidden layer to the six neurons of the second
hidden layer which follow the same principle but have nine input values each. Finally,
seven further synapses connect the neurons from the second hidden layer to the output
neuron which solely sums its seven input values using again the synapse function k. The
summed value of the output neuron now corresponds to the response value of the ANN.

Besides the weights of the 117 synapses, which are adjusted during training, the setup of
the ANN is fixed. Therefore, its Number of Degrees of Freedom (NDF) also corresponds
to 117. The setup with eight neurons in the first and six neurons in the second hidden
layer is chosen as it was found to provide a fair compromise between the capability of
the ANN to adjust to any given training sample while remaining a low risk of training
the neural network on statistical fluctuations, also called overtraining, due to too many
free parameters. Within the TMVA toolkit three possible synapse functions x, defined by
Equation 3.24, are provided. In these functions j is the index of the neuron executing the
function and i indexes the neurons from the previous layer [. y! is the output value of
neuron ¢ from the layer [ and wfj is the weight of the synapse connecting neuron ¢ from
layer [ with neuron j from layer [ + 1. The weights wéj correspond to the weights of the
synapses coming from the bias neurons. By default the “Sum” synapse function is used.
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The functions “Sum of Squares” and “Sum of Absolutes” have also been tested, again using
A decays, however the training does not converge when using them.

wéj + z yDwl Sum

ij

2
k:R" = R= w((]j) + Z <yZ )wg-)) Sum of Squares (3.24)
i=1

(0),,®

i Sum of Absolutes

For the activation function «a the four alternatives defined by Equation 3.25 are provided
by the TMVA toolkit. In these functions x corresponds to the result of the synapse
function of the neuron. By default the “Sigmoid” activation function is used. Again the
other possibilities “Linear”, “TanH” and “Radial” have been tested using A decays. In
case of the “Linear” activation function the training does not converge. In case of the
“TanH” and the “Radial” activation function very similar performances as compared to the
default “Sigmoid” activation function are found. Therefore, the “Sum” synapse function in
combination with the “Sigmoid” activation function is used for the final analyses.

.
T Linear

;,I Sigmoid
a:R—-R={ ' 5 (3.25)
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The full response function of a MLP ANN with the described setup is finally expressed by
Equation 3.26 with sig (z) standing for the “Sigmoid” activation function. The response
value yann is calculated based on the values of the neurons in the input layer yl-(l) which
correspond to the values of the input parameters . The synapse weights wg-)
interpreted as free parameters of the response function.

can be

6
yann () = Z kl - sig (ka +Zw - sig (woj +wa y(l))> (3.26)

J=1 =1

In general the aim of the training is to find values for the synapse weights so that the
response function yields 1 for signal and 0 for background events. Therefore, the so
called Back Propagation (BP) method is used. At the beginning, the synapse weights
are initialized with random values. The accordance between the actual and anticipated
responses for the full training sample 7y is quantified according to Equation 3.27, called
error function, which follows the same principles like the %? technique. § represents the
anticipated result and therefore amounts to 1 for signal and 0 for background events.

B=Y" 2 (yavx (7) — 9)° (3.27)
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Next, the gradient with respect to the synapse weights of the error function is calculated
and the current weights are adjusted by subtracting the gradient multiplied with a positive
value 7 called learning rate. This approach is also referred to as method of steepest gra-
dient descent. In the BP implementation of the TMVA toolkit the weights are adjusted
individually for each event from the training sample. Additionally, the entire training
sample is processed multiple times iteratively in so called training cycles. The effect of
a different amount of training cycles on the performance of the ANN has been investi-
gated again using A decays. It has been found that 1500 training cycles provide a good
compromise between performance of the ANN and the time required for the training.

In addition to the default BP training algorithm, the TMVA toolkit also provides more
complex algorithms like for example the Broyden-Fletcher-Goldfarb-Shannon (BFGS)
method. It follows the same base principle like the BP method, however, it also takes
into account the second derivatives of the error function and therefore leads to a quicker
convergence of the training at the cost of a higher computation time per training cycle.
Concerning the A decays, the use of the BFGS training method provides no significant
advantage compared to the standard BP method.

Finally, after the training is finished, a so called overtraining check is performed to assure
that the ANN response is not influenced by statistical fluctuations of the training sample.
This check is performed by calculating the signal efficiency and background rejection of
the ANN for both the training and testing sample for three different selections on the
ANN response. In case a strong difference between the training and the testing sample is
found, the overtraining check and the entire training are considered unsuccessful.

Since high amounts of simulated decays are used to generate the signal sample and the
background sample is generated using the mixed-event technique, statistical fluctuations
are no problem to any of the analyses using the described MLP ANN. The individual
analyses utilizing the described MLP ANN as well as their results are described in detail
in the sections of Chapter 4. More details on the TMVA toolkit, its different MVA
approaches and specific implementations can be found in [109].



4. Analysis Results

In this chapter the different particle
analyses are described and their re-
sults are presented. Section 4.1 con-
cerns the analysis of protons, Sec-
tion 4.2 the reconstruction and anal-
ysis of As, Section 4.3 the reconstruc-
tion and analysis of K¢, Section 4.4
the reconstruction and analysis of
32H and Section 4.5 the reconstruc-
tion and production rate estimation
of Z. Each of these sections follows
the same structure: First, the criteria
used to identify the required particle
tracks are described. In case of de-
caying particles, the method used to
reconstruct and identify them is dis-
cussed next. Afterwards, the differ-
ent sets of selection criteria used to
perform the analysis and estimate the
corresponding systematic uncertain-
ties are defined. Finally, the actual
analysis of the particle species includ-
ing corrections for acceptance and ef-
ficiency effects is described. The pro-
ton, the A, the K2 and the }H are

Particle Color IS{E(f:ziZic{e
Proton Red 4.1
A Blue 4.2
K¢ Magenta 4.3
iH Orange 4.4
= Teal 4.5
K" Pink
K Green [122]
0 Violet
)OS Yellow
3 Azure 5.1
3 Spring
Background Black 3.9
Table 4.1.: Color-code used for the various

particles analyzed or shown in this thesis.

analyzed multi-differentially in transverse momentum, rapidity and centrality. The mea-
sured data points are extrapolated to the full phase-space using either an analytic model
described in Section 1.4 or an effective model. Furthermore, different sources of system-
atic uncertainties are determined. For the A, the K& and the $H the lifetime is measured
in addition. For the = a signal below the threshold of 5o is found which is why both a

production rate and an upper production limit estimation are performed.

Throughout this thesis the color-scheme defined in Table 4.1 is used to ease the readability.
For the interpretation of the analysis results in Chapter 5 also particles analyzed in the
scope of other projects are necessary. The color-scheme is defined such that positive
charged particles have reddish, neutral charged particles blueish and negative charged
particles greenish colors. Background is always depicted black.

87
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4.1. Proton Analysis

Protons consist of two up- and one down-quark |uud), carry an electrical charge of +1
and are the lightest existing baryons with a mass of ~ 938 MeV/c2. Thus, free protons
are stable particles. In fixed-target heavy-ion collisions at beam energies of few GeV,
protons are the most abundant charged particle emitted from the fireball. Only neutrons
are emitted with higher abundances due to the isospin-asymmetry of the colliding nuclei.
Both protons and neutrons are not produced in the collision as the production channel of a
nucleon-antinucleon-pair in an elementary NN collision, given by Equation 4.1, is strongly
suppressed due to its high threshold around 3.75 GeV.

N+N—-N+N+N+N (4.1)

Instead, the protons and neutrons emitted from heavy-ion collisions at this energy are
either recombinations of the quarks contained in the constituent nucleons of the initially
colliding nuclei or constituent nucleons themselves. As protons dominate the detectable
part of particles emitted from the fireball and do not decay, their kinematic distributions
provide direct access to the properties of the hot and dense matter at kinetic freeze-out.
A large proportion of up to 50 % of the protons and neutrons emitted from heavy-ion
collisions in the low energy regime are bound in light nuclei, primarily deuterons, tritons,
3He and *He [177]. Combining free and bound proton multiplicities the amount of nucleons
participating in the collision can be accessed as the production of nucleons is strongly
suppressed and the multiplicity of neutrons can be estimated using the proton-neutron-
ratio of the initially colliding nuclei. However, in this work only the measurement of free
protons, which is described in the following, is considered.

4.1.1. Signal Extraction

Because of their properties, protons are directly measured in the detectors and thereby
appear as a peak in the measured mass spectrum shown for example in Figure 3.6. In
addition to the track selection criteria described in Section 3.3, proton candidates are
identified based on their polarity, requiring a positive charge, their specific energy loss
measured by the MDCs using the 3o selection regions obtained via the method described
in Section 3.4.2 as well as the track quality parameters ¥*rx, MMQ and the total amount of
MDC sense wire layers contributing to the track (Nypc). For the track quality parameters
three different sets of selection criteria given by Table 4.2 are estimated by an educated
guess. By default the minimal criteria set called “Standard” is used. The stronger sets of

Parameter | Standard Medium Tight
%2RK < 400 < 300 < 200
MMQ < 3.0 < 2.5 < 2.0
Nyvbpe — > 17 > 19

Table 4.2.: The three sets of selection criteria used in the analysis of protons.




4.1. Proton Analysis 89

selection criteria called “Medium” and “Tight” are used to estimate the systematic effects of
the performed selection by comparing their results with those of the default set of criteria.

The proton candidate sample selected by the described criteria is already almost free of
background. Using the estimation procedure described in the following, its contribution
integrated over the entire phase-space covered by the measurement amounts to < 1 %.
However, a sophisticated method to estimate the remaining background beneath the signal
is still required since in the high momentum region of the phase-space, the proportion of
background tracks rises strongly. The primary contributions to the background tracks are
deuteron tracks with calculated masses in the proton region that come from the tails of
the deuteron peak. They are particularly important as they populate the high momentum
region of the phase-space where the mass peaks are broad. 3He-tracks contribute to the
background in a similar phase-space region, however, due to their double charge they are
strongly suppressed by the selection based on the measured specific energy loss. Especially
in the lower momentum region of the phase-space also n " -tracks contribute to the back-
ground. However, their contribution is less critical as in this region of the phase-space the
mass peaks are narrow. The contribution of K" -tracks is always negligible due to their
low abundance.

The method used to perform the estimation of the background was developed and tuned
specifically for the extraction of proton signals from the HADES Ag(1.58A GeV)+Ag
beam time within this project. However, it is successfully applied to proton-, deuteron-,
triton- and *He-signals from the HADES Au(1.23A GeV)+Au beam time with only minor
modifications [112]. In the following, the method is described in detail.

The extraction of the proton signal counts is performed on the mass spectrum in the
range between 100 and 2200 MeV /c? for particle candidates that passed the previously
described selection criteria. Within the procedure, multiple quality checks are performed
to reject phase-space cells for which the background estimation has either high statistical
or systematic uncertainties. The method only considers cells with at least 1000 entries as
otherwise the statistical uncertainties would render a precise estimation of the background
almost impossible. In the first step, the peak finding method implemented in the ROOT
class TSpectrum, which is described in [135], is used to determine the positions of all peaks
in the spectrum. To prevent the identification of statistically fluctuating bins as peaks,
a peak is required to exceed its surroundings by at least 1 % of the highest bin in the
spectrum. The highest peak found in the range between 100 and 450 MeV /c? is assumed
to be the n'-peak, the highest peak between 450 and 1000 MeV /c? is assumed to be the
proton peak and the highest peak between 1500 and 2200 MeV /c? is assumed to be the
deuteron peak. As already stated before, the contribution of K* and *He which have rest
masses in the considered range too, are negligible. In case no peak is identified in the
proton region, the spectrum is discarded. In case neither a ©" nor a deuteron peak is
identified, the spectrum is considered free of background and the remaining steps of the
background estimation procedure are skipped.

In the next step, it is ensured that the identified peak positions correspond to a local
maximum of the spectrum. If not already the case, the positions are shifted accordingly.
The final peak positions are depicted by red triangles in Figure 4.1. In case the local max-
imum of the proton peak deceeds 10 % of the global maximum, the spectrum is discarded
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the proton and deuteron peak is de- C
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shape of the spectrum around the min- -
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bic spline interpolation method from 150:_
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tion points are depicted in Figure 4.1 100F-
by purple markers. If no n" or no -
deuteron peak is found, no interpola- 50
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Figure 4.1.: Exemplary mass spectrum of the
range relevant for the proton signal extraction,
as described in the text. The red markers de-
pict the identified peaks and the purple and
cyan markers the used interpolation points.

In the next step, first the slope be-

tween the positions of the minima on both sides of the proton peak is calculated. Using

the interpolations of the spectrum around the minima, the positions at which the slope of

the interpolations equals the previously calculated slope are determined. Obviously, this
is only done if the according interpolation has been performed, otherwise, the position of
the minimum is taken. Based on these positions, three further interpolation points, which
are depicted as cyan markers in Figure 4.1, are positioned on both sides of the proton
peak. Finally, these six points are interpolated again using the cubic spline interpolation
method from the GSL library. This final interpolation gives the estimated shape of the
background beneath the proton peak depicted black in Figure 4.1.

To extract the amount of signal counts, the background is subtracted from the spectrum.
Outside of the interpolation region the spectrum is assumed to consist of background
only. The shape of the proton peak in the subtracted spectrum is approximated by an
asymmetric! Gaussian function to determine its width. Finally, the subtracted spectrum
is integrated in the 420 range of the fit function which yields the anticipated proton signal
counts. As a final check, the signal counts have to exceed at least 10 % of the total entries
of the spectrum as it is discarded otherwise.

Over the entire Ag(1.58A GeV)+Ag beam time in the 0-25 % most central events about
28 billion protons in the RPC region and about 15 billion in the TOF region are measured.
In the following section the emission of protons is analyzed multi-differentially.

!The independent treatment of RPC and TOF detector region can result in asymmetric peaks.
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4.1.2. Multi-Differential Analysis

For the purpose of the multi-differential proton analysis, the entire phase-space is divided
into 39 transverse momentum intervals with a width of 40 MeV /c from 160 to 1720 MeV /c
and 16 rapidity intervals with a width of 0.1 from —0.85 to 0.75 in the CM system of the
collision. The rapidity interval centered around 0, also called mid-rapidity, is analyzed
additionally using 73 transverse momentum intervals with a width of 20 MeV /¢ from
260 to 1720 MeV /c. Furthermore, the analysis is performed independently for the three
10 % centrality intervals of the 0-30 % most central events resulting in a grand total
of 2091 individual intervals. For each of these intervals, the proton signal counts are
extracted using the method described in Section 4.1.1 independently for tracks measured
in the RPC and TOF detector since they differ in the achieved mass resolution. However,
as a fixed mass, transverse momentum and rapidity interval can be transformed to a polar
angle interval, only in few phase-space intervals tracks in both RPC and TOF detector are
measured. In these intervals, the extracted signal counts are summed up. If an interval is
discarded by one of the quality criteria during the signal extraction, it is treated as if it
were outside of the phase-space region covered by HADES.

Next, the extracted signal counts are corrected for losses due to acceptance and efficiency
effects. In this work, acceptance a refers to the geometrical coverage of the active detector
areas as particles not traversing an active detector part cannot be detected. Efficiency e
refers to the proportion of particles that traversed the active areas of the detector system
but still do not contribute to the final signals extracted due to one of the following reasons:

e The efficiencies of the detectors and the electronics €4.:: Not every particle
traversing the active area of a detector is actually recorded as the induced signal
might e.g. be rejected by a threshold, overlay with the signal of another particle or
hit the detector during its dead-time due to a previously recorded particle.

e The efficiency of the track reconstruction method €,..: To contribute to the
actual analyses the track of a particle needs to be successfully reconstructed from
the recorded detector hits. For this purpose the method described in Section 2.3.3
is used. As stated there, the reconstruction of tracks is in particular challenging and
error-prone if a high amount of particles is measured close to each other in space
and time resulting in not all tracks being properly reconstructed.

e The efficiency of the track selection criteria €z,: To reduce the amount of
background contamination in advance to the signal extraction, the criteria described
in Section 4.1.1 are applied. For the protons these criteria correspond to the standard
track selection criteria described in Section 3.3, the 3c MDC specific energy loss
selection regions and the track quality criteria on ¥*rx, MMQ and Nyipc.

The total efficiency € is equal to the product of the individual efficiencies. Both acceptance
and efficiency are estimated using simulated UrQMD events with one proton simulated
with Pluto embedded into each. The detector response and the reconstructed tracks cor-
responding to the simulated particles are generated as described in Section 2.3.4. The
differential analysis of protons is applied to the simulated data conversely as to real data,
taking only the embedded protons into account, yielding N*™ (p;,y). Together with

rec,p
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Figure 4.2.: Acceptance x Efficiency values (upper panel) as well as corrected
and normalized proton emission rates (lower panel) from the 0-10 % most central
Ag(1.58A GeV)+Ag events. The green-framed part of the phase-space is covered by the
RPC and the blue-framed part by the TOF detector.
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the amount of initially generated protons in the simulation input N;égfp (pt,y), the to-
tal correction quotients are calculated according to Equation 4.2. Their calculation and
application to the amounts of extracted proton counts is done individually for each phase-
space interval, since they depend strongly on the location where a particles traverses the
detectors as well as its properties. To avoid high uncertainties, intervals with a correction
quotient deceeding 10 % or a relative statistical uncertainty exceeding 20 % are discarded
in addition. Furthermore, a manual selection is performed to discard intervals in which
the signal extraction method failed for example because a peak was not properly identi-
fied. The determined Acceptance x Efficiency values are displayed in the upper panel of
Figure 4.2. Finally, the corrected counts are normalized to the number of analyzed events

as well as the transverse momentum and rapidity interval widths.

sim
o Nrec,p (pt7 y)
Qp - €det,p * €recp " Eselp = Nsim

gen,p (pta y) <42)

The thereby obtained emission rates of protons over the entire phase-space are depicted in
the lower panel of Figure 4.2 for the 0-10 % most central Ag(1.58A GeV)+Ag events. One
observes that a large proportion of the phase-space to which protons are emitted is covered
by the measurement and a smooth trend is observed both in transverse and longitudinal
direction. This also holds true for the transition region between the part covered by the
RPC detector (green frame) and the part covered by the TOF detector (blue frame) which
indicates a reasonable description of the acceptance and efficiency by the simulations.

The next step of the multi-differential analysis is the extrapolation of the data in transverse
momentum and rapidity to the complete phase-space. For this purpose, either analytical
models as described in Section 1.4 or effective models are used to estimate the shape of
the spectra in the uncovered regions. The extrapolation is performed independently in
transverse and longitudinal direction. Because the measurement covers a larger proportion
of the total phase-space in transverse direction than it does in longitudinal direction, the
systematic uncertainties of the extrapolation in transverse direction are smaller. For this
reason it is performed before the extrapolation in longitudinal direction.

Similar as the lower plot of Figure 4.2, the left plot of Figure 4.3 shows the corrected
and normalized proton emission rates from the 0-10 % most central Ag(1.58A GeV)+Ag
events, however, in a different representation. In [175] it was found that further constraints
on the model parameters are required to obtain stable and reliable fits of the model
functions. Therefore, the model parameters Tzss and 3 are shared globally among the
spectra. Furthermore, due to the mass symmetry of the Ag+Ag collision system the scaling
parameter C' is shared among corresponding spectra in backward and forward direction.

The ratios between the data and the fit functions used for extrapolation are depicted in the
right plot of Figure 4.3. For better visibility the ratios are shifted by £x. Quantitatively,
a good accordance between the data and the fit functions can be observed.

The integration in transverse direction is performed by summing the measured yields
and adding the integrals of the SR fit functions in the regions not covered by data. The
resulting yields of the rapidity intervals are depicted in the upper part of Figure 4.4 by the
full circles. The open circles correspond to data reflected at mid-rapidity showing that the
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Figure 4.3.: Transverse momentum spectra of protons from the 0-10 % most central
Ag(1.58A GeV)+Ag events for the multiple rapidity intervals scaled by 10* for better visi-
bility (left). The spectra of the various rapidity intervals are depicted by different marker
styles with full markers corresponding to the backward hemisphere and open markers to
the forward hemisphere. The mid-rapidity interval, is depicted by the symbol *. The
spectra are fitted with SR model-functions (cf. Section 1.4) with a common effective tem-
perature Tzss and a common blast 8. Furthermore, the ratios between the data points
and the fit functions shifted by £x for better visibility are displayed (right).

measured proton yields reflect the mass symmetry of the collision system well. The lower
part of Figure 4.4 shows the proportion of the total yield obtained by extrapolation using
the corresponding SR model function for each rapidity interval. Around CM rapidity —0.3
less than 10 % of the yield are obtained via extrapolation. This proportion rises to almost
95 % in the most forward rapidity interval pointing out the importance of the fits of the
transverse spectra.

The estimated systematic uncertainties of the measurement are depicted as boxes around
the data points, determined via three different methods out of which always the largest
uncertainty is taken. The first method aims at estimating the uncertainties of the accep-
tance and efficiency correction as a result of the selection criteria described in Section 4.1.1.
Therefore, the entire multi-differential analysis is repeated conversely for the alternative
sets of selection criteria namely “Medium” and “Tight”. The differences between the results
for the multiple selection criteria sets outside their +1c statistical uncertainties are the
first estimated systematic uncertainties. The second method utilizes the mass symmetry
of the Ag+Ag collision system. Because of it, any differences between corresponding for-
ward and backward data points outside of their statistical uncertainties must be a result of
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the systematic uncertainties of the

method. Again, the differences out- EE&:_HAI)I:.S Prb Thests o Inegrated fleld
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ties are taken as estimated systematic =~ Y F P-0-10% Centrality [ ] systematic er.
uncertainties. The third method is SE
also based on the collision symmetry, QE_
with the aim to obtain a globally av- ~r
eraged relative systematic uncertainty P
estimate.  Therefore, the corrected QE_
and normalized yields before extrapo- VE
lation, shown in the lower panel of Fig- ri’;;—
ure 4.2, are compared to their corre- oF
sponding measured yield in the other VE
hemisphere of the collision.! For all o
intervals, the relative difference out- k1 oA v v e c e e S
side the £1o statistical uncertainties §if_ -
are averaged yielding a global relative % Q;E_ N
systematic uncertainty of ~ 3 %. @ ©oF _ B
o O —
In order to obtain the integrated yield g ZE_ _ -
over the entire phase-space (4r), the ™ (\;E . . — . . .

rapidity distribution is fitted with a s s 005 118
function based on the SR model in

order to perform the extrapolation to Figure 4.4.: Rapidity spectrum of protons from
phase-space regions not covered by the the 0-10 % most central Ag(1.58A GeV)+Ag
measurement like it is done for the events after transverse integration (upper
transverse spectra. The corresponding part). The open symbols correspond to the
fit function is depicted in Figure 4.4 data mirrored at mid-rapidity. The lower part
and again it is observed that the shape shows fraction of the yields obtained by the ex-
of the measured distribution is well de- trapolation in transverse direction.

scribed. Next, the measured yields are

summed and the integrals of the model function in the regions not covered by the mea-
surement are added. This results in the total yield of protons from the 0-10 % most central
Ag(1.58A GeV)+Ag events of 54.08 + 0.04 + 1.50 + 4.42 protons per event with the first
uncertainty being statistical and the second and third one systematic. The first systematic
uncertainty is estimated by propagating the systematic uncertainties of the yields in the
rapidity spectrum to the integrated yield. The second systematic uncertainty is an esti-
mate for the uncertainty arising from the selection of the SR model for the extrapolation.
It is estimated by performing the entire multi-differential analysis using the UrQMD model
for the extrapolations and determining the differences between the fully integrated yields
outside their +1o statistical uncertainties not covered by the first systematic uncertainty.

cm

Tn most intervals the relative systematic difference between forward- and background-hemisphere is
below 5 %. In some intervals however it ranges up to = 20 %.
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Figure 4.5.: Mid-rapidity transverse momentum spectra (left) and rapidity spectra (right)
of protons from the three most central 10 % Ag(1.58A GeV)-+Ag centrality classes and
the according SR fit functions.

In the next step, the multi-differential analysis is performed for the semi-central central-
ity classes of the 10-20 % and 20-30 % most central Ag(1.58A GeV)+Ag events. The
results are displayed in Appendix A.8 as well as Figure 4.5 which shows the mid-rapidity
transverse momentum spectra in the left and the rapidity spectra after integration and
extrapolation over transverse momentum in the right. Again, SR model functions are used
to fit and extrapolate the measured data.

For the mid-rapidity transverse momentum spectra, one observes that in particular in the
semi-central events, the measured distribution seems to drop significantly steeper than
the SR model function at low transverse momenta. This effect applies to the first 5 to 10
intervals and might be a systematic effect of the acceptance and efficiency correction close
to the border of the accessible phase-space region. The vast majority of the measured
data points are well described by the SR model.

A strong difference of the rapidity distributions between the most central and the semi-
central collisions is observed. While the rapidity spectrum of the most central events is well
described by the SR model function, the rapidity spectra from the semi-central events show
a very different shape with two maxima at +0.3 (10-20 %) and £0.5 (20-30 %) around mid-
rapidity. The reason for this is, that in semi-central collisions a large fraction of protons
from the colliding nuclei only sparsely interact with the fireball. Initially, protons from the
colliding nuclei are located at projectile- and target-rapidity which correspond to ~ +0.82
around mid-rapidity in case of Ag(1.58A GeV)+Ag collisions. By the interactions with
the fireball, their distributions are shifted towards mid-rapidity which results in the shape
of the rapidity spectra in Figure 4.5. As such effects are not included in the SR model, the
corresponding functions do not describe these shapes which is why for the semi-central
centrality classes no total yield is determined in this work. Alternative approaches utilizing
effective models are investigated in [112].
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The parameter values obtained by the SR model fits to the transverse momentum spectra
using the method described previously describe the state of the fireball at kinetic freeze-
out of the protons. Their values as well as the 4n integrated yield are summarized in
Table 4.3 with the first uncertainty being again of statistical nature and all following of
systematic nature. The systematic uncertainties of the model parameters are derived from
the differences between the analyses conducted with different selection criteria sets. As
the previously describe effects in the semi-central collisions also apply less pronounced to
the 0-10 % most central events and the SR model does not include them, all values have to
be understood as rough estimates. In Chapter 5 the obtained results are used for further
in-depth analyses.

Centrality 47 Yield / Event Tgs; [MeV] I6]
0-10 % 54.32 £ 0.02 £ 1.63 £ 4.05 69 £1=£3 0.48 = 0.01 £ 0.02
10-20 % — M+1=£3 0.44 = 0.01 £ 0.02
20-30 % — 69 £1+3 0.41 = 0.01 £ 0.02

Table 4.3.: Integrated 4n yields and SR model parameter values obtained in the analysis
of protons from the 0-30 % most central Ag(1.58A GeV)+Ag events.
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4.2. N\ Analysis

A hyperons consist of one up-, down- and strange-quark |uds), carry no electric charge
and are the lightest existing hyperons with a mass of ~ 1115 MeV /c?. Thus, they can
only decay via the weak interaction to non-strange particles which results in a rather
long decay length ct of 7.89 cm. Their most probable decay channel is A — p + ©
with a Branching Ratio (BR) of ~ 63.9 %. Their second most probable decay channel is
A — n + n” with a BR of ~ 35.8 % and the remaining decay channels have negligible BRs
[184]. In fixed-target heavy-ion collisions at beam energies of few GeV, A hyperons are the
most abundantly produced strange baryons due to the energetically favored Kaon-Hyperon
production channel, given by Equation 1.7, which was discussed in Section 1.3.2.

Besides the isospin, the heavier ¥ hyperons have the same quantum-numbers like A
hyperons. Because of that, they decay electromagnetically with a decay length ct of only
2.22 x 10 cm via the decay channel ¥ — A + v with a BR of almost 100 %. The
analysis method described in the following does not allow to distinguish between directly
produced A hyperons and A hyperons from X decays. Therefore, all yields determined
in the following for A hyperons have to be understood as combined yields of A and X"
hyperons.

Furthermore, the reconstruction of the charged ¥ hyperons is challenging since their pri-
mary decay channels ¥ — p + 1, ¥" — n + 1" (BRs ~ 50 %) and ¥ — n + 1
(BR ~ 100 %) all involve an electrically neutral particle. As a result, the A hyperons
provide the easiest experimental access to ground-state hyperons produced in low energy
heavy-ion collisions. Their long decay length allows to identify their decays using the OVD
topology parameters introduced in Section 3.6 which are analyzed in this work using an
ANN like described in Section 3.10. The details of their reconstruction and analysis are
described in the following sections.

4.2.1. Artificial Neutral Network Training

Due to their decay-length of a few cm, A hyperons have to be reconstructed from their
daughter particles, in this work a proton (Daul) and a ©= (Dau2). The tracks of the daugh-
ter particles are identified using the standard track selection described in Section 3.3, com-
bined with the momentum-velocity selection regions generated specifically for the daughter
particles of weak decays as explained in Section 3.4.1. Furthermore, since the protons and
1 from weak decays have different momentum and velocity distributions than free pro-
tons and m, the range of the value a defined in Section 3.4.1 is limited. The protons
are required to have a-values between 0.4 and 2.1 which roughly corresponds to velocities
above 0.26 ¢ and momenta below 2900 MeV /c and the = are required to have a-values
between 0.65 and 1.05 which roughly corresponds to velocities above 0.49 ¢ and momenta
below 500 MeV /c. The values are determined using simulated A hyperons embedded into
experimental data using the method described in Section 2.3.4 such that at least +30 of
the distributions are covered and the phase-space of the reconstructed A hyperons is not
reduced. To counter the possible offsets on the times of flight of the daughter particle
tracks, discussed in Section 3.4.1, their energies are adjusted such that their reconstructed
masses are equal to their nominal masses.
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Figure 4.6.: Signal and background distributions of the parameters used for training the
ANN to reconstruct As before (upper panel) and after (lower panel) all of the pre-selection
criteria, which are indicated by lines - See the text for details.
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The basic principle of the identification and reconstruction of weakly decaying particles
is described in Sections 3.6, 3.8 and 3.10. To enhance the discrimination power between
actual signals and combinatorial background, the decay parameters, summarized in Ap-
pendix A.6, are evaluated by an ANN in addition to the standard hard selection criteria.
The training of the ANN is performed using a signal sample obtained from simulated As
embedded into experimental data and a background sample obtained via the mixed-event
method described in Section 3.9. Figure 4.6 shows in the upper panel the distributions
of the training samples. The parameters DaulVD, Dau2VD and VDX show significant
discrimination power in contrast to the parameters MotVD, MTD and AP Angle.

Parameter Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6

DaulVD [mml] >3 >3 >4 >4 > 4 > 5

Dau2VD [mm] | >10 | >12 | >12 | >13 | > 14 | > 15

MotVD [mm] < 20 < 18 < 20 <18 | <16 | <15
VDX [mm] >30 | >35 | >40 | > 45 | >50 | > 50
MTD [mm] <20 | <18 | <20 | <18 | <16 | <15

Table 4.4.: The six pre-selection criteria sets tested for the reconstruction of A hyperons.
The bold selection criteria are finally used - See the text for details.

As already explained in Section 3.10, hard pre-selection criteria on the parameters in
advance to the ANN training are required. To determine the optimal pre-selection criteria,
the six candidate sets given by Table 4.4 are estimated based on the pre-selection criteria
used in [170] and for each of them the ANN is trained. Afterwards, an optimization of
the obtained signal is performed using the method described later on and the results are
compared. It is found that the chosen set of pre-selection criteria barely influences the
obtained signal. Furthermore, since in the previous work [170] the momentum of the A
candidate was used instead of the AP Angle these two possibilities are tested. Both variants
result in similar amounts of reconstructed As, but since the use of the momentum strongly
biases the shape of the combinatorial background in the invariant mass spectrum, the
APAngle is used as sixth parameter. The final pre-selection criteria which are emphasized
in Table 4.4 are determined such that they are close to the optimized selection criteria
but leave some room for variations.

The lower panel of Figure 4.6 shows the distributions of the training samples after the
final pre-selection criteria are applied. It is observed that the parameters MotVD and
MTD now show a pretty strong discrimination power which further emphasizes the need
for the pre-selection. Examining the background distribution of the parameter Dau2VD
an excess around 45 mm is observed. It is a result of the strong correlations between
the parameters and reflects the criterion VDX > 45 mm. The same effect is observed
for DaulVD if the range is extended, however, much weaker than for Dau2VD since the
proton is much heavier than the ©= which is why the proton is most probably emitted in
direction of the decaying A while the n~ can also be emitted under a much smaller angle.
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Figure 4.7.: ANN response distribution for the signal- (blue) and background (black)
samples used for training and testing of the ANN as well p-n~ combinations from real
events (orange) in linear (left) and logarithmic (right) representation.

Figure 4.7 sows the distributions of the ANN response parameter (MVA) for the two
training samples as well as experimental p-n~ pairs. The linear depiction in the left clearly
shows how strong the response parameter separates the background sample with values
close to 0 from the signal sample with values close to 1 as intended by the training.
Therefore, the response parameter can be interpreted as the probability of a given set of
input parameter values being signal. The logarithmic depiction in the right shows that the
distribution obtained from experimental data has a very similar shape like the background
sample but with a very clear excess at values close to 1. The excess comes from actual A
decays in experimental data which constitute only a very small proportion of the entire
sample since the combinatorial background is much more abundant. Furthermore, the
accordance between the background and experimental data sample demonstrates that the
mixed-event technique is well suited to describe the combinatorial background.

Next, the distributions of invariant masses of p-n~ pairs from experimental data and mixed-
event-pairs are generated. The mixed-event distribution is normalized to the data distri-
bution using their integrals in regions left and right to the A peak, so called side-bands.
These side-bands are positioned at least £6c outside of the signal region as determined
by a Gaussian function fitted to the data distribution after subtraction of the normalized
mixed-event background in order to exclude the tails of the A peak. The quality of the
obtained A peak is quantified by its significance calculated according to Equation 4.3 with
signal S and background B counts from +2c around the peak.

S
VS + B

Significance :=

(4.3)
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Figure 4.8.: Invariant mass distribution of p-m~ pairs from the 0-25 % most central
Ag(1.58A GeV)+Ag events after application of the full A reconstruction method before
(left) and after (right) subtraction of the mixed-event combinatorial background.

The significance defines by how many o the signal exceeds the statistical fluctuations
calculated by V/N. The selection criteria used for the following analyses are determined
by an iterative optimization procedure aimed at maximizing the significance of the A
peak. Figure 4.8 shows the invariant mass distributions of the 0-25 % most central
Ag(1.58A GeV)+Ag events and mixed-event background in the left and after subtrac-
tion of the normalized background in the right using the selection criteria obtained via
the optimization procedure denoted in Table 4.5 under the name “Standard”. The spectra
show again a very strong accordance between the combinatorial background from data and
the mixed-event technique. In the subtracted spectrum the Gaussian fit function used to
determine the position and width of the peak is depicted orange. The mean lies with a
value of 1115 MeV /c? very close to the nominal mass of A hyperons and the width of

2.3 MeV /c? is slightly lower than in the analysis of Au(1.23A GeV)+Au events described
in [170].

In total, 2.45 million A hyperons within +2c around the A peak are reconstructed which
is more than ever measured by HADES in a single beam time before. The use of an
ANN strongly suppresses the combinatorial background resulting in a very high signal to
background ratio of 3.26 compared to similar analyses. In the following sections, the life-
time of the A hyperons is determined and their production is analyzed multi-differentially.
The different selection criteria sets used in the following analyses are summarized in Ta-
ble 4.5. Unfortunately, since an ANN does not allow to clearly track how the response
is calculated based on the input parameters due to the complicated correlations between
its layers, there is a risk for high systematic uncertainties. To preclude this problem, the
ANN is only used for the “Standard” selection criteria set but not for the selection criteria

sets “Loose”, “Medium” and “Tight” that are used to estimate the systematic effects of
selection criteria variations.
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Parameter | Pre-Selection | Standard | Loose Medium Tight
DaulVD > 4 mm > 4 mm > 6 mm > 7 mm > 8 mm
Dau2VD > 14 mm >15mm | >20mm | > 23 mm | > 26 mm
MotVD < 16 mm <15mm | <1l4dmm | <1lmm | <8 mm
VDX > 45 mm >45mm | > 55 mm | > 60 mm | > 65 mm
MTD < 20 mm <20mm | <16mm | < 13 mm | < 10 mm
A > 15°
MVA — > 76 % —

Table 4.5.: The five final selection criteria sets used for the reconstruction and analysis
of A hyperons.

4.2.2. Lifetime Measurement

The lifetime of A hyperons is a well
established property that is measured
with high precision and independent
from the collision system. It can be
used to assess how well the accep-
tance and efficiency corrections work.
For this purpose, first the decay-time
ldecay is calculated from the decay-
length lgecqy, which is identical to the
OVD topology parameter VDX, using

Equation 4.4:

HADIES PhD Thesis
Ag+Ag |s,, = 2.55 GeV

dN/dt / Neyg e

107 A - 0 - 10% Centrality

10°°

—&— Experimental Yield

|:| Systematic Err.

—— PDG - T = 263 ps

ldecay
Brc
c is the speed of light, 3 represents the
velocity of the decaying particle and ~
its Lorentz-factor to take the time di-
lation into account. The decay-time
range from 120 to 1600 ps is divided Figure 4.9.: Decay-time spectrum of As from
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width. For each of these intervals the events. The blue exponential decay curve cor-
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(4.4)
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10°°
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O

invariant mass spectrum of p-n pairs
is created and the amount of A signal
counts is extracted within +2c like de-
scribed in the previous section. Next, the obtained signal counts are corrected for accep-
tance and efficiency effects using A hyperons generated according to the DIS model with
the parameter values obtained in Section 4.2.3 and embedded into experimental data.
The reasons for acceptance and efficiency losses are basically identical to those listed for
protons in Section 4.1.2 with some differences as it will de discussed in more detail in
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the following Section 4.2.3. The resulting decay-time spectrum normalized to the interval
widths is shown in Figure 4.9. Again, the systematic uncertainties are estimated from
the differences between the yields obtained using the four selection criteria sets defined in
Section 4.2.1 and are depicted as boxes around the data points.

The functions depicted in Figure 4.9 correspond to the decay law given by Equation 4.5:
t dN N t

N({)=Ny-exp|—— | = — = 20, exp | —— (4.5)
T dt T T

Therefore, their slopes in logarithmic representation are directly related to the mean life-
time t. The black function corresponds to the literature value of the lifetime of 263 ps [184]
and the blue function is fitted to the data points. The thereby obtained lifetime is
(262 £ 2 £+ 3) ps with the first uncertainty being of statistical and the second of sys-
tematic nature. The systematic uncertainty was determined by averaging the relative
uncertainties of the multiple intervals and applying the average to the determined life-
time. The measured mean lifetime is consistent with its literature value, which proves
that the selection criteria applied to the OVD topology parameters and the use of the
ANN do not bias the acceptance and efficiency corrections critically.

4.2.3. Multi-Differential Analysis

The multi-differential analysis of the A hyperon production is conducted in analogy to the
one of protons. The entire phase-space of the A hyperons is divided into 20 transverse
momentum intervals with a width of 80 MeV /c from 160 to 1760 MeV /c and 13 rapidity
intervals with a width of 0.1 from —0.75 to 0.55 in the CM system of collision. The mid-
rapidity region from —0.15 to 0.15 is analyzed additionally using 27 transverse momentum
intervals with a width of 60 MeV /c from 180 to 1800 MeV /c. Furthermore, the analysis is
performed independently for the three 10 % centrality intervals of the 0-30 % most central
events as well resulting in a grand total of 861 individual intervals. For each of these
intervals, the A signal counts are extracted using the method described in Section 4.2.1.
In case of the As, no distinction between RPC and TOF detector is made, since the
daughter particles might also be measured in different detectors due to their opposite
polarity. Figure 4.10 shows the invariant mass distributions from four different regions of
the total phase-space. The amounts of signal counts for each interval are depicted in the
upper panel of Figure 4.11, while its lower panel shows the corresponding significances.

The next step is again the correction for acceptance and efficiency effects. The successful
reconstruction of a A hyperon requires that it decays to charged decay products and that
the daughter particles traverse the active areas of the detectors. Therefore, the total
acceptance consists of the BR of the relevant decay channel as well as the individual
acceptances of the daughter particles: ayn = BR, - apa,-. This results in significantly
lower total acceptances than in case of the proton analysis.

The reasons for efficiency losses of the protons also hold true for the As, however, the
detection efficiency €4, the track reconstruction efficiency €,.. and the track selection
efficiency €4 have to be taken into account for both daughter particles again. A further
efficiency arises from the selection criteria on the OVD topology parameters:
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Figure 4.10.: Invariant mass distributions of p-n~ pairs from the 0-10 % most central
Ag(1.58A GeV)+Ag events at the center of the total phase-space (upper left), the low-p;
backward-rapidity region (upper right), the high-p; mid-rapidity region (lower left) and
the medium-p; forward-rapidity region (lower right).

e The efficiency of the OVD topology criteria epyp: Due to the large amount
of combinatorial background compared to the anticipated signals strong selection
criteria as discussed in Section 4.2.1 are required. These result in large efficiency
losses, however otherwise no signal could be reconstructed at all.

The total efficiency of the reconstruction of A hyperons therefore results in:
€A = €det p€det, i * ErecpCrecni— * EselpEsel.n— * €OvD,A and is again significantly lower than the
one of protons. Both acceptance and efficiency are estimated using simulated A hyperons
embedded into experimental data according to the method described in Section 2.3.4.
The reconstruction and analysis procedure is applied conversely to the simulated data
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Figure 4.11.: Extracted A signal counts (upper panel) and their significances (lower
panel) from the 0-10 % most central Ag(1.58A GeV)+Ag events.
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Figure 4.12.: Transverse momentum spectra of As from the 0-10 % most central
Ag(1.58A GeV)+Ag events for the multiple rapidity intervals scaled by 10* for better visi-
bility (left). The spectra of the various rapidity intervals are depicted by different marker
styles with full markers corresponding to the backward hemisphere and open markers to
the forward hemisphere. The mid-rapidity interval, is depicted by the symbol *. The
spectra are fitted with DIS model-functions with a common effective temperature Ty
and a common 7). Furthermore, the ratios between the data points and the fit functions
shifted by +x for better visibility are displayed (right).

yielding fé?,\ (pt,y). The ratio to the amount of initially generated A hyperons in the
simulation input ;é:ZA (pe,y) yields the total correction quotients according to Equa-
tion 4.6. These correction quotients are calculated and applied to each of the individual
phase-space intervals. High uncertainties on the corrected yields are avoided by rejecting
any interval for which either the acceptance or the efficiency quotient deceeds 1 % or the
relative statistical uncertainty exceeds 20 %. The determined Acceptance x Efficiency
values are displayed in the upper panel of Figure 4.13. As for the protons a manual selec-
tion is applied in addition and the resulting corrected yields are normalized to the number
of analyzed events as well as the transverse momentum and rapidity interval widths.
ree (P Y)

BRA * QpQr— * €det,p€det,n— * €rec,p€rec,mr— * €sel,p€sel,x— * EOVD,A = Nsim

gen,A (pt7 y) <46)

The fully corrected and normalized A production rates over the entire phase-space are
depicted in the lower panel of Figure 4.13 for the 0-10 % most central Ag(1.58A GeV)+Ag
events. As for the protons a large proportion of the phase-space is covered by the
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Figure 4.13.: Acceptance x Efficiency values (upper panel) as well as corrected and nor-
malized A production rates (lower panel) from the 0-10 % most central Ag(1.58A GeV)+Ag
events.
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with a common Tgs; parameter value : : : V'
and symmetric scaling parameters C'

to account for the mass symmetry of Figure 4.14.: Rapidity spectrum of As from
the collision system. Since the param- the 0-10 % most central Ag(1.58A GeV)+Ag

eter 1 is only required to add a longi- events after transverse integration (upper
tudinal anisotropy to the model, it is part). The open symbols correspond to the
fixed to 0 for the transverse fits. One data mirrored at mid-rapidity. The lower part
observes that the shapes of the spectra shows fraction of the yields obtained by the ex-
are well described by the model func- trapolation in transverse direction.

tions which is supported by the ratios
between the model functions and the data points depicted in the right plot of Figure 4.12.
For better visualization the rations are shifted by +x.

The rapidity spectrum displayed in Figure 4.14 is obtained by integrating the transverse
spectra and adding the extrapolation to the full phase-space by integrating the fit functions
in the uncovered regions. Again, the full circles represent the integrated yields and the
open circles the yields reflected at mid-rapidity. Close examination reveals a slight excess
of the yields at forward rapidity over those at backward rapidity. The proportions of
the yields obtained by extrapolation, displayed in the lower part of Figure 4.14, show
low proportions of less than 10 % at mid-rapidity and some backward rapidity intervals
as well as rising proportions towards the outer rapidities. Therefore, the excess of the
yields in forward direction might be a result of the model functions used for the transverse
extrapolation.
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Figure 4.15.: Mid-rapidity transverse momentum spectra (left) and rapidity spectra
(right) of As from the three most central 10 % Ag(1.58A GeV)+Ag centrality classes and
the according DIS fit functions.

The systematic uncertainties depicted by boxes around the data points in Figure 4.14 are
estimated via the exact same method as for the protons. Again, the systematic differences
between the analyses using the different selection criteria sets defined in Section 4.2.1, the
differences between corresponding forward and backward rapidity intervals as well as the
globally averaged relative difference between corresponding forward and backward rapid-
ity intervals, which amounts to ~ 3 % as well, are calculated and the largest uncertainty
is taken. The extrapolation to the full 4x yield is performed using the DIS model function
fitted to the rapidity spectrum which is depicted in Figure 4.14. The resulting yield for the
0-10 % most central Ag(1.58A GeV)+Ag events amounts to (12.58 £ 0.05 4= 0.41) x 102
A hyperons per event. The first uncertainty is statistical and the second one system-
atic estimated by propagating the systematic uncertainties of the yields in the rapidity
spectrum to the integrated yield. Like for the protons, the UrQMD model is applied to
determine the systematic uncertainty arising from the selection of the DIS model for the
extrapolation, however, no difference exceeding the first systematic uncertainty is found.

Finally, the multi-differential analysis is again performed for the semi-central centrality
classes of the 10-20 % and 20-30 % most central Ag(1.58A GeV)+Ag events. The results
are displayed in Appendix A.8 as well as Figure 4.15 showing the mid-rapidity transverse
momentum spectra in the left and the rapidity spectra after integration and extrapolation
over transverse momentum in the right. The DIS fit functions used for the extrapolations
are depicted too.

Concerning the mid-rapidity transverse momentum spectra, as with the protons, the model
functions describe the measured yields over most of the transverse momentum range. Only
at low transverse momenta around 200 MeV /c slight discrepancies that are almost entirely
covered by the uncertainties of the data are observed. Also concerning the rapidity spec-
tra after integration and extrapolation over transverse momentum, a strong accordance
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between the model functions and the data points can be observed for all centrality classes.
In contrast to the protons, the A hyperons are newly produced inside the fireball, which
is why their kinematic distributions are not contaminated.

Table 4.6 summarizes the integrated 4n yields as well as the DIS model parameters ob-
tained in the multi-differential analysis of A hyperons. The parameter values for Tgy¢;
are determined by the transverse momentum spectra fits and the values for n by the
rapidity spectrum fits. Like before, the first uncertainty is statistical and the second
one systematic. The systematic uncertainties of the model parameters are derived from
the differences between the analyses conducted with different selection criteria sets. In
Chapter 5 the obtained results will be put in context and analyzed further.

Centrality 47 Yield / Event Tgs; [MeV] n
0-10 % (1248 £ 0.05 £ 0.41) x 102 | 117+1+4 | 0.21 + 0.01 £ 0.03
10-20 % (7.48 £ 0.04 £ 0.23) x 102 109 +1+4 0.24 £ 0.01 £ 0.03
20-30 % (4.45 £ 0.03 £ 0.14) x 102 101 +1+4 0.26 &+ 0.01 £ 0.03

Table 4.6.: Integrated 4n yields and DIS model parameter values obtained in the analysis
of As from the 0-30 % most central Ag(1.58A GeV)+Ag events.
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4.3. K2 Analysis

The kaons are the lightest existing strange mesons with masses close to 495 MeV /c? and
like the A hyperons they can only decay via the weak interaction to non-strange particles
which results in a rather long decay lengths ct. They exist in four different quark-content-
states from which two are electrically neutral (K" |ds) and K" ]33>) and two are electrically
charged (K™ |us) and K [us)).

Experimentally it is observed that neutral kaons either decay into two pions (n" + ©
or m° + 1) which are both CP+1 eigenstates or into three pions (n' + m + = or
¥ + 1% + =% which are both CP-1 eigenstates. Neglecting the very little CP-symmetry
violation, the CP-quantum-number is conserved by the weak interaction, however, none of
the kaon quark-content-states is a CP-eigenstate. Therefore, the weakly decaying neural
kaon states have to be combined states of the neutral quark-content-states. The CP+1
neural kaon state which decays into two pions has a significantly lower decay length than
the CP—-1 neutral kaon state which decays into three pions since the phasespace-factor of
the two pion decay is much larger than the one of the three pion decay. Therefore, the
CP-+1 neutral kaon state is called K’short (K¢ (|ds)  |ds)) / v/2) and the CP-1 neutral
kaon state is called K'long (K{ (|ds) + |ds)) / V?2).

The K¢ has a decay length ct of 2.68 cm and decays primarily via two decay channels:
K¢ - " +n (BR =~ 69.2 %) and K¢ — = +n° (BR =~ 30.7 %) with all remaining
decay channels having negligible BRs [184]. In fixed-target heavy-ion collisions at beam
energies of few GeV, KY mesons are primarily produced as K® mesons by the Kaon-Hyperon
production channel, given by Equation 1.7. Neglecting the CP-symmetry violation the
produced K mesons decay equally probable as K¢ or K{ mesons which is why all results
obtained for KY mesons can also be assigned to the K{ mesons.

In combination with the K™ mesons which are analyzed in [122] all ground-state particles
involving an anti-strange quark are measured. Together with the A hyperons, this allows to
estimate the amount of the unmeasured X" and ¥~ hyperons via the strangeness-balance
equation 1.5 as described in Section 5.1. Like for the A hyperons, the long decay length of
K¢ mesons allows to identify their decays using the OVD topology parameters introduced
in Section 3.6 which are analyzed in this work using an ANN like described in Section 3.10.
The details of their reconstruction and analysis are described in this section.

4.3.1. Artificial Neutral Network Training

Like A hyperons, K& mesons mostly decay in front of the first detectors and have to be
reconstructed from their daughter particles, in this work a t* (Daul) and an~ (Dau2). The
tracks of the daughter particles are identified in close analogy to the ones of A hyperons
again using the standard track selection combined with the momentum-velocity selection
regions generated specifically for the daughter particles of weak decays. Furthermore, the
range of the value a defined in Section 3.4.1 is limited too. Both n™ and © are required
to have a-values between 0.7 and 1.4 which roughly corresponds to velocities above 0.53 ¢
and momenta below 1500 MeV /c. The values are determined using simulated K¢ mesons
embedded into experimental data using the method described in Section 2.3.4 such that
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Figure 4.16.: Signal and background distributions of the parameters used for training
the ANN to reconstruct K¢ before (upper panel) and after (lower panel) all of the the
pre-selection criteria, which are indicated by lines - See the text for details.
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at least +30 of the distributions are covered and the phase-space of the reconstructed K
mesons is not reduced. Again, the energies of the identified tracks are adjusted such that
their reconstructed masses are equal to their nominal masses.

The reconstruction of KY mesons follows the same structure as the reconstruction of any
weakly decaying particle described in Sections 3.6, 3.8 and 3.10. Again, the discrimination
power between actual signals and combinatorial background is enhanced by evaluating the
decay parameters, summarized in Appendix A.6, by an ANN in addition to the standard
hard selection criteria. The training of the ANN is performed using a signal sample
obtained from simulated K& embedded into experimental data and a background sample
obtained via the mixed-event method described in Section 3.9. Figure 4.16 shows in the
upper panel the distributions of the training samples for K& mesons. As for the As, only
the parameters DaulVD, Dau2VD and VDX show significant discrimination power in
contrast to the parameters MotVD, MTD and AP Angle.

Parameter Set 1 | Set 2 | Set 3 | Set 4 Final

DaulVD [mm] > 5 > 6 > 7 > 8 > 6

Dau2VD [mm] > 5 > 6 > 7 > 8 > 6

MotVD [mm] | <20 | <18 | <16 | <15 | < 12

VDX [mm] ~10 | >15 | =20 | =20 || > 18

MTD [mm] | <20 | <18 | <16 | <15 || < 18

Table 4.7.: The four pre-selection criteria sets tested for the reconstruction of K& mesons.
The bold selection criteria are finally used - See the text for details.

As before, hard pre-selection criteria are required in advance to the ANN training. To
determine the optimal pre-selection criteria, the four candidate sets given by Table 4.7
are estimated based on the pre-selection criteria used in [170] and each of them is tested.
Again, it is found that the chosen set of pre-selection criteria barely influences the ob-
tained signal. Furthermore, the momentum of the K¢ candidate was tested instead of the
APAngle as it was done in [170]. Both possibilities result in similar amounts of recon-
structed K¢, and since the use of the momentum strongly biases the shape of combinatorial
background in the invariant mass spectrum, the APAngle is chosen as sixth parameter.
Based on the tests the pre-selection criteria which are emphasized in Table 4.7 are de-
termined, however, later it was found that the pre-selection criteria from the rightmost
column are better suited to reconstruct K¢ mesons which is why they are finally used.

The lower panel of Figure 4.16 shows the distributions of the training samples after the
final pre-selection criteria are applied. It is observed that the parameters MotVD, MTD
and APAngle now show a pretty strong discrimination power which further emphasizes
the need for the pre-selection. In contrast to the A hyperons, the parameters DaulVD
and Dau2VD show a similar distribution since the ' and the n~ have the same mass.
Furthermore, they barely reflect the VDX criterion since the amount of energy released
in the K decay is significantly higher than in the A decay.
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Figure 4.17.: ANN response distribution for the signal- (magenta) and background
(black) samples used for training and testing of the ANN as well n'-1~ combinations
from real events (green) in linear (left) and logarithmic (right) representation.

The distributions of the ANN response parameter (MVA) for the two training samples as
well as experimental n" -1 pairs are shown in Figure 4.17. They show strong similarities
compared to the corresponding distributions of A hyperons since again a strong separation
between the background sample with values close to 0 and the signal sample with values
close to 1 is observed. Furthermore, in particular the logarithmic depiction in the right
shows that the experimental distribution is consistent with the background distribution
over a wide range, but due to actual K¢ decays in the data, a clear excess around values
of 1 can be observed. It can be concluded that the mixed-event technique describes the
combinatorial background in the reconstruction of K¢ mesons well.

In the nest step, the n'-n invariant mass distributions are generated for experimental
data and mixed-event background. Since the K¢ peak is significantly broader than the A
peak as a result from the higher amount of energy released in the decay and the lighter
daughters, the side-bands used to normalize the mixed-event background are positioned
+40 outside the signal region as determined by a Gaussian function fitted to the data
distribution after subtraction of the normalized mixed-event background. As for the A
hyperons the selection criteria are optimized in an iterative procedure aimed at maximizing
the significance of the signal calculated according to Equation 4.3.

The resulting optimized selection criteria are denoted in Table 4.8 as “Standard” and
the corresponding invariant mass spectra of the 0-25 % most central Ag(1.58A GeV)+Ag
events are depicted in Figure 4.18 before (left) and after (right) subtraction of background.
As for the A hyperons a well description of the combinatorial background is observed
although it tends to overshoot the experimental distribution slightly at invariant masses
below 450 MeV /c?>. The subtracted spectrum in the right also shows the Gaussian fit
function with a mean close to the nominal mass of K mesons and a significantly lower
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Figure 4.18.: Invariant mass distribution of n"-n pairs from the 0-25 % most central
Ag(1.58A GeV)+Ag events after application of the full K¢ reconstruction method before
(left) and after (right) subtraction of the mixed-event combinatorial background.

width than in the analysis of Au(1.23A GeV)+Au events described in [170].

In total, 1.55 million K¥ mesons within +26 around the K¢ peak are reconstructed which
is again more than ever measured by HADES in a single beam time before. The use
of an ANN results in a strong suppression of the combinatorial background and a very
high signal to background ratio of 3.07. In the following sections, the lifetime of the K
hyperons is determined and their production is analyzed multi-differentially. The different
selection criteria sets used in the following analyses are summarized in Table 4.8, again
using the ANN response only for the “Standard” selection criteria set but not for the sets

“Loose”, “Medium” and “Tight” that are used to estimate the systematic effects of selection
criteria variations.

Parameter | Pre-Selection | Standard | Loose Medium Tight
DaulVD > 6 mm > 6 mm >9mm | >10mm | > 11 mm
Dau2VD > 6 mm > 6 mm >9mm | >10mm | > 11 mm
MotVD < 12 mm <I1lmm | <12mm | < 10mm | < 8 mm

VDX > 18 mm >19mm | > 20 mm | > 22 mm | > 24 mm

MTD < 18 mm <17mm | <16 mm | < 13 mm | < 10 mm
A > 15°

MVA > 77 % —

Table 4.8.: The five final selection criteria sets

of K¢ mesons.

used for the reconstruction and analysis
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4.3.2. Lifetime Measurement

Just like the lifetime of A hyperons, £ FABES PhD Thesis
the lifetime of K$ mesons is well es- 2 N
tablished, measured with high preci- 3 AGAQ Sy = 255 GeV
sion and independent from the colli- © - KS - 0 - 10% Centrality

sion system and can therefore be used

to assess the quality of the acceptance

and efficiency corrections. The mea-
surement is performed in the same

way like for the A hyperons start-

ing with the calculation of the decay- 10°
times from the decay-lengths via Equa-

tion 4.4. Due to the shorter lifetime of —* Experimental Yield
K¢ mesons, the decay-time range from [ systematic Er.
40 to 500 ps is divided into 46 equally - ——— PDG-1=90ps
sized intervals of 10 ps width. For each I RN ETIE RN RS R i
of these intervals the invariant mass 0 100 200 300 400 tdefa?([)ps]
spectrum of ©"-m pairs is created and

the amount of K¢ signal counts is ex- Figure 4.19.: Lifetime spectrum of K¢ from
tracted within +2o0 like described in the 0-10 % most central Ag(1.58A GeV)+Ag

the previous section. Using K& mesons events. The magenta exponential decay curve
generated according to the DIS model corresponds to the data and the black to the
with the parameter values obtained in K¢ literature lifetime [184].

Section 4.3.3 and embedded into ex-

perimental data, the counts are corrected for acceptance and efficiency effects which are
identical to the ones for A hyperons discussed in Section 4.2.3. The corrected counts are
then normalized to the decay-time interval widths and depicted in Figure 4.19. As before,
the systematic uncertainties, depicted as boxes, are estimated based on the differences
between the four selection criteria sets defined in Section 4.3.1.

Again, the exponential decay curve functions, defined by Equation 4.5, are depicted in
Figure 4.19 too. The black one corresponds to the literature value of the K¢ lifetime of
90 ps [184]. The magenta function is fitted to the data points and yields the measured
K¢ lifetime of (92 + 1 + 1) ps. As usual, the first uncertainty denotes the statistical
one and the second uncertainty the systematic one which is determined by averaging the
relative uncertainties of the multiple intervals and applying the average to the determined
lifetime. In this measurement a slightly higher lifetime, about 2.2 % above the nominal
lifetime, is determined. However, the values are consistent within the uncertainties of
the measurement. This further supports the observation from the A hyperons that the
simulated particles embedded into experimental data are suited to describe acceptance and
efficiency losses without being critically biased by the use of the OVD topology parameters
or the ANN.
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4.3.3. Multi-Differential Analysis

The method used to perform the multi-differential analysis of the production of K& mesons
is basically identical to the one of A hyperons which is why in the following only the
important steps and differences are discussed in detail. The entire phase-space of the
K¢ mesons is divided into 22 transverse momentum intervals with a width of 60 MeV /c
from 0 to 1320 MeV /c and 15 rapidity intervals with a width of 0.1 from —0.65 to 0.85
in the CM system of collision. The mid-rapidity region from —0.15 to 0.15 is analyzed
additionally using 34 transverse momentum intervals with a width of 40 MeV /¢ from 0 to
1360 MeV /c. Again, the analysis is performed independently for the three 10 % centrality
intervals of the 0-30 % most central events resulting in a grand total of 1092 individual
intervals. For each of these intervals, the K signal counts are extracted using the method
described in Section 4.3.1 without distinguishing between RPC and TOF detector region.
Figure 4.20 shows the invariant mass distributions from four different regions of the total
phase-space. The amounts of signal counts for each interval are depicted in the upper
panel of Figure 4.21, while its lower panel shows the corresponding significances.

Next, the correction for acceptance and efficiency effects is performed using Equation 4.7
and simulated K¢ mesons embedded into experimental data by the method described in
Section 2.3.4. As for the A hyperons, the total acceptance consists of the acceptances of
the ©° and the © as well as the BR of the decay channel and the total efficiency consists
of the detection, reconstruction and selection efficiencies of the n" and the © as well as
the efficiency of the OVD selection criteria. Again, in the application of the correction
quotients to the signal counts of the multiple intervals, intervals with an acceptance or
efficiency quotient deceeding 1 % or a relative statistical uncertainty exceeding 20 % are
rejected. The determined Acceptance x Efficiency values are displayed in the upper panel
of Figure 4.22. Finally a normalization to the number of analyzed events as well as the
transverse momentum and rapidity interval widths is performed.

reercd (P Y)

BRKg *Qrt+Qr— - €det nt€det,n— * Erec,nt €rec,m— * €sel,wt€sel,m— ° GOVD,Kg. = sim.

(4.7)
Ngenxcs, (P> 9)

The fully corrected and normalized K¢ production rates over the entire phase-space are
depicted in the lower panel of Figure 4.22 for the 0-10 % most central Ag(1.58A GeV)+Ag
events. The measurement covers a large proportion of the phase-space down to vanishing
transverse momenta with smooth shapes. In the next step, the extrapolation in transverse
direction is performed. The individual corrected and normalize K transverse momentum
spectra for each rapidity interval are shown in the left plot of Figure 4.23. Like for the A
hyperons, DIS model functions (cf. Section 1.4), depicted in Figure 4.23 as well, are used
for the extrapolation. The fit method remains identical too meaning that the functions for
the individual spectra are fitted with a common value for the parameter 1%, symmetric
scaling parameters C' and the parameter 7 fixed to 0. Over the entire phase-space from
lowest to highest momenta the spectra are well described by the model functions. This is
also reflected by the right plot of Figure 4.23 which shows the ratios between the model
functions and the data points, again shifted by +x for better visibility.
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Reconstructed Signal
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Significance

1200
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Figure 4.21.: Extracted K¢ signal counts (upper panel) and their significances (lower
panel) from the 0-10 % most central Ag(1.58A GeV)+Ag events.
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and normalized K¢ production rates (lower panel) from the 0-10 % most central
Ag(1.58A GeV)+Ag events.
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Figure 4.23.: Transverse momentum spectra of K¢ from the 0-10 % most central
Ag(1.58A GeV)+Ag events for the multiple rapidity intervals scaled by 10* for better visi-
bility (left). The spectra of the various rapidity intervals are depicted by different marker
styles with full markers corresponding to the backward hemisphere and open markers to
the forward hemisphere. The mid-rapidity interval, is depicted by the symbol *. The
spectra are fitted with DIS model-functions with a common effective temperature Tg¢
and a common 7). Furthermore, the ratios between the data points and the fit functions
shifted by +x for better visibility are displayed (right).

After integration of the transverse momentum spectra as well as the model functions for
extrapolation, the rapidity spectrum displayed in Figure 4.24 is obtained. Here a strong
symmetry between the yields depicted by full circles and the yields reflected at mid-rapidity
depicted by open circles is observed. Furthermore, the proportions of the yields obtained
by extrapolation, which are displayed in the lower part of Figure 4.24, reveal that thanks
to the large proportion of the phase-space covered by the measurement in most rapidity
intervals less than 1 % of the total yield are obtained by extrapolations. Even in the most
forward rapidity interval less than 40 % of the yield are obtained via extrapolation.

The systematic uncertainties depicted by boxes around the data points in Figure 4.24 are
determined via the same method as for the protons and the A hyperons. The system-
atic differences between the analyses using the different selection criteria sets defined in
Section 4.3.1, the differences between corresponding forward and backward rapidity in-
tervals as well as the globally averaged relative difference between corresponding forward
and backward rapidity intervals, which amounts to &~ 3 % as well are calculated and the
largest uncertainty is taken. The extrapolation to the full 4 yield is performed using
the DIS model function fitted to the rapidity spectrum and depicted in Figure 4.24 and
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results in (4.50 4+ 0.02 & 0.15) x 102
K¢ mesons per event for the O-
10 % most central Ag(1.58A GeV)+Ag
events. The systematic uncertainty
is estimated by propagating the un-
certainties of the yields in the rapid-
ity spectrum to the integrated yield.
Again, the UrQMD model was tested
as alternative to the DIS model but no
difference outside the previous uncer-
tainties is found.

Finally, the multi-differential analysis
is performed for the 10-20 % and 20-
30 % most central Ag(1.58A GeV)+Ag
events. The results are displayed in
Appendix A.8 as well as Figure 4.25
showing the mid-rapidity transverse
momentum spectra in the left and the
rapidity spectra after integration and
extrapolation in the right. Further-
more, the DIS fit functions used for the
extrapolations are depicted.

Concerning the mid-rapidity trans-
verse momentum spectra, a strong ac-
cordance between the model functions
and the measured yields over the en-
tire transverse momentum range is ob-
served. Only around transverse mo-
menta of 200 MeV /c slight discrepan-

Events

' HADES PhD Thesis —8— Integrated Yield
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Figure 4.24.: Rapidity spectrum of K¢ from
the 0-10 % most central Ag(1.58A GeV)+Ag
events after transverse integration (upper
part). The open symbols correspond to the
data mirrored at mid-rapidity. The lower part
shows fraction of the yields obtained by the ex-
trapolation in transverse direction.

cies can be observed. Also concerning the rapidity spectra after integration and extrapo-
lation, a strong accordance between the model functions and the data points is observed
for all centrality classes. Like the A hyperons, the K mesons are newly produced inside
the fireball, which is why their kinematic distributions are not contaminated.

Table 4.9 summarizes the integrated 4r yields as well as the DIS model parameters ob-
tained in the multi-differential analysis of K mesons. Like for the A hyperons, the values
of Tgss are determined by the transverse momentum spectra fits and the values for 7
by the rapidity spectrum fits. The systematic uncertainties of the model parameters are
again derived from the differences between the analyses conducted with different selection
criteria sets. In Chapter 5 the obtained results will be put in context and analyzed further.
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Figure 4.25.: Mid-rapidity transverse momentum spectra (left) and rapidity spectra
(right) of K¢ from the three most central 10 % Ag(1.58A GeV)+Ag centrality classes and
the according DIS fit functions.

Centrality 47n Yield / Event Tgs; [MeV] n
0-10 % (4.50 &+ 0.02 £ 0.15) x 102 108 £1+4 0.27 £ 0.01 £ 0.01
10-20 % (2.72 £ 0.01 £ 0.09) x 102 103 +1+4 0.31 £ 0.01 £ 0.01
20-30 % (1.67 £ 0.01 £ 0.06) x 102 98 +t1£3 0.33 £ 0.01 £ 0.01

Table 4.9.: Integrated 4n yields and DIS model parameter values obtained in the analysis
of K¢ from the 0-30 % most central Ag(1.58A GeV)+Ag events.
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4.4. 3H Analysis

The {H is a hypernucleus and consists of one proton, neutron and A. With a mass of
~ 2991 MeV /c? it is the lightest known hypernucleus and has a nuclear binding energy of
only ~ 0.8 MeV per nucleon which is even lower than the one of the deuteron which has the
lowest among the regular nuclei with &~ 1.1 MeV per nucleon [113]. Due to the low binding
energy, the decay of the 3H is expected to have similar properties like the decay of free A
hyperons, however, multiple measurements of the 3H lifetime yielded values significantly
below the free A lifetime, which resulted in the so called 3H lifetime puzzle. More recent
measurements however, yield lifetimes only slightly below or compatible with the the free
A lifetime. A very recent review of the 3H lifetime and other properties is performed in
[108].

The #H has six mesonic decay channels. They correspond to the two primary decay
channels of the A hyperon and the possibility of no, partial or full nuclear breakup in
the final state. Most abundantly a partial nuclear breakup occurs: H — d + p + ©
(BR ~ 40 %) and §H — d + n + n° (BR ~ 20 %). Second most abundantly no nuclear
breakup occurs: §H — *He + © (BR =~ 27 %) and 1H — t + 1’ (BR ~ 13 %). The
decay channels in which a full nuclear breakup occurs (H — p + p + n + © and
fH — p + n +n + 1% as well as all non-mesonic decay channels have negligible BRs. A
theoretical review of the $H decay channels and their BRs can be found in [114].

In fixed-target heavy-ion collisions at beam energies of few GeV, RH are produced by
clustering of a previously produced A hyperon (cf. Section 4.2) with nucleons from the bulk.
The exact clustering mechanism is still unknown even for regular nuclei and therefore topic
of current studies like for example [175]. The 3H was already investigated by HADES in
Ar(1.76A GeV)+KCl collisions via its two-body decay channel with only charged products,
however, no clear signal could be reconstructed [34, 160]. In Au(1.23A GeV)+Au collisions,
the reconstruction was attempted via the same decay channel [54] and via its three-body
decay channel with only charged products [111], however, again no clear signal could
be reconstructed. In this work, the reconstruction via the two-body decay channel is
investigated for Ag(1.58 A GeV)-+Ag collisions which are advantageous due to their higher
energy and smaller system size compared to Au(1.23A GeV)+Au collisions. Like for the
As and the K{, the OVD topology parameters are evaluated in this work using an ANN.
The details of their reconstruction and analysis are described in the following sections.

4.4.1. Artificial Neutral Network Training

Like the As and the K2 also the majority of the 3H decay in front of the first detectors
and need to be reconstructed from their decay daughters, in this work *He (Daul) and n
(Dau2). For the n~ exactly the same selection criteria as for ©= from A decays are used.
The 3He is identified in a mass range from 1270 to 1520 MeV /c? and an a-range from 0.5
to 2 which roughly corresponds to a velocity above 0.3 ¢ and a measured momentum below
2800 MeV /c. Furthermore, the *He-candidates have to have velocities below the speed of
light and fulfill the MDC specific energy loss selection regions determined in Section 3.4.2.
Like already before the a-range selections are obtained from simulated 3 H embedded into
experimental data using the method described in Section 2.3.4.
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Figure 4.26.: Signal and background distributions of the parameters used for training
the ANN to reconstruct $H before (upper panel) and after (lower panel) all of the pre-
selection criteria, which are indicated by lines - See the text for details.
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well, beginning with the training of an ANN to evaluate the decay parameters summarized

in A

The methods described in Sections 3.6, 3.8 and 3.10 are used for the reconstruction of 1H as

endix A.6. The corresponding distributions from the signal sample obtained from

simulated $H as well as from the background sample obtained via the mixed event method

is shown in the upper part of Figure 4.26. At this stage, only the parameters Dau2VD,

VDX and APAngle show a significant discrimination power. The parameters MotVD and

MTD again show basically no discrimination power, however, this time the same holds

true also for DaulVD, because of the large mass difference between the *He and the =«

in combination with the low amount of energy released in the decay which results in the

3He being barely deflected.

Due to the low binding energy of the §H, many calculations predict a similar lifetime as

for free A hyperons and measurements confirm at least a similar order of magnitude. For

this reason, the same pre-selection criteria already used for the A hyperons are also used
for the 3H. Only the lower limit on the parameter DaulVD is halved to account for the

much higher mass of the He compared to the proton. The used pre-selection criteria are

denoted in Table 4.10 and the parameter distributions after their application are depicted

in the lower panel of Figure 4.26.

The pre-selection criteria again result in a significant discrimination power of the param-

eters MotVD and MTD and also the discrimination power of the parameter DaulVD is

slightly raised. The background distribution of the parameter Dau2VD shows a very pro-

nounced peak-like structure at 45 mm resulting from the criterion VDX > 45 mm. In case

of the 3H the effect is much stronger than for A hyperons or K& mesons again because of

the large mass difference between the *He and the n in combination with the low amount

of energy released in the decay.
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Figure 4.28.: Invariant mass distribution of *He-n pairs from the 0-25 % most central
Ag(1.58A GeV)+Ag events after application of the full {H reconstruction method before
(left) and after (right) subtraction of the mixed-event combinatorial background.

Figure 4.27 shows the ANN response parameter (MVA) distributions obtained for the
two training samples as well as experimental *He-n pairs. As for the A hyperons and
K¢ mesons, a very strong separation between the two training samples is observed. As
in particular visible in the logarithmic depiction in the right, the distributions of the
background sample and experimental data match perfectly. Unlike for the As and K¢ no
strong excess of the data distribution around 1 can be observed since the 3H is produced
much less abundant than A hyperons or K$ mesons. Under close examination, however, a
slight excess in the last two intervals of the data distribution is observed which might be
due to actual 3H decays.

As for the A hyperons and K¢, in the next step, the *He-n invariant mass distributions
for experimental data and mixed-event background are generated and the selection cri-
teria are optimized for a maximum significance (Equation 4.3) in an iterative procedure.
To obtain sufficient signal counts to perform a differential analysis, in the optimization
procedure at least 1000 signal counts and a signal to background ratio of 1/3 are required.
Kinematically, the analyzed 3H decay channel has many similarities with the primary
decay channel of free A hyperons due to the low binding energy of the H. Furthermore,
due to its double charge the *He are measured in the detectors at panel of its nominal
mass ~ 1404 MeV /c? which is why its momentum resolution is comparable to the one of
protons which have a mass of ~ 938 MeV /c?. For these reasons, the peak widths of As and
3H are similar and therefore the side-bands used for the normalization of the mixed-event
background are positioned again at least 60 outside the signal region.

The final optimized selection criteria are denoted in Table 4.10 in the column “Standard”
and the corresponding invariant mass distributions are shown in Figure 4.28 before (left)
and after (right) subtraction of the mixed-event background. Around the nominal mass
of the $H of ~ 2991 MeV /c? a clear peak with ~ 1000 counts within +2c a significance
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of 16.6 and signal to background ratio of 0.37 is observed. Outside the signal region,
the background of the data distribution is described well by the mixed-event background.
The Gaussian function fitted to the subtracted invariant mass spectrum in the right of
Figure 4.28 has a mean very close to the nominal 1H mass and a width of 2.5 MeV /c?
which is close to the width of the A peak shown in Figure 4.8. Thereby it confirms the
kinematic similarities between the 3H and A decay.

In the following section, the production rates of 3H are estimated and a lifetime mea-
surement is performed. Table 4.10 summarizes the selection criteria sets used in these
analyses again with only the “Standard” using the ANN response and the sets “Loose”,
“Medium” and “Tight” to estimate the systematical uncertainties not. However, not using
the ANN response results in very strong criteria on the remaining parameters to achieve
the required suppression of the combinatorial background. Unfortunately, this results in
low signal counts and large statistical uncertainties using these selection criteria.

Parameter |Pre-Selection | Standard| Loose Medium Tight
DaulVD > 2 mm > 3 mm > 4 mm > 6 mm > 8 mm
Dau2VD > 14 mm >14mm | >30mm | > 35 mm | > 40 mm
MotVD < 16 mm <16 mm | < 8 mm < 6 mm < 4 mm

VDX > 45 mm >45mm | > 90 mm | > 100 mm | > 110 mm

MTD < 20 mm <12mm | <10mm | < 8 mm < 6 mm
A > 15°

MVA — > 98.1 % —

Table 4.10.: The five final selection criteria sets used for the reconstruction and analysis
of $H hypernuclei.

4.4.2. Lifetime Measurement

The $H lifetime was an unsolved riddle for several years since theories predicted lifetimes
close to the free A lifetime while measurements resulted in significantly lower lifetimes [10,
13, 24, 152]. The measurement is conducted in analogy to the lifetime measurement of
A hyperons and K¢ mesons. As it yields the correct lifetimes for these particles, the
method is verified to be working correctly. First, the decay-times are calculated from the
measured decay-lengths using Equation 4.4 and their range from 300 to 1000 ps is divided
into 7 equally sized intervals with a width of 100 ps. For each of these intervals the
amounts of reconstructed 3H within +20 is extracted and corrected for acceptance and
efficiency effect using $H embedded into experimental data as described in Section 2.3.4.
By normalizing the corrected counts for the decay-time interval widths and the amounts of
analyzed events, the decay-time spectrum displayed in Figure 4.29 is obtained. As before,
the systematic uncertainties, depicted as boxes, are estimated based on the differences

between the four selection criteria sets defined in Section 4.4.1. The low amounts of
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reconstructed 3H decays results in
large statistical uncertainties of the
measurement.

dN/dt/ N,

The orange function depicted in Fig-
ure 4.29 corresponds to the expo-
nential decay law defined by Equa-
tion 4.5, is fitted to the data points
and yields the measured lifetime of
(253 + 24 £ 42) ps. The system-
atic uncertainty is again determined
by applying the averaged relative un-
certainty of the data points to the ob-
tained value. The result is pretty close
to the lifetime of free A hyperons of
263 ps [184] which is depicted black in
Figure 4.29. As for the A hyperons
and K{ mesons, the measured lifetime
is compatible to its expectation value,
however unfortunately the large statis-
tical and systematic uncertainties sig-
nificantly reduce the relevance of this
measurement. Nevertheless, it falls in
line with further recent measurements
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Figure 4.29.: Lifetime spectrum of {H from

the 0-25 % most central Ag(1.58A GeV)+Ag

events.

The orange exponential decay curve

corresponds to the data and the black to the
free A lifetime [184].

of the lifetime of 3H which resulted in lifetimes compatible with the free A lifetime
too [6, 12, 108] and thereby enforces the according theoretical predictions.

4.4.3. Differential and Multi-Differential Analysis

Unfortunately, the low amount of only
~ 1000 signal counts makes precise multi-
differential analysis of the production of 3 H
for all centrality classes like conducted for
A hyperons and K¢ mesons very challeng-
ing. In this section, the multi-differential
analysis is therefore conducted only for
the 0-25 % most central events. How-
ever, acceptance and efficiency values aver-
aged over the entire phase-space, still allow
to obtain centrality-differential production
rates. Therefore, $H generated with an
effective temperature of 200 MeV around

Centrality 4r Yield / Event
0-25 % (3.30 £ 0.21 £ 0.54) x 10*
0-10 % (6.13 + 0.52 + 1.01) x 10*
10-20 % | (2.31 & 0.27 + 0.38) x 10*
20-30 % | (0.88 £ 0.14 4 0.15) x 104

Table 4.11.: 4n yields obtained in the anal-

ysis of 3H for the 0-30 % most central
Ag(1.58A GeV)+Ag events.

mid-rapidity by the Pluto event generator and embedded into experimental data by the
method described in Section 2.3.4, are used. The obtained rates are listed in Table 4.11
for the three 0-30 % most central classes of Ag(1.58A GeV)+Ag events. The low amount
of reconstructed 3H results in large relative statistical uncertainties of up to 16 % and
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Figure 4.30.: Extracted 1H signal counts (left) and their significances (right) from the
0-25 % most central Ag(1.58A GeV)+Ag events.
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Figure 4.31.: Acceptance x Efficiency values (left) as well as corrected and normalized
{H production rates (right) from the 0-25 % most central Ag(1.58A GeV)+Ag events.

even higher ones for the selection criteria sets not using the ANN response. Therefore, the
systematic uncertainties of the production rates cannot be determined by cut variations,
as they would be exceeded by the statistical uncertainties. Instead, the relative systematic
uncertainties from the 3H lifetime measurement in the previous section which amount to
~ 16.5 % are used.

The method used for the multi-differential transverse momentum and rapidity analysis of
the 3H production is again almost identical to the one used for A hyperons and K¢ mesons
which is why in the following only the important steps and differences are discussed. In
case of the 3H, the low amount of signal counts requires significantly larger phase-space
intervals. The entire phase-space is divided into 7 transverse momentum intervals with a
width of 300 MeV /c from 600 to 2700 MeV /c and 4 rapidity intervals with a width of 0.2
from —0.5 to 0.3 in the CM system of collision resulting in a grand total of 28 individual
intervals. For each of these intervals, the 3H signal counts are extracted using the method
described in Section 4.4.1 without distinguishing between RPC and TOF detector region.
Figure 4.32 shows the invariant mass distributions from four different regions of the total
phase-space. The amounts of signal counts for each interval are depicted in the left of
Figure 4.30, while its right shows the corresponding significances.

Next, the correction for acceptance and efficiency effects is performed using the same
simulated 3H as before and Equation 4.8. Like for As and K¢, the total acceptance
consists of the acceptances of the He and the n~ as well as the BR of the decay channel
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Figure 4.32.: Invariant mass distributions of *He-n pairs from the 0-25 % most central
Ag(1.58A GeV)+Ag events at the center of the total phase-space (upper left), the medium-
p: backward-rapidity region (upper right), the high-p; mid-rapidity region (lower left) and
the medium-p; forward-rapidity region (lower right).
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and the total efficiency consists of the detection, reconstruction and selection efficiencies
of the *He and the n as well as the efficiency of the OVD selection criteria. Intervals
with an acceptance or efficiency quotient deceeding 1 % are again rejected. To allow
larger statistical fluctuations due to the low amounts of signal counts, relative statistical
uncertainties up to 100 % are allowed. The determined Acceptance x Efficiency values
are displayed in the left of Figure 4.31. Finally, a normalization to the number of analyzed
events as well as the transverse momentum and rapidity interval widths is performed.
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Figure 4.33.: Transverse momentum spectra of 3H from the 0-25 % most central
Ag(1.58A GeV)+Ag events for the multiple rapidity intervals scaled by 10* for better visi-
bility (left). Again, full markers correspond to the backward hemisphere and open markers
to the forward hemisphere. The mid-rapidity interval, is depicted by the symbol *. The
spectra are fitted with DIS model-functions with a common effective temperature Txy¢
and a common 7. Furthermore, the ratios between the data points and the fit functions
shifted by +x for better visibility are displayed (right).

The fully corrected and normalized 3H production rates over the entire phase-space are
depicted in the right of Figure 4.31 for the 0-25 % most central Ag(1.58A GeV)+Ag
events. Due to the large intervals, the measurement covers a large part of the phase-
space including one rapidity interval from the forward hemisphere. In the next step, the
extrapolation in transverse direction is performed. The individual corrected and normal-
ize 3H transverse momentum spectra for each rapidity interval are shown in the left of
Figure 4.33. For better visibility, the spectra are scaled by factors 10*. Like for the A
hyperons and K¢ mesons, DIS model functions (cf. Section 1.4), depicted in Figure 4.33 as
well, are used for the extrapolation. The fit method remains identical too meaning that
the functions for the individual spectra are fitted with a common value for the parameter
Trgs¢, symmetric scaling parameters C' and the parameter 7 fixed to 0 for the transverse
fits. All measured data points are well described by the fit functions within their sta-
tistical uncertainties. This is also reflected by the right plot of Figure 4.33 which shows
the ratios between the model functions and and the data points, again shifted by +x for
better visibility. The effective temperature Ty obtained by the combined transverse fit
amounts to (210 £ 19 + 35) MeV with the systematic uncertainty corresponding to a
relative uncertainty of 16.5 % as motivated before.
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and K¢ mesons. Besides the large un-

certainties, the full 4n production rate obtained by integration and extrapolation of
(3.96 & 0.21 £ 0.66) x 10* {H per event is consistent within uncertainties with the
previously determined value using averaged acceptances and efficiencies.

The rapidity spectrum shown in Figure 4.34 clearly shows that the measured {H are
dominantly produced and emitted from the fireball by a source at mid-rapidity. The
same emission pattern, which is well described by an IS phase-space distribution model
(cf. Section 1.4), was already observed for A hyperons and K¢ mesons. On the other
side, for example the HypHI collaboration proposed the production of hypernuclei in
projectile fragmentation reactions [152]. In these reactions, a hyperon produced in the
fireball forms a hypernuclei with a fragment of the colliding nuclei. Such hypernuclei
are therefore emitted from two sources at target- and projectile-rapidity which are not
covered by the HADES spectrometer. Concerning the total production rates, the HypHI
collaboration measured a 3H / A ratio of (2.2 + 1.3) x 103 [153]. In this work, a ratio of
(3.8 & 0.4) x 103 is measured for the 0-30 % most central events. For the interpretation
one needs to consider that the HypHI collaboration measured smaller collision systems at
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higher energies, namely He(3.7A GeV)+C and Li(3.0A GeV)+C collisions. In this work,
Ag(1.58A GeV)-+Ag collisions with a significantly lower energy and larger system size, are
analyzed so different hypernuclei production mechanisms might be predominant.

4.5. =" Analysis

= hyperons consist of one down- and two strange-quarks |dss), carry an electrical charge
of 1 and are besides the Z° hyperons the lightest existing double strange hyperons with a
mass of ~ 1322 MeV /c?. They decay via the weak interaction to single strange hyperons
with a decay length ct of 4.91 cm. Since the single strange hyperons decay further via the
weak interaction, their decay topology develops a multi-step structure which is why the =
hyperons are historically called “cascade”. the most probable decay channel of = hyperons
isZ — A + n with a BR of almost 100 %. If the A hyperon decays further into a p-t_
pair, their total decay reads == — p + n + © and has an overall BR of 63.8 % [184].
In fixed-target heavy-ion collisions at beam energies of few GeV, the production of =
hyperons is suppressed due to the rather high energetic threshold - See Equation 1.8.

Due to the low production rates in combination with the high abundances of the decay
products, the combinatorial background overshoots the anticipated signal by a factor of
about 135,000,000 like already stated in Section 3.6. Therefore, the reconstruction of the
= hyperon is particular challenging and never succeeded in heavy-ion collisions at such
low beam energies. However, the double OVD topology of its decay allows for a stronger
suppression of the combinatorial background than for the particles discussed so far. Thus,
in combination with analyzing the OVD topology parameters with an ANN, a successful
reconstruction might be possible.

The same was already attempted in [161, 170] for Au(1.23A GeV)-+Au collisions, however,
no clear signal could be reconstructed. In comparison the Ag(1.58A GeV)+Ag collisions
have two advantages: The slightly increased energy leads to a significantly increased
production rate since the excitation function of the production is expected to be very
steep below the free NN threshold energy. Furthermore, the smaller size of the Ag nuclei
compared to the Au nuclei results in lower amounts of protons and ©~ from other sources
which decreases the combinatorial background. For these reasons, the reconstruction of
the Z hyperons is reattempted in this work using an ANN to evaluate the OVD topology
parameters like for the As, the K& and the 3H as described in the following sections.

4.5.1. Artificial Neutral Network Training

Both the Z hyperons and the A hyperons produced in its decays decay in front of the
first detectors and need to be reconstructed from their daughter particles. First, the A
hyperon is reconstructed using the same method as for free As, however, with different
ranges on the parameter a for the proton (DeclDaul) and the n (DeclDau2), namely
between 0.72 and 1.51 for protons which roughly corresponds to velocities above 0.48 c
and momenta below 1800 MeV /¢ and values between 0.84 and 1.04 for ©= which roughly
corresponds to velocities above 0.67 ¢ and momenta below 500 MeV /c. Next, the recon-
structed A hyperons (Dec2Daul) are combined with another ©= (Dec2Dau2) resulting in
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Figure 4.35.: Signal and background distributions of the parameters used for training the
ANN to reconstruct = before (upper panel) and after (lower panel) all of the pre-selection
criteria, which are indicated by lines.
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the = candidates. The A hyperons are required to have an invariant mass within a defined
range which will be discussed in the following paragraph as well as an a-value between
0.78 and 1.65 which roughly corresponds to velocities above 0.5 ¢ and momenta below
2100 MeV /c. For the n from the = decay a slightly different a-range than for the n
from the A decay, namely from 0.87 to 1.05 which roughly corresponds to velocities above
0.71 ¢ and momenta below 500 MeV /c, is used. This is to account for the different mass
relation and the different amount of energy released in the = decay. As for the As, the
K¢ and the 3H the ranges are determined using = hyperons embedded into experimental
data using the method described in Section 2.3.4. However, this time the primary aim is
to reduce the combinatorial background of the = candidates which is why about +2c of
the distributions are used as ranges. As before, the energies of the identified tracks are
adjusted such that their reconstructed masses are equal to their nominal masses.

The reconstruction of = hyperons is performed by applying the basic principle for the
identification and reconstruction of weakly decaying particles, as described in Sections 3.6,
3.8 and 3.10, twice: First to reconstruct A hyperons and afterwards to reconstruct =
hyperons. The training of the ANN used to identify the A hyperons required to reconstruct
= hyperons can be performed using either simulated free A hyperons or A hyperons from
the decays of simulated = hyperons. On first sight it might seem obvious to use the A
hyperons from = decays, however, they pose a problem: The additional displacement of
the A decay due to the random decay-length of the = hyperon strongly influences the
OVD topology parameters of the A which confuses the ANN. This effect results in a
significantly reduced performance of the A identification if the ANN is trained using A
hyperons from simulated Z hyperons compared to using simulated free A hyperons and
was shown in [170]. Therefore, in this work, the A hyperons are identified using the exact
same method as free A hyperons described in Section 4.2.1.

A hyperons are selected from a mass range around its nominal mass of 1115 MeV /c2. This
range is set to 7.5 MeV /c? which roughly corresponds to £3c for the training of the
ANN used to identify = decays, but is varied in the optimization procedure later on.
Afterwards, the energy of the A hyperon is adjusted such that it has its nominal mass too.
The distributions of the OVD topology parameters, summarized in Appendix A.6, of the
signal sample obtained from simulated = hyperons and the background sample obtained
via the mixed-event method are shown in the upper panel of Figure 4.35. Unlike for As,
K¢ or $H all parameters already show some discrimination power. This is because of the
additional background coming from p-n  pairs falsely identified as A hyperons.

The pre-selection criteria for the training of the = ANN cannot be determined by an
optimization procedure as for the A hyperons or K& mesons, because that would require
a signal with high significance to guarantee a stable criteria optimization. However, they
can be estimated from the pre-selection criteria of the A hyperons since both decays have
to some extend comparable amounts of energy released and mass relations between the
daughter particles. Special care has to be taken concerning the parameters Dec1MotVD
and Dec2DaulVD as their definition is identical and both an upper limit as well as a
lower limit is applied to them. The pre-selection criteria used for the reconstruction of =
hyperons are listed in Table 4.12 in the column “Pre”.
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The lower panel of Figure 4.35 shows the distributions of the training samples after the

pre-selection criteria are applied.

It is observed that the discrimination power of the

the remaining parameters. On the other side the background distribution of the parameter
Dau2VD shows again a peak-like structure resulting from the strong correlations between
the parameters and the criterion VDX > 25 mm. Due to the higher amount of energy

released in the decay of

parameters MotVD and MTD is significantly increased while it remains rather similar for
hyperons.

hyperons, it is however less pronounced than in case of the A

—_
—
—

Using the trained ANN, the response parameter (MVA) distributions shown in Figure 4.36

are obtained for the two training samples as well as experimental A-t~ pairs. As for the As,
the K¢ and the $H a very strong separation of the signal and background sample is observed

which indicated a successful training of the ANN. Furthermore

again a strong accordance

Y

data distribution shows even a slight excess over the background distribution, however
unlike as for the A hyperons or K& mesons this excess does not peak at 1 which is why it

between the background and data distribution can be observed. At values close to 1 the
is questionable wether it comes from actual

Y

hyperon decays.
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—
—

hyperons the so called Look-Elsewhere-Effect [99]

needs to be considered. It is a consequence of statistical fluctuations that if only enough

—_——
—
—_—

Concerning the reconstruction of

are tested, a significant fluctuation can be found at any position. The total

amount of 15 variable selection criteria makes the reconstruction of

variations

hyperons especially

—_——
—
—

used to reduce the amount of accessible variations. Furthermore, only signals exceeding

vulnerable to this effect. Therefore, in the following section constraints on some criteria are
a significance, defined by Equation 4.3, of 5 are assumed to be real.

This reduces the

probability of falsely identifying a statistical fluctuation as signal to about 1:1,750,000.
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4.5.2. Production Rate Estimation

In the scope of this project, numerous attempts to reconstruct a = signal using multiple
different approaches have been taken. These approaches include for example variations of
the OVD (pre-)selection criteria for both the A as well as the Z~ decay, tagging of events
including at least one Kaon and variations of the analyzed centrality range. Unfortunately,
none of them resulted in a signal exceeding the significance threshold of 5. Therefore, it
is concluded that no = hyperon signal could be reconstructed and an estimation of the
upper limit of its production rate is performed as described in the following.

In the first step, the selection criteria sets to be used for the upper production limit
estimation need to be determined. Unlike for As, K¢ or 3H, these cannot be determined
by optimizing the significance of the reconstructed signal. Instead, simulated Z hyperons
embedded into experimental data are used. From previous iterations of the upper limit
estimation it is known that its order of magnitude amounts to 8 x 10 Z hyperons per
event. Using this rate in combination with the acceptance and efficiency correction factors
obtained from simulated Z hyperons and the amount of analyzed events, the expected

amount of signal counts is calculated. An according amount of reconstructed simulated

Parameter Pre || Setl | Set2 | Set3 | Set4 || Set5 | Set6 | Set7 | Set8
DeclDaulVD [mm] || >4 >4 >6 | >T7 | >T|>7
DeclDau2VD [mm] || > 14 > 15 >16|>16|> 16 | > 17
DeclMotVD! [mm] || < 16 <15 <16 | <16|<16| < 16

Dec1VDX [mm] > 45 > 45 >70|>66|>71]>65
Dec1MTD [mm] < 20 <20 <10 <8 | <7 | <7
DeclA [°] > 15
Dec1MVA [%] — > 76 >8 |>10|>10|> 10
m, [MeV /c?] +7.5 1110 - 1120

Dec2DaulVD! mm] | >2 || >4 | >5 | >5| >5 || >3 | >5| >5| >5
Dec2Dau2VD [mm] || >8 || >11|>16|>15|>12| >13|>15| > 15| > 11
Dec2MotVD [mm] || < 14| <10| <5 | <5 |<10|| <6 | <5 | <5 | <5
Dec2VDX [mm] >20(>25|>44|>43 | >25|>25|>46|>42|> 25
Dec2MTD [mm] <20 <15 <8 | <7 |<1l| <15 <8 | <8 |<10
Dec2A |°] > 15
Dec2MVA [%] — ||>97] — |>80|>90|>98| — [>80|>90

Note that the parameters Dec1MotVD and Dec2DaulVD are identical!

Table 4.12.: The nine selection criteria sets used for the reconstruction of = hyperons.
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Figure 4.37.: Invariant mass distribution of A-n~ pairs from the 0-25 % most central
Ag(1.58A GeV)+Ag events after application of the full = reconstruction method before
(left) and after (right) subtraction of the mixed-event combinatorial background for selec-
tion criteria set 1 (upper panel) and set 5 (lower panel).
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hyperons is then added to the scaled mixed-event background spectrum to obtain an
estimate for the data spectrum under the assumed production rate. The simulated =
hyperons are added to the scaled mixed-event background spectrum instead to the data
spectrum to counter the large statistical fluctuations and potential = signals below the
significance threshold. Using these estimated proxy data spectra, the selection criteria
optimization is performed like for the As, K& and 3H in an iterative procedure maximizing
the significance of the signal.



4.5. Z Analysis 141

To avoid the potentially critical Look-Elsewhere-Effect discussed in the previous section
and to take systematic variations into account, in total eight selection criteria sets in
addition to the pre-selection criteria, all listed in Table 4.12, are determined. The first four
sets use the selection criteria optimized for the reconstruction of A hyperons in Section 4.2.1
to identify the A hyperons and only optimize the criteria related to the = decay. The first
set is obtained by optimizing all selection criteria including the ANN response criterion,
while the second, third and fourth one keep the ANN response criterion fixed. In the second
set, the ANN response criterion is not used at all, in the third set a medium criterion of
> 80 % and in the fourth set a strong criterion of > 90 % is applied. The > 80 % criterion
is much weaker than the > 90 % one, since the ANN response parameter distribution of
signals rises faster than exponentially towards 100 % as shown in Figure 4.36.

In case of the fifth through eighth selection criteria set, also the selection criteria used to
identify A hyperons are optimized with respect to the obtained = signal. Again, the fifth
set is obtained by optimizing all selection criteria including the ANN response criterion,
while the sixth, seventh and eighth one keep the ANN response criterion fixed. In the sixth
set, the ANN response criterion is not used at all, in the seventh set a medium criterion
of > 80 % and in the eighth set a strong criterion of >90 % is applied. These four
optimization procedures are exceptionally vulnerable to the Look-Elsewhere-Effect as the
doubled amount of optimized criteria results in a squared amount of possible variations.

Examining the optimized selection criteria, one observes that stronger criteria on the ANN
response parameter of the = decay allow for weaker criteria on the remaining parameters
which further indicates that the ANN is working as intended. Surprisingly, the criteria sets
for which also the A parameters are optimized favorite weak criteria on the ANN response
parameter of the A decay of around 10 % which still strongly suppress the combinatorial
background since Figure 4.7 shows that its distribution rises faster than exponentially
towards responses of 0 %. However, this also indicates that a non-negligible amount of A
hyperons from = decays is rejected by the ANN of the A decay, which might serve as a
staring point for further investigations.

Figure 4.37 shows the invariant mass distributions of A-n~ pairs from the 0-25 % most cen-
tral Ag(1.58A GeV)+Ag events before (left) and after (right) subtraction of the normalized
mixed-event background for selection criteria set 1 (upper panel) and set 5(lower panel).
In both cases, the data distribution shows a peak-like structure around the nominal mass
of =~ hyperons of ~ 1322 MeV /c? which are probably actual Z hyperons. Unfortunately,
none of these structures exceeds the required confidence threshold of a significance above
5 which is why some uncertainty wether the signals are real remains. The Gaussian func-
tions fitted to the spectra after subtraction of the background prove the correct position
of the structures. Due to the high statistical uncertainties of the data points, the sta-
tistical uncertainties of the determined widths are large which significantly reduces their
relevance.

Smaac =

Thres? Thres*
res +\/ " Thres?B (4.9)

2 4
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Like in [161, 170], the ac-

Selecti U Producti
tual determination of the clection pper troduction

Criteria Limit / Event 4 Yield / Event

upper production limits
is based on the Feldman- Set 1
Cousins  approach  [86].
First, it is calculated how
many signal counts could Set 3
be present in a defined
region of the invariant
mass spectrum without Set 5
exceeding a given thresh-
old. In this work, as stated
before, a significance of 5 Set 7
is used as threshold. The
corresponding ~ maximum
amount of signal counts
is calculated via Equa-
tion 4.9 with the threshold
Thres and the amount of
background counts in the
relevant region B.

0.63 + 0.13) x 101 (0.37 £ 0.12) x 104

10

Set 2 0.67 + 0.14 0.40 + 0.12) x 10°*

0.67 + 0.14 10%1](0.38 £ 0.12) x 10

0.37 + 0.08) x 10*

Set 6 0.46 + 0.09 1041 (0.29 + 0.09) x 10*

104 x 1074

104

0.45 £ 0.09 0.35 £ 0.09

( ( )
( ) % ( )
( ) % ( )
Set 4 | (0.67 & 0.14) x 10*|(0.37 £ 0.13) x 10*
(0.42 £ 0.09) x 104 | ( )
( ) % ( )
( ) % ( )
( ) % ( )

Set 8 0.46 + 0.09 0.34 + 0.09) x 10*

Table 4.13.: Upper limits on = production rate for the 0-
25 % most central Ag(1.58A GeV)+Ag events using the
different selection criteria sets and 4rn yields obtained un-
der the assumption that the peak-like structures in the
invariant mass spectra are actual = decays.

Next, the production rates corresponding to these maxima on the signal counts are cal-
culated using the amount of analyzed events as well as acceptance and efficiency values
averaged over the entire phase-space. Therefore, Equation 4.10 is used in combination
with = hyperons generated with an effective temperature of 105 MeV by the Pluto event
generator and embedded into experimental data by the method described in Section 2.3.4.
Finally, as a cross-check, an according amount of simulated Z hyperons is added to the
normalized mixed-event background and it is checked wether the required significance
threshold is actually exceeded.

NSim_7
BRz- -ap - az- - €y - €det,m— * €recm— * €sel,m— T €OVD,E— = % (410)

gen,——
The finally obtained upper limits for the = production rate from the 0-25 % most central
Ag(1.58A GeV)+Ag events are listed in Table 4.13 for the various selection criteria sets.
Furthermore, the 4n yields obtained under the assumption that the structures observed
in the invariant mass spectra are actual signals, are listed too. The total upper limit
on the production rate of Z hyperons amounts to 0.81 x 10* = hyperons per event
which is significantly below the upper limit determined in [170] for Au(1.23A GeV)+Au
collisions. Using only the four latter selection criteria sets it lies again significantly lower
at 0.55 x 10* Z hyperons per event. These results are supported by the determined 4r
yields which are averaged to a final value of (0.36 & 0.11) x 10 * = hyperons per event
and thereby below the determined upper production limits. In Chapter 5 the results are

put in context with theoretical predictions and previous measurements.
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In this chapter, the results of the different particle analyses described in Chapter 4 are
put to context and confronted with previous measurements and world data. In Section 5.1
the measured (A+X") and K¢ production rates are used to estimate the production rates
of the unmeasured Y hyperons utilizing the conservation of strangeness under the strong
interaction. In Section 5.2 the mid-rapidity yields of A hyperons and K¢ mesons as well as
the ratio between the production rates of = and A+X" hyperons are put in context with
world data from lowest to highest energy available in particle collisions. In Section 5.3
the universal scaling of the production rates of strange hadrons with (Ap,) observed in
[18] for Au(1.23A GeV)-+Au collisions is revisited using the production rates obtained for
Ag(1.58A GeV)+Ag collisions. In Section 5.4 the longitudinal anisotropy of the fireball,
arising from the nucleons of the colliding nuclei not being fully stopped in the reaction zone,
is investigated. In Section 5.5 the kinematic distributions of protons and A hyperons are
compared to determine differences due to the strange-quark contained in the A hyperons.
Finally, in Section 5.6 the 3H lifetime obtained in Section 4.4.2 is compared to previous
measurements at various energies and collision systems.

5.1. Strangeness Balance

As already discussed in Section 1.3.2, the conservation of strangeness under the strong
interaction results in the strangeness-balance equation 1.5. With only minor approxima-
tions this relation allows to estimate the production rates of ¥, £° and ¥~ hyperons from
the measured production rates of A hyperons and K¢ mesons as described in the following,.

First, the production of multi-strange hyperons and anti-kaons are disregarded as their
high energetic thresholds result in low production rates: M(Z) ~ M(Q2) ~ M(K) ~ 0.
This results in the strangeness-balance equation 5.1:

MA)+M((ET)+ME)+M(E7)=M(KY) +M (K2 + M (K}) (5.1)

Since the wave functions of K¢ and Kf mesons differ only in the signs of the contained quark
states, their production rates are equal assuming CP-symmetry: M (K2) ~ M(K?). The
initially colliding heavy-ions contain more neutrons than protons and therefore more down-
than up-quarks. This so called isospin asymmetry results in the production of hadrons
involving down-quarks being more likely than the production of similar hadrons involving
up-quarks. The effect on the production rates can be approximated by scaling the rates
with the respective amounts of down-quarks Ny and up-quarks N, in the collision system.
However, this disregards that down- and up-quarks are also produced via pair-production
and any further non-linear effects as well as fluctuations. In the analyzed collisions of
107Ag ions with either 1°7Ag or 1% Ag nuclei, the average amount of down-quarks in the
most central collisions amounts to Ny ~ 168 and the average amount of up-quarks to

143
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The isospin asymmetry approximation Q%E_

can be tested using the measurement S E

of K& mesons from Section 4.3 and the SE

measurement of K mesons from [122]. S F

Therefore, the ratio M(K™T)/2M(KY) SE

is compared to the ratio N,/Ny. Due oF

to their positive charge, the K" mesons N -
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the fireball in contrast to the neu- < C
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sults in a broader rapidity distribution
which is shown in Figure 5.1. The Figure 5.1.: Rapidity spectrum of K¢ mesons
different width results in different sys-
tematic effects in the extrapolation to
the full phase-space which strongly de-
pends on the model chosen for the ex-
trapolation. To circumvent this prob-
lem, in Table 5.1 not the fully extrap-
olated 4n yields of the K{ and K*
mesons, but their yields at mid-rapidity are compared.

scaled with 2 in comparison to the rapidity
spectrum of K" mesons from the 0-10 % most
central Ag(1.58A GeV)+Ag events. The K§
data are taken from Section 4.3.3 and the K
data are preliminary results from [122]. Only
statistical uncertainties are shown.

In the class of the 0-10 %
most central Ag(1.58A GeV)+Ag events, the isospin asymmetry relation is perfectly
fulfilled. In the more peripheral centrality classes of the 10-20 and 20-30 % most cen-
tral Ag(1.58A GeV)+Ag events, the M (K™)/2M (K2) rises and significantly exceeds the
N. /Ny ratio. Therefore, the production rates calculated for these centrality classes in the
following have to be understood as rough estimates of the actual rates.

. Mid-Rapidity Yield / 1072
Centrality K™ /2 K2 N, / Ng
KS [4.3 K [122]
0-10 % 3.37 £ 0.02 6.18 £ 0.03 0.92 £ 0.01
10-20 % 1.97 4+ 0.01 3.77 £ 0.02 0.96 = 0.01 0.92
20-30 % 1.17 4+ 0.01 2.39 + 0.01 1.02 £ 0.01

Table 5.1.: Mid-Rapidity yields of K¢ mesons from Section 4.3 and K mesons from [122]
to test the isospin asymmetry approximation used in this section.

Using the discussed relations, the production rates of A, ¥, ¥° and ¥~ hyperons can
be calculated via Equations 5.2 to 5.5 from the combined production rate of A and X’
hyperons M (A+3X°) measured in Section 4.2 and the production rate of K§ mesons M (K?2)
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measured in Section 4.3. Again, the full 41 production rates of K™ mesons are not used due
to the potential problems arising from the electromagnetic repulsion of the fireball. The
results are summarized by Table 5.2 showing the production rates of the various hadrons
as well as the ratio between XY and A hyperons for the three analyzed centrality classes
of the 0-30 % most central Ag(1.58A GeV)+Ag collisions.

NdNu NdNu N
M@ =552 41| M(A+2%) -2 (=2 4 1) M (K 5.2
W = () gt (o) u ey e
N2 N,
M((EY) = 52— (2 =+ K3)— M (A+%° 5.3
=) = (2(F ) MY - a () 539
NN, N,
M) = 5—— . (2=+ K2 — M (A+X° 5.4
(=) = g (2 (5 +1) M09 - M (a4 3)) 5.1
N2 N,
M(E )= 54— (2(=2+1 K% — M (A+Xx° 5.5
=) = (25 ) My —ar (e m)) 55)
Production Rates / 1072
Centrality 0/ Al
Al >+ »0 >
0-10 % | 10.09 4 0.07 | 2.20 £ 0.02 | 2.39 + 0.02 | 2.60 4 0.02 | 0.24 £ 0.01
10-20 % | 6.00 £ 0.04 | 1.36 + 0.01 | 1.48 + 0.01 | 1.61 £ 0.02 | 0.25 + 0.01
20-30 % | 3.47 4 0.04 | 0.90 + 0.01 | 0.98 + 0.01 | 1.06 + 0.01 | 0.28 + 0.02

!Calculated yield of pure A hyperons without X° contribution.

Table 5.2.: Production rates of A, ¥, ¥’ and ¥~ hyperons as well as the ratio between
»? and A hyperons for the 0-30 % most central Ag(1.58A GeV)+Ag events. They are
calculated using Equations 5.2 to 5.5 as well as the combined production rate of A and
30 hyperons M (A + ¥°) measured in Section 4.2 and the production rate of K§ mesons
M(K?) measured in Section 4.3. Statistical uncertainties are propagated according to the
law of Gaus and systematic uncertainties are disregarded.

The calculated ratio between X° and A hyperons is rising slightly towards the more pe-
ripheral events. Using the preliminary 4n production rates of K* from [122] instead of the
relation M(KT)/N, ~ M(K°)/Ny4 to estimate the K™ production rate based on the K
production rate even strengthens this effect since more K™ than expected from the isospin
asymmetry approximation are measured in particular in the more peripheral centrality
classes. Although the systematic uncertainties of the method are quite large, there is also
a physical effect to explain this observation: The strangeness-balance calculations do not
take interactions between ¥ hyperons and nucleons from the fireball into account. While
free ¥ hyperons cannot decay to A hyperons via the strong interaction due to the isospin
conservation, ¥ hyperons in a baryon-rich medium can be converted to A hyperons in
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strong > + N processes. The corresponding channels are listed in Equation 5.6 for the
three charge states of ¥ hyperons. Because of charge conservation, the two charged X
states have only one available channel while the neutral ¥s have two. Thus, the effect is
stronger for X hyperons than for ' or ¥ hyperons. Furthermore, the effect is stronger
for central than for peripheral events as ¥ hyperons produced in central events traverse a
larger medium and are therefore more likely converted to A hyperons which would explain
the rise of the ratio between X" and A hyperons towards peripheral events.

IS Yt+n—>A+p
¥0: ¥04n—A+n and X+p—=A+p (5.6)
P XT4+p—o>A+n

Further investigations of the production of ¥ hyperons are required since the strangeness-
balance calculations do not take all relevant effects into account and are therefore error-
prone. Furthermore, at the moment the conducted approximation of isospin asymmetry
effect is only for the 0-10 % most central events consistent with the measured yields of
KY and K™ mesons. In [61], the reconstruction of the XY hyperon is attempted via its
decay channel ¥° — A + v, using the new electromagnetic calorimeter to detect the 1.
Furthermore, the Compressed Baryonic Matter (CBM) experiment, which is currently
under development and will be used to study heavy-ion collisions at the FAIR facility, will
allow to reconstruct X" and ¥ hyperons via the missing-mass method.
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5.2. Energy Excitation Functions

The presented excitation functions describe the dependence between an observable and
the average energy available in binary NN collisions /sy and are therefore an important
tool to study the production of particles and compare the obtained results with world
data. Figure 5.2 shows the yields of A hyperons (blue) and K¢ mesons (magenta) at
mid-rapidity measured by various experiments in central Au+Au (HADES, E895, E891,
STAR and PHENIX) or Pb+Pb (NA49, NA57, WA97 and ALICE) collisions. Since the
Ag+Ag collision system analyzed in this work is significantly smaller, the obtained yields
are scaled using the average amount of nucleons participating in the collision (Ap,). For
the 0-10 % most central Ag(1.58A GeV)+Ag collisions it amounts to 160.9 (cf. Section 3.5)
and for the 0-10 % most central Au(1.23A GeV)+Au collisions to 303.0 [16]. Furthermore,
as it will be shown in Section 5.3, the yields of strange hadrons scale stronger than linear
with (Apat). For both Ag(1.58A GeV)+Ag and Au(1.23A GeV)+Au the scaling is well
described by (Ap,)!*> which is why the Ag(1.58A GeV)-+Ag yields in Figure 5.2 are scaled
by (303.0/160.9)45. However, it is to note that due to participant spectator interplays a
smaller collision system does not necessarily probe the same physics like non-central events
in a larger collision system. This becomes obvious if effects like for example azimuthal
anisotropies (flow) are taken into account.

Unfortunately, there are no data on the production of K¢ mesons in large collisions sys-
tems below /sny =7.7 GeV available besides the Au(1.23A GeV)-+Au data measured by
HADES. The yields of the A hyperons however line up very well with the trend observed
by other experiments conducted in the low energy region. Once published, the data from
Au+Au collisions at /sy = 3 GeV measured by STAR will contribute further to this
region [181].

Another effect which can be observed in Figure 5.2 is the baryon-dominance at low en-
ergies and the meson-dominance at high energies. While at low energies, the associative
production of As and Kaons described by Equation 1.7 results in significantly more A
hyperons than K¢ mesons, its relative contribution decreases with increasing energy due
to the vanishing amount of nucleons remaining in the collision zone. At the same time
the pair production of Kaons increases which results in the K& mesons becoming more
abundant than A hyperons at \/syy £ 10 GeV.

Figure 5.3 shows the ratio between the production rate of Z  hyperons and the com-
bined rate of A and X" hyperons in dependence of /SNy measured by various exper-
iments. As = data are rare also data from smaller collision systems are taken into
account this time. The full marker symbols correspond to measurements in ‘“nucleus-
nucleus” (A+A) collision systems and the open marker symbols to measurements in proton-
induced (p+X) collision systems. For HADES, the yields measured in p(3.5 GeV)+Nb [35],
Ar(1.76A GeV)+KCl [30] and Ag(1.58A GeV)+Ag (cf. Section 4.5) collisions are depicted.
Furthermore, the upper limits on the = production rate from Au(1.23A GeV)+Au [170]
and Ag(1.58A GeV)+Ag (cf. Section 4.5) collisions are depicted too. For the STAR 3 GeV
data point the (A+X°) yield is estimated based on E895 and HADES data. The black
arrows depict the production thresholds for A and = hyperons in binary NN collisions.
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Figure 5.2.: Production
rates of A hyperons (blue)
and K¢ mesons (magenta) at
mid-rapidity in dependence
of \/sny measured by various
experiments in heavy-ion col-
lisions. The original version
of this plot is taken from |[18§]
and the data are from:
HADES |[18], E895 [146],
E891 [41], NA49 [42, 48|,
NA57 [50, 51, 52],
WA97 [43, 49],
STAR [14, 25, 28, 29|,
PHENIX [26] and ALICE [§].
Furthermore, the production
rates measured in Sections 4.2

and 4.3 are depicted. To be comparable to the other data points from either Au+Au or
Pb+Pb collisions, the Ag+Ag results are scaled to the size of Au+Au collisions - See
the text for details. The arrows on the x-axes depict the threshold energy of strangeness
production in binary NN collisions. All data points show only statistical uncertainties.
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*For the STAR 3 GeV data point the (A+3X") yield is estimated
based on E895 and HADES data, thus the large uncertainty.

HERA-B [37], STAR [7, 14, 25, 39] and ALICE [4, 8, 9.

Figure 5.3.: Ratios
between the produc-
tion rates of = and
A+X"  hyperons in  de-

pendence of /sy mea-
sured by  various @ ex-

periments. The  full
markers correspond to
“nucleus-nucleus” col-
lision systems and
the open  markers to
“proton-anything” col-
lision  systems. The

original version of this
plot is taken from [35]
and the data are from:
HADES (30, 35, 170],
E895 [80], NA49 [42],
NA57 [50], WA97 [52],

Furthermore, the upper limit

and production rate determined in Section 4.5 are depicted. The arrows on the x-axes
depict the threshold energies of the production of A and = hyperons in binary NN
collisions. All data points show only statistical uncertainties.
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At the moment, below the free NN production threshold energy of = hyperons only
data measured by HADES are available and suggest a very steep rise of the excitation
function. This trend is supported by the measurements of E895 [80], NA49 [42], NA57 [50]
and in particular the estimated STAR 3 GeV data point [7]. The final (A+3°) yields from
Au+Au collisions at /sy = 3 GeV measured by STAR, once published, will allow for
more conclusive results in this energy region.

Finally, the production rates of 3H at mid-rapidity measured by STAR in Au+Au and by
ALICE in Pb+Pb collisions are shown in Figure 5.4. Furthermore, the production rates
measured in this work are depicted scaled by the same method as for A hyperons and K
mesons. However, as it will be shown in Section 5.3, the production of $H scales much
stronger with (Apu). Furthermore, the H production is analyzed only for the 0-25 %
most central events which is why the total scaling factor amounts to (303.0/127.7)*54.
Furthermore, Figure 5.4 shows a thermal model prediction of the production rates taken
from [6]. At low energies, the prediction slightly undershoots the measured production
rates, however, the trend is well described.

Unfortunately, only very few data on the production of $H in heavy-ion collisions in the
fireball region are available. Thus, the excitation function of 3H which is of great interest
as it is influenced by the production of hyperons, and the formation of light nuclei at
the same time, is the least constrained one. Nevertheless, the three data points depicted
in Figure 5.4 as well as the depicted thermal model prediction already reflect the most
important aspects of the production of hypernuclei: Both the A hyperons as well as protons
and neutron for it to bind with are required. At very low collision energies /syy close to
the threshold energy of hyperon production in binary NN collisions, the production rates
of hypernuclei are limited by the production of A hyperons, since the created systems are
baryon dominated and large amounts of protons and neutrons are available. Thus, in this
energy region, the production rates of hypernuclei show a similar steep rise as the strange
hadrons shown in Figure 5.2. At increased collision energies, the production rate of A
hyperons rises, but the baryon dominance of the created systems ceases. Therefore, at
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some point the production of hypernuclei becomes limited by the availability of protons
and neutrons which is why the production rates reach a local maximum and start to
drop. Once the baryochemical potential of the created system approaches 0, all baryons
required for the formation of a hypernucleus are produced as baryon-antibaryon-pairs
and the production rates reach a local minimum. At even higher collision energies, the
increased amount of available energy boosts the production of baryon-antibaryon-pairs
which results again in increasing hypernuclei production rates. All of the described effects
be be observed in the thermal model prediction depicted in Figure 5.4.

Further data on the production of hypernuclei are required to determine for example the
collision energy at which the maximum production rates of hypernuclei are achieved. In
particular the upcoming CBM experiment at the FAIR facility will allow to study heavy-
ion collisions at beam energies of up to &~ 10 GeV per nucleon [172] which corresponds to
V/Snn ~ 4.7 GeV where high production rates of hypernuclei are expected.
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5.3. Universal (Apat) Scaling

One of the most astonishing results of the analysis of strange hadron production in
Au(1.23A GeV)+Au collisions presented in [18] was that despite their different free NN
production thresholds, A hyperons and K¢, K™, K~ and ¢ mesons scale similar with (Ap).
Using fit functions of the form Mult o< (Apg¢)® to describe the dependence between the
production rates and (Ap,:), it was found that the production rates of these strange
hadrons are well described by a common slope parameter o of 1.45 + 0.06 [18].

Unfortunately, in case of the Au(1.23A GeV)+Au data only two data points of K~ and
¢ mesons with significant statistical uncertainties are available. The increased energy
and increased amount of recorded events in case of the Ag(1.58A GeV)+Ag data allow to
significantly decrease the systematic uncertainties in the measurement of K~ and ¢ mesons
and thereby reinvestigate the universal scaling of the production rates of strange hadrons
with (Apat) with higher precision.

Figure 5.5 shows the production rates of A hyperons, K& K" mesons and 3H divided by
(Ap,t) in dependence of (Ap,). The values for (Ap,) correspond to the three centrality
classes of the 0-30 % most central Ag+Ag collisions as determined in Section 3.5. The
production rates of A hyperons are taken from Section 4.2, the rates of K¢ mesons from
Section 4.3 and the rates of 3H from Section 4.4. The production rates of K* mesons are
preliminary results from [122] provided by M. Kohls. Unfortunately, the production rates
of K™ and ¢ mesons which are studied in the same work still show significant uncertainties
and are therefore not shown. The boxes around the data points depict their systematic
uncertainties. The depicted lines correspond to fit functions of the form Mult < (Apa.¢)”.

The production rates of A hyperons and K%, K' mesons are well described by a com-
mon slope a of 1.44 + 0.03 similar to the observations from the Au(1.23A GeV)+Au
data. Within their uncertainties, the common slopes obtained for Au(1.23A GeV)+Au
and Ag(1.58A GeV)+Ag collisions are identical even though the higher /sy in case of
the Ag+Ag collisions. This indicates the production mechanism of strange hadrons in this
energy regime being almost independent from the available energy in binary NN collisions.
Furthermore, it is a sign that even though strange hadrons are produced at their free NN
threshold energy in Ag(1.58A GeV)+Ag collisions, the predominant proportion of strange
hadrons is still produced by collective effects.

In contrast, the production rates of §H which could not be measured in Au(1.23A GeV)+Au
collisions show a significantly steeper trend as the other particle species with a slope o of
2.84 + 0.32. This can be understood in the coalescence picture of light-nuclei production:
First, a free A hyperon is produced which later binds with a proton and a neutron forming
the 3H. In this case, the 3H production scales not only with the production of A hyperons
but in addition with the amount of available protons and neutrons. The steep rise of
the yields towards central collisions further contradicts the production of 3H primarily in
projectile fragmentation reactions, already discussed in Section 4.4.3, as the amount of
projectile fragments ceases towards central collisions. However, it is again to note that
the production of hypernuclei in projectile fragmentation reactions was proposed by the
HypHI collaboration for small collision systems [152] in contrast to the larger Ag+Ag
collision system analyzed in this work.
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To summarize, the observations fall in line with the Au(1.23A GeV)+Au measurements.
However, as already discussed in Section 5.1, the production rates of A hyperons and K
and K™ mesons are strongly correlated due to the strangeness balance. Final data on the
production of K and ¢ mesons will allow to draw more conclusions once they are available.
The stronger scaling of the 3H production is not unexpected but needs to be revised if
production rates of further light-nuclei like deuterons, tritons or *He are measured.
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Figure 5.6.: Rapidity spectra of As (left) and K¢ (right) from the 10-20 % most central
Ag(1.58A GeV)+Ag events. The plots compare the obtained spectra for each of the three
spacial coordinates as longitudinal one - See the text for details. For better visibility no
systematic uncertainties are shown.

5.4. Longitudinal Anisotropy

In particle collisions, conventionally the z-coordinate is aligned parallel to the beam axis.
Therefore the incident particles have only momentum in longitudinal (Z) but not trans-
verse (XY) direction. Accordingly, the rapidity is conventionally defined based on the
momentum of the particles in z-direction. While any momentum in transverse direction is
generated by the radial expansion of the fireball, the momentum in longitudinal direction
contains remnants of the initial momenta of the colliding nuclei as their nucleons are not
fully stopped in the collision zone [53, 155]. This effect can be quantified by rotating the
reference coordinate system. A rotation of —t/2 around the y-axis results in a coordinate
system with the x-direction being the longitudinal one and a rotation of /2 around the
x-axis results in a coordinate system with the y-direction being the longitudinal one. In
the following, this method is applied to the multi-differential analyses of A hyperons and
K¢ mesons to quantify the longitudinal anisotropy of the fireball.

Figure 5.6 shows the rapidity spectra of A hyperons (left) and K¢ mesons (right) from
the 10-20 % most central Ag(1.58 A GeV)+Ag events obtained by running the full multi-
differential analyses described in Sections 4.2.3 and 4.3.3 after rotation of the coordinate
system around the y-axis (“Longitudinal X”), around the x-axis (“Longitudinal Y”) and
without rotation (default case - “Longitudinal Z”). In the following these three cases are
referenced via their corresponding letter. Additionally, the plots show IS model functions
(cf. Section 1.4) fitted to the spectra which are used to quantify their widths later on. For
better visibility no systematic uncertainties are shown.

First of all, a strong accordance between the widths in x- and y-direction is observed which
confirms the expected isotropy of the fireball in the transverse directions. Furthermore, for
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significantly decreasing with in-

creasing (Ap,). This is because in central events the increased amount of participat-
ing nucleons results in more NN reactions and thereby a higher degree of thermalization.
Therefore, the nucleons are stopped stronger in central events which over-compensates
the increase of the widths due to the effective temperature increase. The same effect is
also observed in the ratios between the z-widths and x- or y-widths which show a strong
decrease towards more central events.

Nevertheless, even in the 0-10 % most central collisions a full isotropic fireball with equal
widths in all directions and a ratio of 1 is not reached. Linear extrapolations of the
ratios reveal that theoretically at (Ap,) of 197 (A) / 223 (KY) the fireball would be fully
isotropic. This corresponds to the most central collisions possible which have an Ap,.
of 214. However, it is very challenging to measure such central collisions as their cross-
section is very small. The observations fall in line with those made for Au(1.23A GeV)+Au
collisions in [170, 171] and stress the need for phase-space distribution models including a
longitudinal anisotropy like the ones described in Section 1.4.
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5.5. Proton A Comparison

The comparison of the kinematic distributions of protons and A hyperons allows to gain
more information on the production of strangeness. Both particles have a mass in the
1 GeV /c? region and both are the lightest hadron of their kind - The proton is the lightest
baryon and the A is the lightest hyperon. Furthermore, at collision energies in the few
GeV region, As are predominantly produced from protons or neutrons via the production
channel given by Equation 1.7 as the pair-production is energetically almost impossible.
Therefore, A hyperons can be assumed to have the same kinematic distributions like free
protons besides effects due to the exchange of an up-quark by a strange-quark. In addition,
the proton is affected by the coulomb repulsion of the fireball, however, this effect is only
relevant at lowest transverse masses/momenta as shown for example in [139).

Figure 5.8 compares the mid-rapidity transverse mass spectra (left) and rapidity
spectra (right) from the 0-10 % most central Au(1.23A GeV)+Au (upper panel) and
Ag(1.58A GeV)+Ag collisions (lower panel) of Protons (red) and A hyperons (blue). The
Au+Au Proton spectra are preliminary results from [175] and the Au+Au A spectra
are from [18, 170| while the Ag+Ag spectra are obtained by the analyses described in
Sections 4.1.2 and 4.2.3. To achieve the same orders of magnitude, the proton spectra

are scaled to match the transverse integrated yield of the A hyperons at mid-rapidity.
All spectra have an according SR model function (cf. Section 1.4) adjusted to them. The
transverse spectra are adjusted using the method from [175] with a single effective tem-
perature and blast for all spectra but in contrast to the method described in Section 4.1.2
no enforced symmetry of the scaling parameters C. The parameter values obtained by
these transverse fits are listed in Table 5.3 with the first uncertainty being of statistic and
the second one of systematic nature. The values listed for protons from Ag+Ag collisions
differ slightly from the values listed in Table 4.3 because of the use of the transverse mass
instead of the transverse momentum and the slight changes to the method. Within their
uncertainties both sets of values are compatible.

In both collision systems the spectra of protons are described by very similar parameter
values which are almost compatible within their uncertainties. In the Au+Au collision
system, the effective temperature is slightly higher than in the Ag+Ag system while the
blast is slightly lower. In Section 5.4 it showed that the effective temperature of the
transverse spectra rises slightly with increasing (Apa). Since (Apay) of the 0-10 % most
central Au(1.23A GeV)-+Au collisions is almost twice as high as for the 0-10 % most central
Ag(1.58A GeV)+Ag collisions (cf. [16] and Section 3.5), this might explain the effective

Au(1.23A GeV)+Au Ag(1.58A GeV)+Ag

Teg [MeV] B Tgr [MeV] B
P 0+£1+3 0.46 =+ 0.01 £ 0.02 p 66 =1 £ 2 0.49 + 0.01 £ 0.02
A | 106 +1+4 | 0.00+£ 0.01 +0.01 A 76+£1+3 0.33 £ 0.01 £ 0.02

Table 5.3.: Summary of the SR model parameter values obtained in the analysis of
Protons and A hyperons from Au(1.23A GeV)+Au and Ag(1.58A GeV)+Ag collisions.



156 Chapter 5. Interpretation of the Results
& F HADES PhD Thesis & OHEBES Pho Thesis -1
- Z |
g 10—1:_ AutAu |5, = 2.42 GeV > L AutAu |sy, = 2.42 GeV —8—p /700
= - o L
- r 0 - 10% Centrality > 0 - 10% Centrality
e - S éb —
e L St
RS —¥— A
2 i L
5 —%—p /700 -
N><ﬂ 1072 = Q‘o -
£ C o
- : -
L N
ot
1073 = L
- o
L Qo F
10—4IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Q_I IIIIIIIIIIIIIIIIIII I
0 100 200 300 400 500 600 700 800 -1.5 -1 -0.5 0 0.5 1 15
m, - m, [MeV/c] Yem
& HADES PhD Thesis & [ HADES PhD Thesis -
- Z -
g AGH+A |[Syy = 2.55 GeV < &Y [AG+Ag |5y = 2.55 GeV —8—p /286
Z 0 - 10% Centrality 3 L 0 - 109% Centrality
© 1 © v
£ 107 et
2 o —*— A -
& C ~
o L —%—p/286 <Y
x L o
NE_. I |
S SC
o [
1072 -
C S
C o [
i S
L o [
ol
3| Q'L
107 o [
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Q-lll IIIIIIIIIIIIIIIIIII III
0 100 200 300 400 500 600 700 800 -15 -1 -0.5 0 0.5 1 1.5
m, - m, [MeV/c] em
Figure 5.8.: Comparison of the mid-rapidity transverse mass spectra (left) and rapidity

spectra (right) of Protons (red) and A hyperons (blue) from Au(1.23A GeV)+Au (upper
panel) and Ag(1.58A GeV)+Ag collisions (lower panel). The Au+Au Proton spectra are
preliminary results from [175] and the Au+Au A spectra are from [18, 170]. The Ag+Ag
spectra are obtained by the analyses described in Sections 4.1.2 and 4.2.3. The Proton
spectra are scaled to the transverse integrated yield of the A hyperons at mid-rapidity.
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temperature difference. On the other side, the slightly higher collision energy in the
Ag+Ag collisions might explain the increased blast as more energy for the radial expansion
of the fireball is available. Unfortunately, clear conclusions are difficult since both effects
interplay and the observed differences are close to the uncertainties of the measurement.
Analyzing the emission of protons from Ag(1.23A GeV)+Ag collisions measured in the
same campaign will allow for more conclusive interpretations.

The A hyperons on the other side show a much stronger difference between the two col-
lision systems: While in Au(1.23A GeV)+Au collisions, their kinematic spectra are best
described with a purely thermal model without any blast, in Ag(1.58A GeV)+Ag colli-
sions a non negligible blast leads to the best description of the spectra. This can also be
observed in Figure 5.8, where the Au+Au transverse mass spectrum at mid-rapidity of
A hyperons shows a perfectly straight trend, while the corresponding Ag+Ag spectrum
shows a clear curvature. In comparison with the proton spectra, the effective temperature
of the A hyperons is however still significantly higher while their blast is lower. Similar
observations were made at slightly higher collision energies at the AGS [79].

One possible interpretation of this observation assumes the fireball to have a non-constant
density and temperature profile with a higher density and temperature in its center like for
example stars. In that case, A hyperons, which are produced close to or even below their
free NN threshold energy in the analyzed collisions, are more likely produced in the center
region of the fireball. The protons on the other side are not newly produced which is why
they are emitted from the entire volume of the fireball. Assuming a radial increasing blast
for the fireball, which is reasonable considering that the center of the fireball has no defined
radial direction, the effective temperature and blast measured for protons correspond to
the entire fireball while the ones measured for A hyperons correspond only to a sub-
volume of it. This centralization of the production of strange hadrons would be stronger
for Au(1.23A GeV)+Au than for Ag(1.58A GeV)+Ag collisions due to the lower amount of
energy being available in average NN collisions explaining the differences in the measured
effective temperature and blast.

This interpretation is also supported by the SHM model using canonical volumes to de-
scribe the conservation of strangeness at low energies. Only the intersection volume be-
tween a canonical volume and the fireball volume is relevant to the production of a further
strange hadron balancing the strangeness quantum-number. As the canonical volumes are
always smaller than the fireball volume, strange hadrons produced in the center of the fire-
ball have the full canonical volume available. For strange hadrons produced in the outer
regions of the fireball however, a part of the canonical volume lies outside of the fireball.
Therefore, in the outer regions of the fireball the production of strange hadrons is stronger
canonically suppressed than in the center region, effectively leading to the centralization
of the production of strange hadrons discussed in the previous paragraph.

Again, the analysis of the production of A hyperons in Ag(1.23A GeV)+Ag collisions
will allow to either approve or disprove the previous interpretations. Furthermore, the
HADES collaboration plans to conduct a beam energy scan of Au(0.8A GeV)+Au,
Au(0.6A GeV)+Au, Au(0.4A GeV)+Au and Au(0.2A GeV)+Au collisions to gain more
information on the correlations between the emission/production of particles at low
energies.
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Figure 5.9.: Comparison of $H lifetimes measured by various experiments. The mea-
surements are listed in chronological order and the data are from (in the same order):
[149, 118, 142, 70, 119, 120, 10, 152, 13, 24, 12, 6] and Section 4.4.2 of this thesis. The
blue line depicts the free A lifetime of ~ 263 ps [184] and the black line with the gray box
the current average of all measurements of (210 + 9) ps.

5.6. iH Lifetime

Already in the 1960s, the lifetime of 3 H was measured using photographic detection tech-
niques [149, 118, 142, 70, 119, 120]. Most of these early measurements suffered from large
uncertainties which is why beginning in the 2010s more precise measurements mostly at
heavy-ion collision experiments were conducted [10, 152, 13, 24]. These measurements
yielded significantly lower lifetimes than the lifetime of free A hyperons which was not
expected as many theoretic calculations predict similar lifetimes due to the low binding
energy of the $H. In even more recent measurements [12, 6] lifetimes closer to the lifetime
of free A hyperons were measured. Those measurements are now reinforced by the mea-
surement by HADES, described in Section 4.4.2, which yielded a lifetime compatible with
the one of free A hyperons as well.

Figure 5.9 summarizes {H lifetimes measurements from various experiments. The blue
line depicts the free A lifetime of ~ 263 ps [184] and the black line with the gray box
the current average of all measurements of (210 + 9) ps. Although the most recent
measurements are compatible with the free A lifetime within their uncertainties, more
measurements especially with reduced uncertainties are required to gain more clarity on
the lifetime of 3H, since currently the world average of measured 3H lifetimes and the free
A lifetime are still almost 60 away from each other. In particular, the upcoming FAIR
experiment CBM, which will measure heavy-ion collisions at \/sxy S 4.7 GeV where a
maximal 3H production rates are expected, will allow for more precise measurements.
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In this thesis, the emission of protons as well as the production of A hyperons, K& mesons,
{H hypernuclei and = hyperons in Ag(1.58A GeV)+Ag collisions measured by the HADES
spectrometer are studied. The used dataset of 13.64 billion recorded events and more than
three billion events after all cleaning criteria and selection of the 0-30 % most central events
constitutes the worldwide largest heavy-ion collision dataset available at these energies.
Thanks to the large amount of available events in combination with a sophisticated method
involving state-of-the-art machine learning techniques to recognize weak decays, for the
first time 3H hypernuclei and = hyperons were successfully reconstructed and analyzed

in heavy-ion collisions at such low energies. In the following, the contents of this thesis
are summarized.

6.1. Introduction

In Chapter 1 the theoretic prerequisites %250—— primordial _ Quark Gluon Plasma

and motivation of the conducted studies =7 ypiverse (<20 9 s b TIN

are summarized starting with an introduc- 2 5y . \5:; (:3;:':'{- o ;fé F:T .
tion to the so called standard model which & | crosgpye, Critical ywl®2e S 2
forms the base of our current understand- @150 e e TS b
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cleons are discussed. The effects include

in particular the confinement of quarks in Figure 6.1.: Schematic phase diagram of
hadrons in a low-dense “cold” environment QCD matter - See Figure 1.1.

and their asymptotic freedom in a dense or

“hot” environment. As a result of these effects, QCD matter is assumed to undergo a
phase transition to a QGP phase if it is either strongly compressed or heated which is de-
picted in the QCD phase diagram shown in Figure 6.1. In nature, the extreme conditions
required for such a phase transition are only achieved in the heaviest astronomic objects,
namely black holes and neutron stars. While black holes are not directly observable due
to their event horizon, neutron stars can be observed and are therefore one of the few
possibilities to study QCD matter under extreme conditions. In particular, the merging of
two colliding neutron stars is of great interest as the properties of matter created in such
events are expected to be achievable and examinable on earth in heavy-ion collisions.

The collisions of heavy-ions accelerated to relativistic energies are the only possibility to
study QCD matter under extreme conditions on earth. However, as the extreme conditions
last for only tiny fractions of a second, only the particles emerging from the created system
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can be studied and allow to draw conclusions on the processes of interest. At low collision
energies /sxy of few GeV the production of hadrons involving strange-quarks provides
an important access to the properties of the created medium as the production happens
close to its threshold energy in binary NN collisions making it especially sensitive to
medium effects. Further important effects include for example the modification of the
wave functions of hadrons by coupling to the medium which is effectively described by
potentials and might have significant effects on the macroscopic properties of the created
matter like its EoS and are therefore exceptionally relevant for the stability of neutron
stars. Finally, in Chapter 1 the concept of centrality as well as analytical models to describe
the kinematic distributions of emitted particles are described. The chapter concludes with
a summary of previous measurements and results on the studied topics.

6.2. The HADES Experiment

The precise measurement of particles emit-
ted from heavy-ion collisions requires very
sophisticated detector setups spanning a
large proportion of the full 4n spherical an-
gle in the CM system of the collision. In
Chapter 2 the HADES spectrometer used
in this thesis is described. The chapter
is splitted into two primary Sections 2.2
and 2.3. It begins with a short introduc-
tion to the current GSI and the upcom-
ing FAIR research facility. Afterwards, in Figure 6.2.: Schematic depiction of the
the first primary sub-section the technical HADES experiment - See Figure 2.2.
setup and capabilities of the entire detector

system, which is schematically depicted in Figure 6.2, as well as its individual sub-detectors
are discussed. A special focus is put on the sub-detectors most relevant to the analyses
described in this thesis, those being the MDCs detectors as well as the two META detec-
tors RPC and TOF. In the second primary sub-section, the software procedures used to
process the raw data recorded by the detectors are discussed. These procedures include in
particular the estimation of the reaction time and the collision vertex as well as the recon-
struction of particle trajectories and their properties from raw detector hits. Furthermore,
the procedures used to generate artificial events based on reactions simulated by various
event generators are described. These simulated events are required to deduce properties
of the detector system like for example detection efficiencies that cannot be obtained from
actually measured events. The chapter concludes with a summary of the key-features of
the analyzed Ag(1.58A GeV)+Ag beam time.

6.3. Analysis Methods

In Chapter 3 various methods and procedures required to perform the physics analyses that
were either developed or revised in the scope of this work are described. The first one being
the calibration procedure of the START and VETO detector which is crucial to almost
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all analyses conducted with HADES as the START detector determines the reaction time
which is required as a reference time for all sub-sequent time measurements of various
detectors. The procedure comprises two steps: First, the constant delays between all
strips of the START detector and all pads of the VETO detector are compensated by
individual offsets. In the second step, the offsets of the strips are adjusted for each run
of the beam time individually making use of the measured times of flight and momenta

of n tracks. After calibration, a time precision of approximately 50 ps ic achieved by the
START detector.

Next, the rejection procedure for problematic events is described. It comprises two steps as
well: In the first step, nine predefined criteria to identify problematic or irrelevant events
are tested and all events failing at least one criterion are rejected. In the second step, the
performance of the entire detector system and event reconstruction procedure is evaluated
over the entire beam time for each individual run by comparing the average amount of
reconstructed proton, n', = and e” + e tracks per event to their corresponding daily
average. All runs for which at least one number exceeds a defined relative divergence are
discarded. Afterwards, selection criteria are applied to the reconstructed particle tracks
contained in the selected events. These criteria aim at discarding tracks created from a
wrong combination of multiple detector hits that do not correspond to actual particles.

Afterwards, the procedures to identify protons, =™, =~ and 3He tracks using the measured
momentum, ToF and/or specific energy loss information are described. In both cases
the standard procedures were improved in the scope of this project to achieve a higher
selection precision. In case of the selection using the measured ToF, the new quantity
a was introduced to construct a Cartesian coordinate system in combination with the
calculated mass which allows a precise selection of the mass peaks independent from the
momentum. In case of the selection using the measured specific energy loss in the MDC
chambers, the extracted momentum slices are for the first time fitted with logarithmic
asymmetric Gaussian fit functions to enable a precise selection even for highest specific
energy losses at lowest momenta.

The next section describes the procedure used to estimate the centrality of a reaction
based on the measured detector signals. The procedure is basically identical to the one
used for Au(1.23A GeV)+Au collisions in [16] but was revised and tuned specifically for
the Ag(1.58A GeV)+Ag collisions analyzed in this work. It utilizes a geometric Glauber
model [134] in combination with the “wounded nucleon” model [67] to sample the amount of
hits in the RPC and TOF detector from a given impact parameter and thereby determine
criteria to distribute the 0-30 % most central events to three equal centrality classes.

The remaining sections of Chapter 3 primarily describe methods crucial to identify and
reconstruct weakly decaying hadrons. They start with a description of the OVD topologies
arising from the rather long lifetimes of weak decays. Based on the topologies, six geo-
metric topology parameters are defined that allow to distinguish between random particle
combinations and combinations of daughter particles of a weakly decaying hadron. Most
of these topology parameters strongly depend on the position of the reaction vertex. It is
approximated by the primary event vertex using a procedure which is described in Sec-
tion 3.7 to achieve an even more precise estimation than on event reconstruction level. A
further parameter to identify weak decays is derived from the AP method. Therefore, for



162 Chapter 6. Summary and Outlook

the first time, the characteristic AP ellipses are interpreted in a polar coordinate system
whose azimuthal angle constitutes the parameter AP Angle. Besides the strong rejection of
wrong signals in case of both directly measured particles as well as reconstructed particles
using the previously described methods, some background always remains and needs to
be estimated and subtracted. In case of directly measured particles, it is estimated using
an interpolation procedure of the relevant mass region. In case of reconstructed particles,
the combinatorial background is estimated using the mixed-event technique. Finally, the
procedure to enhance the identification of weakly decaying hadrons utilizing an ANN is
described. It is very similar to the procedure described in [170], however, it was further
improved by replacing the previously used momentum of the reconstructed mother particle
as input parameter by the newly introduced APAngle. Furthermore, multiple cross-checks
to determine the optimal ANN setup were performed.

6.4. Analysis Results

Chapter 4 describes the actual analyses of
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timation procedure utilizing multiple cubic
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event generator embedded into simulated Figure 6.3.: Rapidity spectra of protons, As,
UrQMD events to estimate acceptance and K¢ and $H and their model functions - See
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momentum, rapidity and centrality is performed. The obtained spectra are fitted with SR
model functions (cf. Section 1.4) to extrapolate the yields and obtain full 47 yields as well
as extract the model parameters Ty and 3 describing the emission pattern.
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In case of A hyperons and K¢ mesons, the conducted analyses are mostly identical. First,
the training of the ANNs used to enhance the discrimination power between actual signals
and combinatorial background are described. Based on that an iterative optimization
procedure is applied to identify the selection criteria yielding the most significant signals.
In the next step, these selection criteria are used to measure the lifetime of both particles
which compared to the literature lifetimes of the particles allows to perform a consistency
check of the acceptance and efficiency correction using A hyperons and K¢ mesons sim-
ulated by the Pluto event generator and embedded into experimental data according to
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the method described in Section 2.3.4. For both particles the measured lifetimes are com-
patible with the literature values within uncertainties. Finally, the production of both
particles is analyzed multi-differentially as a function of transverse momentum, rapidity
and centrality. The obtained spectra are fitted with DIS model functions (cf. Section 1.4)
to extrapolate the yields and obtain full 4% yields as well as extract the model parameter
Tr¢s describing the emission pattern.

In this thesis, for the first time the 3H is successfully reconstructed via its two-body
decay channel in heavy-ion collisions at /syy = 2.55 GeV. Again, first the training of the
ANN and the optimization of the selection criteria are described. Unfortunately, the low
amount of only ~ 1000 reconstructed $H results in large statistical uncertainties. Again,
a lifetime measurement is performed and the obtained result of (253 £+ 24 £ 42) ps is
compared to world data in Chapter 5 to contribute to resolving the $H lifetime puzzle.
The result is compatible with recent measurements by the ALICE [12| and the STAR |[6]
collaboration as well as the lifetime of free A hyperons. Finally, also the production of
1H is analyzed multi-differentially. Due to the low amount of reconstructed signals, the
full production rates for each centrality class are determined independent from the multi-
differential analysis in transverse momentum and rapidity which is only performed for the
0-25 % most central events. The results show that the measured 3H are produced by a
source at mid-rapidity.

In addition to the 3H, also the Z hyperons are for the first time successfully reconstructed
in heavy-ion collisions at \/sxy = 2.55 GeV. This time, the full reconstruction procedure
consists of two adjacent weak decay reconstructions since = hyperons decay in two in-
dependent steps. After all optimization procedures, the best obtained signal does not
exceed the threshold of 5o significance. Thus, both a production rate as well as an upper
production limit are estimated. The determined upper limit amounts to 0.81 x 10* and
the total production rate to (0.36 + 0.11) X 10* = hyperons per event. The order of
magnitude of these rates is consistent with previous measurements is the same energy
region [7, 30, 170].

6.5. Interpretation of the Results
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the strong interaction. The
isospin asymmetry as as re- Figure 6.4.: 1H lifetime measurements - See Figure 5.9.
sult of the different amount of

up- and down-quarks in the initially colliding nuclei is taken into account by a simple ap-
proximation. Comparing the K¢ production rates to the preliminary K production rates
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from [122]| shows that this approximation works well at least for the 0-10 % most central
events. Surprisingly, the resulting production rates show a rising X to A ratio towards
peripheral events, which might be explained by > + N interactions. The reconstruction
of ¥.* hyperons in [61] will provide more clearance on this topic.

In the second section, the production rates of A hyperons, KY mesons and 3H at mid-
rapidity as well as the ratio of = and A hyperons are compared to world data from various
collision systems and energies. The production rates of A hyperons and K& mesons line up
perfectly with the world data and strongly enforce an exponential rise of their excitation
function close to the strangeness production threshold energy in free NN collisions. In
case of the 3H unfortunately only very few measurements at mid-rapidity are available.
However, the measured production rate aligns very well with the existing data and shows
a fair accordance with the shown thermal model prediction. Also the new data point of
the Z to A ratio aligns very well with the available measurements, however the limited
amount of data in this energy region makes further interpretations challenging.

In the third section, the scaling of the production rates of A hyperons, K¢ and K*
mesons and 3H with (Ap,) is investigated. For Au(1.23A GeV)+Au collisions it was
found that the production rates of strange hadrons are well described proportionally to
(Apart)® with a common exponent a = 1.45 £+ 0.06 [18]. Besides the different energy of
the Ag(1.58A GeV)+Ag collisions the scaling of A hyperons and K¢ and K' mesons is
well described with a compatible exponent of a = 1.44 + 0.03. The production rate of 3H
on the other side scale much stronger and are well described by oo = 2.84 4+ 0.32. This
important observation is explained if the 3 H are formed from participant nucleons.

In the fourth section, the longitudinal anisotropy of the fireball, which is a result of the
nucleons from the colliding nuclei not being fully stopped in the reaction zone, is studied
in dependence of the centrality of the collision. The analysis is performed by examining
the rapidity distributions of A hyperons and K% mesons in the standard case and after
rotating the coordinate system. It shows that in x- and y-direction the fireball is indeed
isotropic while in z-direction significantly larger widths are observed. Furthermore, the
transverse widths decrease towards more peripheral events while the longitudinal widths
increase since the stopping of the nucleons is stronger in central collisions.

In the fifth section, the transverse and longitudinal kinematic distributions of protons and
A hyperons from Au(1.23A GeV)+Au and Ag(1.58A GeV)+Ag collisions are compared. It
shows that in both collision systems the protons experience a stronger blast and therefore
lower effective temperature than the A hyperons. The difference is significantly stronger
for the Au(1.23A GeV)+Au than for the Ag(1.58A GeV)+Ag collisions which can be
interpreted as a consequence of the higher ,/sxy in the Ag+Ag collision than in the
Au+Au collisions. The same observations were already made at the AGS accelerator
around the year 2000 [79] but were not further analyzed and interpreted.

In the final sixth section, the obtained }H lifetime is compared to world data to contribute
to resolving the $H lifetime puzzle as already discussed in Section 6.4. The corresponding
comparison is shown in Figure 6.4.
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6.6. Outlook

Within the scope of the FAIR Phase-0 physics program, the HADES experiment received
upgrades like for example the new Multi-Anode PhotoMultiplier Tubes (MAPMTSs) and
FEEs for its RICH detector which will also be used for the RICH detector of the future
CBM experiment. This upgrade significantly enhances the detection efficiency of elec-
trons and positrons [20]. Furthermore, the new ECAL detector was build which allows
to directly measure photons. Combined, the upgrades allow for a more precise measure-
ment of electromagnetic probes than ever before. Recently, the HADES experiment was
further upgraded with a forward tracking system consisting of four Strawtube Tracking
Stations (STSs), developed for the future PANDA experiment, and a forward RPC (fRPC)
detector. With this upgrade the geometrical acceptance of the experiment is extended fur-
ther into the forward rapidity region which enhances the measurement of exclusive channels
in elementary reactions. Further upcoming upgrades of HADES include for example an
exchange of the current CTS system and replacing the FEEs of the MDC detectors by
electronics based on PANDA STT REadout Chip (PASTTREC) chips [179].

Up to now, the HADES collaboration proposed six measurement campaigns for the FAIR
Phase-0 physics program. One of them was the measurement of Ag(1.58A GeV)+Ag
collisions which was conducted in March 2019. In February 2022, the HADES experiment
is scheduled for a four week measurement campaign of p(4.5 GeV)+p collisions with the
aims to study electromagnetic and hadronic decays of hyperons, study the production
of multi-strange hyperons and ¢ mesons and to measure the production of hadrons as
a reference measurement for the separately proposed measurement of p(4.5 GeV)+Ag
collisions which is not scheduled yet. Besides that, the HADES collaboration plans conduct
a beam energy scan of Au+Au collisions with beam energies of 800, 600, 400 and 200 GeV
per nucleon. The primary aims of these measurements will be the study of the production
of hyperons at ,/sxn far below the free NN threshold energy of strangeness production
as well as the extension of the freeze-out curve in the QCD phase diagram at highest
accessible baryochemical potentials. Furthermore, the measurement of d+p collisions at
beam energies of 1.00, 1.13, 1.25 and 1.75 GeV per nucleon and the measurement of
pion-induced n+CHs, n+C and n+Ag collisions were proposed but not scheduled yet.
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7. Zusammenfassung und Ausblick

In dieser Arbeit wurden die Emission von Protonen sowie die Produktion von A Hy-
peronen, K¢ Mesonen, $H Hyperkernen und = Hyperonen in vom HADES Detetktor
gemessenen Ag(1.58A GeV)+Ag Kollisionen untersucht. Das verwendete Datenset von
13.64 Milliarden aufgezeichneten Kollisionen und mehr als drei Milliarden selektierten
und 0-30 % zentralsten Kollisionen ist das grofte Datenset von Schwerionenkollisionen
bei diesen Energien weltweit. Dank der grofsen Menge an vorhandenen Daten in Kom-
bination mit einer spezialisierten Methode zur Rekonstruktion schwacher Zerfille unter
Verwendung kiinstlicher Intelligenz, konnten zum ersten Mal 3H Hyperkerne und Z Hy-
peronen in Schwerionenkollisionen bei derart niedrigen Energien erfolgreich rekonstruiert
und analysiert werden. Im Folgenden werden die Inhalte dieser Arbeit zusammengefasst.

7.1. Einfiihrung

In Kapitel 1 werden die theoretischen

. . S %250,, primordial _ Quark Gluon Plasma
Grundlagen sowie die Motivation der % Universe (€10°9) %o LR
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Quarks zu Hadronen und von Nukleonen zu

Kernen verantwortlich ist, diskutiert. Dar- Abbildung 7.1.: Schematisches Phasendia-
unter féllt insbesondere das Confinement gramm von QCD Materie - Siehe Abbil-
von Quarks in Hadronen bei niedrigen dung 1.1.

Dichten und Temperaturen sowie deren

asymptotische Freiheit bei hohen Dichten und Temperaturen. Aus diesem Grund wird
angenommen dass QCD Materie einen Phaseniibergang durchlduft wenn sie entweder
stark komprimiert oder erhitzt wird was im QCD Phasendiagramm 7.1 dargestellt wird.
In der Natur werden die dafiir notwendigen extremen Bedingungen nur in den schwersten
existierenden Objekten, ndmlich schwarzen Lochern und Neutronensternen, erreicht.
Wiéhrend sich schwarze Locher aufgrund ihres Ereignishorizonts nicht direkt beobachten
lassen, ist dies bei Neutronensterne nicht der Fall woraus sich eine einzigartige M6glichkeit
zur Untersuchung von QCD Materie unter extremen Bedingungen ergibt. Insbesondere
die Verschmelzung von zwei Neutronensternen in so genannten Merger Fvents ist von
grofem Interesse, da erwartet wird dass die Eigenschaften der Materie darin auf der Erde
in Schwerionenkollisionen erzeugt und untersucht werden kénnen.
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Kollisionen von Schwerionen bei relativistischen Energien stellen die einzige Mo6glichkeit
dar auf der Erde QCD Materie unter extremen Bedingungen zu erforschen. Da diese Bedin-
gungen allerdings nur fiir einen winzigen Bruchteil einer Sekunde erreicht werden, lassen
sich nur die daraus hervorgehenden Teilchen messen um Riickschliisse auf die relevanten
Prozesse zu treffen. Bei niedrigen Kollisionsenergien ,/sxy von wenigen GeV bietet die Pro-
duktion von Hadronen mit strange-Quarks einen wichtigen Zugang zu den Eigenschaften
des Mediums, da deren Produktion nahe der Schwellenenergie in isolierten NN Kollisionen
stattfindet und somit besonders sensitiv auf Mediumeffekte ist. Auch die Modifikation der
Wellenfunktionen von Hadronen durch Kopplung an das Medium, welche effektiv durch
Potentiale beschrieben werden, sind von groftem Interesse. Diese konnten sich signifikant
auf die makroskopischen Eigenschaften der Materie, wie zum Beispiel deren EoS und da-
mit die Stabilitdt von Neutronensternen, auswirken. Schlieflich werden in Kapitel 1 das
Konzept der Zentralitdt und analytische Modelle zur Beschreibung kinematischer Vertei-
lungen von Teilchen beschrieben. Das Kapitel endet mit einer Zusammenfassung bisheriger
Messungen und Ergebnisse der untersuchten Themen.

7.2. Das HADES Experiment

Die prazise Messung von Teilchen aus
Schwerionenkollisionen erfordert sehr spe-
zialisierte Detektoren die einen grofen Teil
des 4t Raumwinkels im CM System der
Kollision abdecken. In Kapitel 2 wird das
HADES Spektrometer welches fiir diese Ar-
beit verwendet wird beschrieben. Das Ka-
pitel unterteilt sich in die zwei vorrangi-
gen Abschnitte 2.2 und 2.3. Zu Beginn
werden das aktuelle GSI und das zukiinf-
tige FAIR Forschungszentrum vorgestellt. Abbildung 7.2.: Schematische Abbildung
Im darauf folgenden Hauptabschnitt wer- des HADES Experiments - Siehe Abbil-
den Aufbau, Funktionsweise und Eigen- dung 2.2.

schaften des Spektrometers, welches in Ab-

bildung 7.2 schematisch dargestellt ist, sowie der einzelnen Detektoren beschrieben. Dabei
wird der Schwerpunkt auf die MDC und die META Detektoren RPC und TOF gelegt wel-
che fiir die Analysen in diese Arbeit besonders wichtig sind. Im zweiten Hauptabschnitt
werden die Softwareprozesse zur Verarbeitung der aufgezeichneten Rohdaten sowie der
Generierung von kiinstlichen Fvents, die auf simulierten Teilchenkollisionen basieren, be-
schrieben. Diese simulierten Events werden benotigt um Eigenschaften der Detektorsyste-
me die sich nicht aus gemessenen Fwvents ableiten lassen, wie zum Beispiel Detektionsef-
fizienzen, zu bestimmen. Das Kapitel endet mit einer Zusammenfassung der wichtigsten
Daten der analysierten Ag(1.58 A GeV)+Ag Strahlzeit.




7.3. Analysemethoden 169

7.3. Analysemethoden

In Kapitel 3 werden verschiedenste Methoden und Verfahren zur Durchfithrung der Analy-
sen, die in dieser Arbeit entwickelt oder liberarbeitet wurde, beschrieben. Darunter fallen
zunichst die Kalibrierung der START und VETO Detektoren welche fiir fast alle HADES
Analysen unerlésslich sind, da der START Detektor die Kollisionszeit bestimmt welche bei
allen weiteren Zeitmessungen als Referenzzeit benotigt wird. Das Verfahren besteht aus
zwei Schritten: Zunéchst werden die konstanten Verzogerungen zwischen den Streifen des
START und Feldern des VETO Detektors durch individuelle Offsets ausgeglichen. Im zwei-
ten Schritt werden diese Offsets fiir jeden einzelnen Run der Strahlzeit unter Verwendung
der gemessenen Flugzeiten und Impulse von ©= Spuren angepasst. Nach der Kalibrierung
erreicht der START Detektor eine Zeitauflosung von circa 50 ps.

Als néchstes wird das Verfahren zur Erkennung problematischer Fvents beschrieben wel-
ches ebenfalls aus zwei Schritten besteht: Zunéchst werden neun vordefinierte Kriterien
getestet und Fvents, die mindestens eins nicht erfiillen, verworfen. Im zweiten Schritt wird
die Leistung des gesamten Detektorsystems und der Rekonstruktionsverfahren fiir jeden
einzelnen Run der Strahlzeit anhand der mittleren Menge an Proton, n*, 1= and e” + e
Spuren pro Fvent im Vergleich zum téglichen Durchschnitt bewertet. Alle Runs, bei de-
nen ein Wert eine festgelegte relative Abweichung iiberschreitet, werden verworfen. Danach
werden noch Selektionskriterien auf die Spuren innerhalb der FEvents angewendet. Diese
Kriterien dienen dazu Spuren die sich aus einer falschen Kombination von Detektorhits
zusammensetzen und keinem echten Teilchen entsprechen zu verwerfen.

Als niichstes werden die Verfahren zur Identifikation von Protonen, n*, = und *He Spuren
anhand der gemessenen Impulse und Flugzeiten bzw. spezifischen Energieverluste beschrie-
ben. In beiden Féllen wurden die Standardverfahren in diesem Projekt fiir eine hohere
Préazision verbessert. Fiir die Selektion unter Verwendung der Flugzeiten wurde die neue
Grofe a eingefithrt welche zusammen mit der berechneten Masse ein kartesisches Ko-
ordinatensystem bildet, welches wiederum eine prézise impulsunabhéngige Selektion der
Massepeaks ermoglicht. Fiir die Selektion unter Verwendung der spezifischen Energiever-
luste in den MDC Detektoren wurden die entsprechenden Impulsintervalle zum Ersten
Mal mit einer logarithmischen asymmetrischen Gaus Funktion gefittet welche eine prézise
Selektion selbst bei hohen Energieverlusten und niedrigen Impulsen moglich macht.

Im folgenden Abschnitt wird das Verfahren zur Abschétzung der Zentralitdt anhand ge-
messener Grofen beschrieben. Grundsétzlich ist das Verfahren identisch zu dem welches
bereits fiir Au(1.23A GeV)+Au Kollisionen in [16] angewendet wurde, aber es wurde spezi-
ell fiir die analysieren Ag(1.58A GeV)-+Ag Kollisionen angepasst. Dabei wird ein geometri-
schen Glauber Modell [134] zusammen mit dem ,wounded nucleon* Modell [67] verwendet
um die Anzahl an RPC und TOF Detektorhits fiir einen gegebenen Impactparameter ab-
zuschétzen und damit die 0-30 % zentralsten Fventsin drei gleich grofse Zentralitatsklassen
zu unterteilen.

Die verbleibenden Abschnitte von Kapitel 3 befassen sich mit Methoden die vorrangig
zur Rekonstruktion schwach zerfallender Hadronen benétigt werden. Dies beginnt mit den
OVD Topologien die eine Folge der verhiltnisméfig langen Lebensdauern bei schwachen
Zerfillen sind. Anhand der Topologie werden sechs Parameter definiert die eine Unterschei-
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dung von zufélligen Kombinationen und echten Tochterteilchenkombinationen schwach
zerfallender Hadronen ermoglichen. Die meisten dieser Parameter héngen von der Posi-
tion des Kollisionsvertex ab. Dieser wird mittels des Eventvertex angenédhert, der iiber
die in Abschnitt 3.7 beschriebene Methode zur Erreichung einer héheren Prézision als
bei der Eventrekonstruktion bestimmt. Ein weiterer Parameter wird aus der AP Methode
abgeleitet. Hierzu werden die charakteristischen AP Ellipsen zum Ersten Mal in Polarko-
ordinaten interpretiert wobei der Azimutalwinkel den Parameter APAngle bildet. Trotz
der starken Reduktion falschen Signale sowohl bei direkt detektierten Teilchen als auch
bei rekonstruierten durch die beschriebenen Methoden verbleibt stets ein Untergrund der
abgeschéatzt und abgezogen werden muss. Bei direkt detektierten Teilchen erfolgt die Ab-
schitzung mittels eines Interpolationsverfahrens des entsprechenden Masseintervals. Bei
rekonstruierten Teilchen wird der kombinatorische Untergrund mithilfe der Mized-Event
Methode abgeschétzt. Letztlich wird noch die Anwendung eines ANN zur Identifikation
schwach zerfallender Hadronen beschrieben. Das Verfahren ist weitestgehend identisch mit
dem aus [170], wurde allerdings verbessert indem der damals verwendete Impuls des Mut-
terteilchens durch den Parameter AP Angle ersetzt wurde. Aufferdem wurden verschiedene
Crosschecks durchgefithrt um das ideale ANN Setup zu bestimmen.

7.4. Analyseergebnisse

Kapitel 4 befasst sich mit den tatsdchlichen
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Beschreibung der Emission zu erhalten.

|
=
o

Die Analysen von A Hyperonen und K¢ Mesonen sind weitestgehend identisch. Zunichst
wird das Training der zur Trennung von Signalen und kombinatorischem Untergrund
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verwendeten ANNs beschrieben. Unter deren Verwendung werden in einem iterativen Op-
timierungsverfahren die Selektionskriterien fiir Signale mit maximierter Signifikanz be-
stimmt. Als néchstes wird damit eine Messung der Lebensdauern beider Teilchen durch-
gefiihrt und die Ergebnisse werden mit den Literaturwerten verglichen um die Akzeptanz-
und Effizienzkorrekturen welche mit simulierten A Hyperonen und K& Mesonen des Gene-
rators Pluto, die in reale Fvents nach der Methode aus Abschnitt 2.3.4 implementiert wur-
den, durchgefiihrt werden zu iiberpriifen. Bei beiden Teilchen sind die gemessenen Lebens-
dauern innerhalb ihrer Unsicherheiten konsistent mit den Literaturwerten. Schlussendlich
wird die Produktion beider Teilchen multi-differentiell als Funktion von Transversalimpuls,
Rapiditéit und Zentralitdt analysiert. Die resultierenden Spektren werden mit DIS Modell
Funktionen (Siehe Abschnitt 1.4) zur Extrapolation gefittet um volle 41 Produktionsraten
sowie den Modellparameter Tgy; zur Beschreibung der Emission zu erhalten.

Zum ersten Mal konnte in dieser Arbeit das 3H in Schwerionenkollisionen bei
VSNn = 2.5 GeV diber seinen Zwei-Korper-Zerfall rekonstruiert werden. Zunéchst
wird wieder das Training des ANN und die Optimierung der Selektionskriterien be-
schrieben. Aufgrund der niedrigen Menge von nur ~ 1000 rekonstruierten 3H ergeben
sich leider grofse statistische Unsicherheiten. Erneut wird eine Lebensdauermessung
durchgefiihrt. Das Ergebnis von (253 £+ 24 + 42) ps wird in Kapitel 5 mit anderen
Messungen verglichen um zur Losung des 3H Lebensdauerritsels beizutragen. Es ist
konsistent mit kiirzlichen Messungen der ALICE [12] und der STAR [6] Kollaboration
sowie der Lebensdauer freier A Hyperonen. Schlussendlich wird auch die Produktion
von {H multi-differentiell analysiert. Aufgrund der niedrigen Menge an Signalen werden
die zentralitdtsabhdngigen Produktionsraten unabhéngig von der multi-differentiellen
Analyse als Funktion von Transversalimpuls und Rapiditéit, welche nur fir die 0-25 %
zentralsten Events durchgefiihrt wird, bestimmt. Es zeigt sich dass die gemessenen 3H
von einer Quelle bei Mid-Rapidity produziert werden.

Zusitzlich zu den 3H wurden auch die Z Hyperonen zum ersten Mal erfolgreich in Schwer-
ionenkollisionen bei |/syy = 2.55 GeV rekonstruiert. In diesem Fall besteht das Rekon-
struktionsverfahren aus der Rekonstruktion zweier aufeinander folgender schwacher Zer-
falle, da = Hyperonen kaskadenartig zerfallen. Auch nach allen Optimierungsverfahren
iibersteigt das beste Signal nicht die Signifikanzschwelle von 50. Aus diesem Grund werden
sowohl eine Produktionsrate als auch eine obere Produktionsgrenze bestimmt. Die obere
Grenze liegt bei 0.81 x 10 * und die Produktionsrate bei (0.36 + 0.11) x 10 * = Hypero-
nen pro Event. Die Grofsenordnung dieser Raten ist vergleichbar mit vorherigen Analysen
im selben Energiebereich [7, 30, 170].

7.5. Interpretation der Ergebnisse

Im letzten Kapitel 5 werden die Ergebnisse aus Kapitel 4 interpretiert. Im ersten Abschnitt
werden die Produktionsraten von reinen A und ¥ Hyperonen unter Verwendung der gemes-
senen (A+X") und K¢ Produktionsraten und der Erhaltung der Strangenessquantenzahl
in der starken Wechselwirkung abgeschétzt. Die Isospin-Asymmetrie als Konsequenz der
unterschiedlichen Menge an up- und down-Quarks in den kollidierenden Kernen wird mit
einer einfachen Anniherung beriicksichtigt. Der Vergleich der K¢ Produktionsraten mit
vorlaufigen K* Produktionsraten aus [122] zeigt dass die Anndherung zumindest fiir die
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Abbildung 7.4.: H Lebensdauermessungen - Siche Ab-
Im zweiten Abschnitt werden bildung 5.9.

die Produktionsraten von A

Hyperonen, K¢ Mesonen und 3H bei Mid-Rapidity sowie das Verhiltnis von £ und A
Hyperonen mit Daten von verschiedensten Kollisionssytemen und Energien verglichen.
Die Produktionsraten von A Hyperonen und K Mesonen passen perfekt zu den vorhande-
nen Daten und weisen auf einen exponentiellen Anstieg der Produktionsraten in der Ndhe
der NN Schwellenenergie hin. Im Falle der 3 H existieren leider nur sehr wenige Messungen
bei Mid-Rapidity. Dennoch passt die gemessene Produktionsrate gut zu den existierenden
Daten und der thermischen Modellvorhersage. Auch das gemessene = zu A Verhéltnis
passt gut zu den verfiigharen Messungen, obgleich weitere Interpretationen aufgrund der
geringen Menge an Daten in dem Energiebereich schwierig sind.

Im dritten Abschnitt wird die Skalierung der Produktionsraten von A Hyperonen, K¢
und K" Mesonen und 3H mit (Ap,) untersucht. Bei Au(1.23A GeV)+Au Kollisionen
hat sich gezeigt dass die Produktionsraten ,seltsamer* Hadronen proportional zu (Ap,¢)®
mit einem gemeinsamen Exponenten o = 1.45 £ 0.06 skalieren [18|. Trotz der hdheren
Energie der Ag(1.58A GeV)+Ag Kollisionen skalieren die A Hyperonen und K¢ und K*
Mesonen mit einem vergleichbaren Exponenten o = 1.44 4+ 0.03. Die Produktionsrate
der $H hingegen skaliert deutlich stirker mit einem Exponenten o = 2.84 + 0.32. Diese
wichtige Beobachtung lisst sich erkliren wenn die H aus an der Kollision beteiligten
Nukleonen gebildet werden.

Im vierten Abschnitt wird die longitudinale Asymmetrie des Feuerballs, die aus der Tatsa-
che folgt dass die kollidieren Kerne in der Kollisionzone nicht vollsténdig gestoppt werden,
zentralitdtsabhéngig untersucht. Die Analyse wird durchgefiihrt indem die Rapiditatsspek-
tren von A Hyperonen, und K¢ Mesonen im Normalfall und nach Koordinatensystemrota-
tionen verglichen werden. Es zeigt sich dass der Feuerball in x- und y-Richtung isotrop ist
wéahrend die z-Richtung deutlich grofsere Breiten aufweist. Des Weiteren nehmen die trans-
versalen Breiten zu peripheren Events ab, wihrend die longitudinalen Breiten ansteigen,
da die Kerne in zentralen Kollisionen stérker gestoppt werden.

Im fiinften Abschnitt werden die transversalen und longitudinalen Spektren von Protonen
und A Hyperonen aus Au(1.23A GeV)+Au und Ag(1.58A GeV)+Ag Kollisionen vergli-
chen. Es zeigt sich dass in beiden Kollisionssystemen die Protonen einen grofseren Blast und
eine niedrigere effektive Temperatur als die A Hyperonen aufweisen. Der Unterschied ist
bei den Au(1.23A GeV)+Au Kollisionen deutlich stéarker als bei den Ag(1.58A GeV)+Ag
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Kollisionen was als Folge des hoheren /sy bei den Ag+Ag Kollisionen verstanden werden
kann. Dieselbe Beobachtung wurde bereits am AGS Beschleuniger um das Jahr 2000 [79]
gemacht, allerdings nicht weiter interpretiert.

Im letzten sechsten Abschnitt wird die gemessene 3H Lebensdauer mit anderen Mes-
sungen verglichen um zur Losung des RH Lebensdauerriitsels beizutragen was bereits in
Abschnitt 7.4 diskutiert wurde. Abbildung 7.4 zeigt den entsprechenden Vergleich.

7.6. Ausblick

Im Rahmen des FAIR Phase-0 Forschungsprogramms wurde das HADES Experiment ver-
bessert, unter anderem durch die neuen MAPMTs und FEEs fiir den RICH Detektor
die auch beim RICH Detektor des zukiinftigen CBM Experiments zum Einsatz kommen.
Durch dieses Upgrade wurde die Detektionseffizienz von Elektronen und Positronen signi-
fikant erhoht [20]. Auferdem wurde der neue ECAL Detektor gebaut welcher die direkte
Messung von Photonen ermdoglicht. In Kombination sind durch diese Upgrades prazisere
Messungen elektromagnetischer Sonden als je zuvor moglich. Kiirzlich wurde das HADES
Experiment weiterhin durch ein Trackinsystem in vorwérts Richtung erweitert, welches
aus vier STSs, die fiir das zukiinftige PANDA Experiment entwickelt wurden, und einem
fRPC Detektor besteht. Dadurch wurde die geometrische Akzeptanz bei vorwarts Rapidi-
taten stark erhoht, wodurch insbesondere die Messung exklusiver Kanile in elementaren
Reaktion verbessert wird. Des Weiteren sind Upgrades des aktuellen CTS Systems, sowie
der FEEs der MDC Detektoren unter Verwendung von PASTTREC Chips geplant [179].

Bis heute hat die HADES Kollaboration sechs Messungen im Rahmen des FAIR
Phase-0 Forschungsprogramms vorgeschlagen. Die erste davon war die Messung von
Ag(1.58A GeV)+Ag Kollisionen und wurde im Mérz 2019 durchgefiihrt. Im Februar 2022
ist aktuell eine vierw6chige Messung von p(4.5 GeV)+p Kollisionen mit HADES geplant.
Die Ziele dieser Messung umfassen die Erforschung elektromagnetischer und schwacher
Hyperonenzerfille, die Erforschung der Produktion mehrfach ,seltsamer* Hyperonen und
¢ Mesonen sowie die Produktion von Hadronen als Referenzmessung fiir die Messung von
p(4.5 GeV)+Ag Kollisionen, die allerdings noch keinen Termin haben. Aufierdem ist ein
Strahlenergiescan von Au+Au Kollisionen bei 800, 600, 400 und 200 GeV pro Nukleon
geplant. Priméres Ziel dieser Messung ist die Erforschung der Hyperonenproduktion weit
unterhalb der Schwellenenergie in isolierten NN Kollisionen sowie die Erweiterung der
Ausfrierkurve im QCD Phasendiagramm bei den hochsten erreichbaren baryochemischen
Potentialen. Weiterhin ist die Messung von d+p Kollisionen bei Strahlenergien von 1.00,
1.13, 1.25 und 1.75 GeV pro Nukleon und von n+CHs, n+C und n+Ag Kollisionen
geplant, allerdings ebenfalls noch ohne Termin.
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A. Appendix

A.1. Uncertainty Analysis

A core principle of quantum mechanics is that due to Heisenberg’s uncertainty principle,
the state of a system cannot be infinitely precise defined. Within these uncertainties only
statistical statements are possible, which is why most quantum mechanical processes,
like for example particle decays, show a statistical nature. The same holds true if the
outcome of a process cannot be predicted because either the initial state or the underlying
mechanisms are unknown. Therefore, the statistical uncertainties of a measurement always
need to be taken into account and propagated through the entire analysis chain onto the
final results within this thesis.

At the beginning of most analyses a count rate N is measured. If the underlying process is
of statistical nature, the probability distribution of the outcome N in multiple independent
measurements is given by the Poisson-distribution A.1 with the expectation value p.

Pu(n) = L - exp(—p) (A1)

It can be shown that the standard deviation o, which is a measure for the dispersion of IV,
is /i in case of a Poisson-distribution. Therefore, the statistical uncertainty of a count

rate N is defined as v N. For large expectation values p the Poisson distribution can be
approximated by a Gaussian-distribution A.2 with o = ,/p.

Py (2) = —— -exp (—ﬂ) (A.2)

o\ 2w 202

Thus, the statistical uncertainty of a count rate N can be assumed to be symmetrical.
Furthermore, the probability of the count rate exceeding its actual value by n times its
statistical uncertainty can be calculated by integrating the Probability Density Function
(PDF) of the Gaussian-distribution like shown in Equation A.3 where erf (z) represents
the Gaussian error function:

P (N € [p+no]) = \/LQ_W : /_T; exp (—%2) dr = erf <%) (A.3)

In case a quantity x carrying the Gaussian uncertainty Az is transformed by a functional
correlation f (z), the uncertainty needs to be propagated. According to the Gaussian law,
the uncertainty propagation is described by Equation A.4 in case x is a one dimensional
quantity:
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Af(z) = df—(x)Ax (A4)
dx
For the propagation f (z) is approximated to be linear in the range [z + Ax], since only
the first order derivative is taken into account. Although this is potentially problematic
in case of a strong non-linearity of f (z), the Gaussian law of uncertainty propagation is
used as a common standard.

In case of a n dimensional quantity ¥, also correlations between the uncertainties of the
multiple dimensions need to be taken into account. An example for correlated uncer-
tainties are the ones of the parameters of a functional correlation which is fitted to a
given distribution. In this case, the Gaussian law of uncertainty propagation results in

Equation A.5:

Af(7) = \/(ﬁf (f))T % Mooy X (W (f)) (A.5)

In this equation Moy represents the quadratic n X n covariance matrix. Its diagonal
entries (i = j) correspond to the squared uncertainties of the individual dimensions of ¥ and
the entries apart from the diagonal (i # j) correspond to the correlated uncertainty of the
ith and j™ dimension of #. Thus, in case the uncertainties of the individual dimensions are
uncorrelated, all entries apart from the diagonal are 0 and Equation A.5 can be simplified

to Equation A.6:

(Az)® 0 0
AZL’Q 2 . n f 2
Mcov = 0 ( : ) O = Af (%) = Z (8({;; )A%) (A.6)
0 0 - (Az,)? z

An example for uncorrelated uncertainties are the uncertainties of two independently
counted rates M and N. In case the correlations between the individual dimensions are
unknown, the maximum uncertainty of f (z) can be calculated by replacing the sum of
squares in Equation A.6 by a sum of absolutes resulting in Equation A.7:

o (A.7)

n —»
Af(E) =) ‘mmi
7
It is obvious that due to the underlying approximations the presented equations are only
suited for Gaussian distributed uncertainties. While statistical uncertainties are Poisson
distributed and therefore in the limit of large expectation values Gaussian distributed,
in case of systematic uncertainties, the underlying distribution is often unknown. There-
fore, the propagation of systematic uncertainties using the presented equations yields an
approximate for the actual uncertainty at best.
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A.2. x? Values

There are multiple slightly different definitions of %> values as well as effective %> values
used in literature. This section describes the %? implementations of the ROOT frame-
work [150] which are consistently used throughout this thesis.

The y? value is one of the most commonly used methods to quantify the accordance
between two datasets of same length. For the two datasets a; and b; of length N it is
defined by Equation A.8. A lower x> value corresponds to a better accordance between
the datasets. Therefore, two equal datasets yield a value of 0.

N

X => (ai—b) (A.8)

i

Concerning distributions, the datasets can be understood as different values corresponding
to the same set of points ;. In that case the full datasets are (z,a), and (z,b),, where = can
be multidimensional. Furthermore, the datasets can correspond to a functional correlation
with the definition (z, f (z)),, where f (x) is required to be a one dimensional quantity.
Using these prerequisites, the %2 value can also be used to quantify the accordance between
a distribution (z, a), and functional correlation f (x), which is described by Equation A.9:

N

X =D (ai— f () (A.9)

i

If the first dataset is a given distribution and the second dataset a functional correla-
tion with free parameters, the x> value can be used to find the optimal parameters to
describe the distribution. This procedure is called %? minimization and is a very common
application of the %2 value. First, the y? value of the distribution and the functional
correlation is calculated for multiple variations of the free parameters around their initial
values. Second, the parameter set yielding the lowest %> value is selected as ideal. These
steps are repeated iteratively with the result of the previous iteration serving as initial
parameter values for the current iteration. Once no further reduction in the x? value is
achieved, the last found parameter values are selected as the optimal values. Colloquially,
the %? minimization is often referred to by “fitting a function to a distribution”.

The %> minimization can also be understood as the search for a minimum of a multidimen-
sional surface with the amount of free parameters defining the dimensionality. Obviously,
problems occur if the spline has multiple local minima, since it cannot be guaranteed that
the found minimum is actually the global minimum. Modern algorithms cope with this by
randomly altering the initial parameter values and checking, whether the %> minimization
converges at the same parameter values.

Especially in physics, values are not infinitely precise but have at least a statistical uncer-
tainty. This has to be taken into account when calculating the %? value to increase the
importance of values with low uncertainties and decrease it in case of high uncertainties.
Therefore, an effective y? value as defined by Equation A.10 is used for the distribution
(x,a); with the statistical uncertainties Aa; and the functional correlation f ().
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N 2
2 (a; — f (@)
X = ; A—a? (A.10)
In case also the x; values have statistical uncertainties, they are propagated according
Equation A.4 using the Gaussian law of uncertainty propagation (cf. Appendix A.1) and
are added quadratically to the uncertainties Aa; resulting in Equation A.11. In case of
multidimensional x values the propagation is performed assuming uncorrelated uncertain-
ties according to Equation A.6.

v=3 (a; — f (1)) i (A11)

Binned distributions pose another problem: Since the bin values correspond to an x
range instead of a single = value, the value of f (z) at bin center can only be used if the
distribution is linear within the bins. In case of non-linearity, the function needs to be
integrated over the bin ranges and normalized to the bin volumes. Equation A.12 defines
the %* value for a binned distribution (z,a); with the statistical uncertainties Aa; and bin
ranges of z; £ dz; as well as the functional correlation f (x).

2
N (ai - fjjaiz f(z)dz/ fmjaix d:z:)
=) Ve (A.12)

%

Yet another modification needs to be taken into account to be able to compare the x> values
of different datasets or functional correlations. Due to the sum over all points, datasets
with more points yield higher %2 values at same relative accordance. In addition, functional
correlations with more free parameters can be adjusted to a larger variety of distributions.
Both effects can be coped with by dividing the %? value by the Number of Degrees of
Freedom (NDF). They are equal to the length of the dataset minus the amount of free
parameters of the functional correlation. The resulting value %> / NDF can be understood
as the average y? value per data point and can be compared across different datasets and
functional correlations.
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A.3. Lorentz-Vectors and Invariant Masses

At relativistic energies, the total momentum which is the magnitude of the three dimen-
sional momentum vector depends on the frame in which it is measured and is therefore
not Lorentz-invariant. By adding a fourth dimension to the three dimensional momentum
vector equal to the energy, a so called Lorentz-vector or four-vector is formed. It’s defi-
nition is given by Equation A.13 with the component of the momentum vector p,, . and
the energy E as well as the imaginary unit ¢. For simplicity the speed of light is omitted
in all equations of this section.

p=|"Pe (A.13)

Lorentz-vectors use a special metric, diverging from the standard Euclidean metric, to
calculate their magnitudes. One possibility to express this, is to precede the momentum
components with the imaginary unit 7. This results in a Lorentz-invariant magnitude equal
to the rest mass mg as shown in Equation A.14 utilizing the relativistic energy-momentum

relation 1.2:
’ﬁ‘:\/Ez—p%—pi—p“i:\/p2+m%—p2:mo (A.14)

In particle decays, the Lorentz-vectors of the multiple daughter particles add up to the
Lorentz-vector of the mother particle, due to their Lorentz-invariance. Thus, the rest mass
of a hypothetical mother particle with the daughter particles numbered by the index ¢,
also called invariant mass m;,,, can be calculated via Equation A.15:

(AR SN RN

In particle collisions, the invariant mass of the colliding particles has another special
meaning: It is equal to the amount of energy available in the CM system of the particles /s,
which is an important quantity for the production of particles as discussed in Section 1.3.2.
In a fixed-target collision, where the target particle of mass m; rests in the laboratory
system and the projectile particle of mass m, and energy E, collides with it, Equation A.15
yields Equation 1.4 to calculate /s.

Disclaimer: A similar description is used in [170].
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A.4. Transverse Momentum and Transverse Mass

The transverse momentum is an important property of particles emerging from particle
collisions. Conventionally, it is defined as the proportion of the total momentum vector
perpendicular to the longitudinal beam axis and can be calculated via Equation A.16 with
the particle’s total momentum p and the polar angle ¥:

pe=p-sin () (A.16)

Since conventionally the beam axis is equal to the longitudinal z-axis, initially the colliding
particles carry no transverse momentum. However, interactions between them result in
the emission of particles carrying also transverse momentum. As a result, the transverse
momenta distributions are not contaminated by remnants of the initial momenta and
therefore provide access to the properties of the system emitting the particles.

As an alternative to the transverse momentum, often the transverse mass is used. It can be
understood as the hypothetical mass of a particle if it had no longitudinal momentum / if it
total momentum was equal to its transverse momentum. The transverse mass of a particle
with the rest mass myg, the transverse momentum p;, the energy /' and the longitudinal
momentum p; is defined by Equation A.17

mt:\/mg—l—pf:\/EQ—plz (A.17)

The equality between the two formulations can be shown by the relativistic energy-
momentum relation 1.2. As it can be seen from the first formulation, the transverse
mass is always larger or equal to the rest mass of a particle. Because of that, often the
reduced transverse mass m; — my starting at 0 MeV/ c? is used instead.

Furthermore, it shows that the relation between the transverse momentum and transverse
mass is non-linear. In particular at low transverse momenta significantly below the rest
mass of a particle, the transverse mass is only weakly connected to the transverse momen-
tum. Thus, low transverse masses span a rather large transverse momentum interval.

Disclaimer: A similar description is used in [170].
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A.5. Rapidity

In relativistic physics, the rapidity w is commonly used instead of the regular velocity
because it is a Lorentz-additive quantity. Thus, the transformations between a resting
reference frame and a relativistically moving frame can be described by a simple addi-
tion / subtraction of the rapidity of the moving frame inside the reference frame. The
analogy between the rapidity w and the velocity [ of a particle is demonstrated by the
first definition is Equation A.18. The second alternative definition utilizes the energy F
and the momentum p instead:

w = artanh (§) = % -In (%) (A.18)

Concerning relativistic particle collision physics like they are studied in this thesis, the
rapidity is commonly defined by the velocity in longitudinal direction. The definition of
this modified rapidity y is given by Equation A.19 using the energy F and the longitudinal

momentum p; of the particle:
1 E+p
=—-1 A.19
YT (E - pz) (A.19)

This alternative definition is advantageous as the coordinate system is commonly chosen
such that its longitudinal direction is equal to the beam axis. Thus, for the colliding parti-
cles as well as their common CM system, in the reference laboratory frame both definitions
of the rapidity are identical. Furthermore, the transformations between the laboratory
frame, in which the particles are measured, and the CM system of the collision, in which
the particles are emitted / produced, can be described by a simple addition / subtraction
of the rapidity of the CM system in the laboratory frame. This rapidity is also called mid-
rapidity y.,, and is defined by Equation A.20 in case of a fixed-target heavy-ion collision
with the energy £, and momentum p, of a projectile nucleon:

1 E +pp>
ycm:_'ln( rF_-° A .20
4 E,—p, ( )

A further advantage of the modified definition of the rapidity y is that it is indepen-
dent from the transverse momentum / mass which are discussed in Appendix A.4. In
multi-differential analyses of the kinematic distributions of particles, the rapidity y can
therefore be used to describe the emission pattern in longitudinal direction independent
from the transverse direction. Combined with the definition of the transverse mass from
Equation A.17 the relations given by Equation A.21 can be deduced:

p; = my - sinh (y)
(A.21)
E = m, - cosh (y)
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A.6. Off-Vertex-Decay Parameter

The following list summarizes the parameters used to recognize OVDs in this thesis either
by fixed selection criteria or by evaluating the parameters using an ANN as described in
Section 3.10:

DaulVD: Distance of Closest Approach (DCA) / Vertex Distance (VD) between the
trajectory of daughter particle 1 and the primary event vertex.

Dau2VD: Distance of Closest Approach (DCA) / Vertex Distance (VD) between the
trajectory of daughter particle 2 and the primary event vertex.

MotVD: Distance of Closest Approach (DCA) / Vertex Distance (VD) between the
trajectory reconstructed for the mother particle and the primary event vertex.

VDX: Distance between the reconstructed decay vertex and the primary event vertex
(Decay length of the mother particle).

MTD: Distance of Closest Approach (DCA) / Vertex Distance (VD) between the
trajectories of the two daughter particles.

A: Opening angle between the trajectories of the two daughter particles (Only
used for the mixed-event background description).

APAngle: Azimuthal angle in the Armenteros-Podolanski (AP) a-p, -plane as defined in
Section 3.8 (Only used as an input parameter to the ANNs).

The first six parameters are of geometrical nature and are defined in Section 3.6. As stated
in Section 3.9, the sixth parameter A is required to assure a proper description of the
combinatorial background using the mixed-event technique. Since it potentially influences
the invariant mass distribution obtained for the anticipated mother particle species it is
not used to optimize the reconstructed signal neither by fixed selection criteria nor an
ANN. The seventh parameter APAngle is based on the Armenteros-Podolanski method
and is defined in Section 3.8. Unlike the other parameters, no fixed selection criteria are
applied on it, thus it is only used as an input for the ANNs.

In case a particle decays via a cascade of multiple individual decays, like for example the
=s, the individual decays are numbered in the order they are reconstructed which means
the last occurring decay is numbered 1 and an according prefix (Decl, Dec2, etc.) is added
to the names of the parameters. For more details on the definitions of the parameters see
Sections 3.6, 3.8 and 3.10. For more details on how the described methods are applied in
the actual particle reconstructions see Sections 4.2.1, 4.3.1, 4.4.1 and 4.5.1.
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A.7. Particle Selection Criteria

Table A.1 summarizes the selection criteria used to identify particles in this work. All of
the listed criteria are applied in addition to the standard track selection criteria described
in Section 3.3. The Polarity (Pol.) refers to the sign of electric charge which is determined
from the direction of the bending in the magnetic field. The mass of a measured track is
calculated from the measured momentum and velocity via Equation 3.1. The quantity a is
the additional parameter introduced in Section 3.4.1 to construct a Cartesian coordinate
system with the measured mass as one of the axes. Furthermore, in this section, the 2D
momentum velocity (p-B) selections for Weak Decay Daughters (WDDs) are described.
The 2D momentum specific energy loss (p-dE/dx) selections are described in Section 3.4.2.
v’rk and MMQ are track quality parameters described in Section 2.3.3. The column
“Additional” refers to tables listing further selection criteria used in the corresponding
analysis like for example criteria on OVD topology parameter.

Please refer to Sections 4.1 to 4.5 for details on the various analyses conducted.

Particles |Pol. [Ml\(/el\:;sfé] a 2D Selection | x’rx |MMQ| Additional
Free p + — — 3o p-dE/dx Additional Table 4.2
p | + — 0.40 - 2.10
A WDD p-f <400| <3 | Table 4.5
T - — 0.65 - 1.05
nt + -
K¢ 0.70 - 1.40 | WDD p- <400| <3 | Table 4.8
n_ — RN
3He | + |1270- 1520 | 0.50 - 2.00 | *He p-dE/dx
AH < 400| <3 | Table 4.10
T - — 0.65-1.05| WDD p-
A)| + — 0.72 - 1.51
p(A) WDD p-p | <400| <3
T (A)] - — 0.84 - 1.04
= Table 4.12
A Additional | 0.78 - 1.65 — — —
T - — 0.87-1.06| WDD p-f <400 <3

Table A.1.: Summary of the criteria used to identify particle tracks in this work in addi-
tion to the standard track selection criteria described in Section 3.3. The 2D momentum
specific energy loss (p-dE/dx) selections are described in Section 3.4.2 and the 2D mo-
mentum velocity (p-f) selections for Weak Decay Daughters (WDDs) in Section 3.4.1.
The column “Additional” refers to tables listing further selection criteria used in the cor-
responding analysis.
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A.8. Multi-Differential Analysis Spectra

In the sections of Chapter 4 describing the multi-differential analysis of protons, A hy-
perons, K¢ mesons and 3H, only a selected set of mass spectra and the resulting spectra
from one centrality class are shown for reasons of space. This section displays the full
set of mass spectra from the most central centrality class for A hyperons, K& mesons
and 1H as well as the multi-differential analysis spectra from the remaining centrality
classes analyzed in this work. Table A.2 gives for each particle and each centrality class
the references to the figures displaying the corresponding multi-differential yields. The
mid-rapidity transverse momentum spectra as well as the rapidity spectra after transverse
integration are displayed in Figures 4.5, 4.15 and 4.25 respectively.

Centrality Protons A Hyperons | K2 Mesons || 4H Hypernuclei
0-10 % 42 and 4.3 | 4.13 and 4.12 | 4.22 and 4.23
0-25 %:
10-20 % Al A.10 A .20
— 4.31 and 4.33
20-30 % A2 A.10 A.21

Table A.2.: References to the figures displaying the multi-differential yields of pro-
tons, A hyperons and K¢ mesons from the centrality classes of the 0-30 % most central
Ag(1.58A GeV)+Ag events.

The mass spectra of A hyperons are displayed in Figures A.3 to A.9, the mass spectra of
K¢ in Figures A.12 to A.19 and the mass spectra of $H in Figures A.22 and A.23. In these
plots the y-axes are omitted for space reasons. All spectra marked by a red x are rejected
for the multi-differential analyses - See Sections 4.2.3 and 4.3.3 for details. The figures
displaying the multi-differential analysis results have always the same structure: The plot
in the upper panel of the figure displays the multi-differential yields of the corresponding
particle after normalization and correction for acceptance and efficiency losses. The x-axes
display the transverse momentum and the y-axes display the rapidity in the CM system
of the collision. In case of the proton spectra, the green-frame marks the part of the
phase-space covered by the RPC detector and the blue-frame the part covered by the
TOF detector.

The plots in the lower left of the figures display the same data like the plots in the
upper panel, but with one individual transverse momentum spectrum per rapidity interval.
The rapidity intervals in the backward hemisphere are depicted as full markers and the
corresponding intervals from the forward hemisphere as hollow markers. The mid-rapidity
interval is depicted by the symbol *. For better visibility the rapidity spectra are scaled by
factors 10*. Furthermore, the model functions used to perform the transverse extrapolation
are displayed. The plots in the lower right of the figures displays the ratios between the
model functions and the transverse momentum spectra. For better visibility the ratios are
shifted by +x. For each rapidity interval a black line is depicted which represents a ratio
of 1. For all particles and all centralities a fair accordance between the spectra and the
model functions is observed.
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Figure A.1.: Corrected and normalized emission rates (upper panel) and transverse mo-
mentum spectra (lower left) of protons from the 10-20 % most central Ag(1.58A GeV)+Ag
events as well as their ratios to the SR fit functions (lower right).
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Figure A.2.: Corrected and normalized emission rates (upper panel) and transverse mo-
mentum spectra (lower left) of protons from the 20-30 % most central Ag(1.58A GeV)+Ag
events as well as their ratios to the SR fit functions (lower right).
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Figure A.3.: Invariant mass distributions of p-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.75 - =0.65 and —0.65 - —0.55 from the 0-10 %

most central Ag(1.58A GeV)+Ag events.
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Figure A.4.: Invariant mass distributions of p-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.55 - =0.45 and —0.45 - —0.35 from the 0-10 %
most central Ag(1.58A GeV)+Ag events.
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Figure A.5.: Invariant mass distributions of p-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.35 - —=0.25 and —0.25 - —0.15 from the 0-10 %
most central Ag(1.58A GeV)+Ag events.
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Figure A.6.: Invariant mass distributions of p-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.15 - —=0.05 and —0.05 - 0.05 from the 0-10 %
most central Ag(1.58A GeV)+Ag events.
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Figure A.7.: Invariant mass distributions of p-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = 0.05 - 0.15 and 0.15 - 0.25 from the 0-10 % most
central Ag(1.58A GeV)+Ag events.
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Figure A.8.: Invariant mass distributions of p-n= pairs for all transverse momentum
intervals and the rapidity intervals y., = 0.25 - 0.35 and 0.35 - 0.45 from the 0-10 % most
central Ag(1.58A GeV)+Ag events.
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Figure A.9.: Invariant mass distributions of p-n~ pairs for all transverse momentum

intervals and the rapidity intervals y., = 0.45 - 0.55 and 0.55 - 0.65 from the 0-10 % most
central Ag(1.58A GeV)+Ag events.
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Figure A.10.: Corrected and normalized emission rates (upper panel) and trans-
verse momentum spectra (lower left) of A hyperons from the 10-20 % most central
Ag(1.58A GeV)+Ag events as well as their ratios to the DIS fit functions (lower right).
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Figure A.11.: Corrected and normalized emission rates (upper panel) and trans-
verse momentum spectra (lower left) of A hyperons from the 20-30 % most central
Ag(1.58A GeV)+Ag events as well as their ratios to the DIS fit functions (lower right).
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Figure A.12.: Invariant mass distributions of ©"-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.75 - —=0.65 and —0.65 - —0.55 from the 0-10 %
most central Ag(1.58A GeV)+Ag events.



A.8. Multi-Differential Analysis Spectra

p =0-60 MeV/c
t

Bedte

197

0 - 10% most central
p. =60 - 120 MeV/c
t

Ag+Ag VSNN =2.55 GeV Yom = -0.55--0.45
p, = 120 - 180 MeV/c

P, = 180 - 240 MeV/c

p, = 300 - 360 MeV/c

-

p, = 240 - 300 MeV/c

p, = 360 - 420 MeV/c

p, = 660 - 720 MeV/c

v e
2% 00 v v v

P, = 780 - 840 MeV/c

P, = 1080 - 1140 MeV/c
.

5%

RSN

p, = 1140 - 1200 MeVic
0:0:0‘
p, = 1200 - 1260 MeV/c

OO

e
60 - 1320 MeV/c

p, = 1320 - 1380 MeV/c

P, = 1380 - 1440 MeV/c

p, = 1440 - 1500 MeV/c
450 500 550 600

M MeV/C?]

650 450 500 550 600

650 450
M, IMeVic?]

500

550 6200 650 450 500 550 600
M. [MeVicT]

\ 40 - 600 MeV/c

650 450

500
M., IMeVic?]

550 600

650
M,y IMeV/C?]

0 - 10% most central

p. =60 - 120 MeV/c
t

Ag+Ag VSNN =255GeV y_=-045--0.35
p,= 0-60 MeV/c p, = 120 - 180 MeV/c P, = 180 - 240 MeV/c

p, = 240 - 300 MeV/c
p, =300 - 360 MeVic

p, =360 - 420 MeVic

480 - 540 MeV/c
Bt )
R

p, = 660 - 720 MeV/c p

X

bOSTRRS

p, = 780 - 840 MeV/c
%

p, = 840 - 900 MeV/c

£S
RJ
A e
p, = 900 - 960 MeV/c

- 1020 MeV/c :

p, = 1080 - 1140 MeV/c

p, = 1140 - 1200 MeV/c
p, = 1200 - 1260 MeV/c

>
*,

= 1260 - 1320 MeV/c p, = 1320 - 1380 MeV/c

p, = 1380 - 1440 MeVi/c
450

p,= 1440 - 1500 MeV/c

500 550 600

500 650 450 500 550 600
M. [MeV/cT]

650 450
M, IMeV/C?]

500

550 600
M MeV/C?]

650 450

500

550 600

650 450
M,y IMeV/c?]

Mo MEVIC]
Figure A.13.: Invariant mass distributions of n"-n  pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.55 - =0.45 and —0.45 - —0.35 from the 0-10 %
most central Ag(1.58A GeV)+Ag events.
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Figure A.14.: Invariant mass distributions of n"-n~ pairs for all transverse momentum
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most central Ag(1.58A GeV)+Ag events.
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Figure A.15.: Invariant mass distributions of ©"-n  pairs for all transverse momentum
intervals and the rapidity intervals y., = —0.15 - —=0.05 and —0.05 - 0.05 from the 0-10 %
most central Ag(1.58A GeV)+Ag events.
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Figure A.16.: Invariant mass distributions of ©"-n~ pairs for all transverse momentum
intervals and the rapidity intervals y., = 0.05 - 0.15 and 0.15 - 0.25 from the 0-10 % most
central Ag(1.58A GeV)+Ag events.
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Figure A.17.: Invariant mass distributions of n"-n~ pairs for all transverse momentum

intervals and the rapidity intervals yem

central Ag(1.58A GeV)+Ag events.

=0.25-0.35 and 0.35 - 0.45 from the 0-10 % most
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Figure A.18.: Invariant mass distributions of n"-n~ pairs for all transverse momentum
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Figure A.20.: Corrected and normalized emission rates (upper panel) and trans-
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Ag(1.58A GeV)+Ag events as well as their ratios to the DIS fit functions (lower right).
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Figure A.21.: Corrected and normalized emission rates (upper panel) and trans-
verse momentum spectra (lower left) of KY mesons from the 20-30 % most central
Ag(1.58A GeV)+Ag events as well as their ratios to the DIS fit functions (lower right).
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