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I Abstract

Abstract

This work presents the experimental reconstruction of the Σ0 baryon in – with
respect to NN interactions – subthreshold Ag+Ag collisions at 1.58AGeV kinetic
beam energy measured with the HADES experiment.

At the HADES experiment, which is located at GSI in Darmstadt, Germany,
heavy ion collisions atmoderate freeze-out temperatures and high baryon chem-
ical potential are measured, analyzed, and evaluated in comparison with the ex-
isting data as well as theoretical predictions. This kinetic beam energy corre-
sponds to a center of mass energy of √sNN =2.55GeV, which is the Λ baryon
production threshold in NN collisions. With only a small mass difference ofΣ0 to
the Λ baryon of 77MeV/c2, Σ and Λ baryons are the lightest strangeness contain-
ing baryons. Since all quantumnumbers of theΣ0 and theΛ baryon are identical,
their production mechanisms are expected to be very similar. Due to a different
spin configuration of the valence quarks inside the Σ0, the Σ0 is slightly more
heavy and decays with nearly 100% branching ratio intoΛγ. However, the recon-
struction of the low-energy γ is challenging formost detectors, particularly when
attempting to concurrently satisfy the requirements of Λ reconstruction.

For the beamtime of the analyzed Ag+Ag collisions, 15 billion events were
recorded. The newly installed electromagnetic calorimeter enables photon re-
construction for HADES for the first time without relying on the previously used
conversionmethod. Within the 0-40%most central events, around 8000Σ0 bary-
ons were reconstructed in the Λγ channel with a significance of approximately
10. In addition to the newly installed electromagnetic calorimeter, the RICH was
upgradedwith newmulti-anode photomultiplierswhich strongly enhance recon-
struction efficiency as well as lepton purity. These advantages were used for fea-
sibility studies in theΛe+e− decay channel. Hints for a signal were found that are
consistent with the extracted signal from the Λγ channel, but due to the small
statistics, only a significance level of less than 3 was achieved.

A full efficiency and acceptance correction was performed with a resulting
multiplicity of 0.014 ± 0.002stat. ± 0.004sys. produced Σ0 per event which corre-
sponds to a Λ/Σ0 ratio at freeze-out of 3.2 ± 0.3stat. ± 0.6sys.. This represents the
first measurement of this ratio for a subthreshold Σ0 production in nucleus nu-
cleus collisions.

Comparing to the availableworld data of p+p collisions close to theΣ0 produc-
tion threshold, this ratio increases in p+p to values of 30 and higher. Even more,
the measured ratio compares well to measurements in p+p far from threshold.
This indicates that the NN threshold has no influence on the Σ0 production for
this energy.



Abstract II

The Λγ channel result is compared to statistical hadronization model fit as
well as to several transport model predictions. The statistical model calculations
are in good agreement to our measurement which endorses the possibility of hy-
peron production in a thermally equilibrated medium. In this case, the freeze-
out ratio is directly connected to the mass difference of two states with the same
quantum numbers, resulting in a temperature estimation of the created matter
by only measuring Λ and Σ0. From these measurements T=66MeV is extracted,
which compares well with fits of all hadrons with a statistical model.



III Zusammenfassung

Zusammenfassung

Diese Arbeit präsentiert die Ergebnisse der experimentellen Rekonstruktion von
Σ0 Baryonen in Ag+Ag Kollisionen bei 1,58AGeV kinetischer Strahlenergie, die
mit dem HADES Experiment gemessen wurden. Bei dieser Energie liegt die Pro-
duktion von Σ0 Baryonen unterhalb der Produktionsschwelle in Nukleon-Nukle-
on Kollisionen.

Das HADES Experiment, welches sich an der GSI bei Darmstadt in Deutsch-
land befindet, misst Schwerionenkollisionen bei moderaten Freeze-Out Temper-
aturenundhohembaryochemischenPotential, analysiert diese undwertet sie im
Bezug zu existierenden Daten und theoretischen Vorhersagen aus. Die kinetis-
che Strahlenergie entspricht einer Schwerpunktsenergie von √

sNN =2,55 GeV,
wobei dieserWert exakt dem Schwellenwert zur Produktion vonΛBaryon in frei-
en Nukleon-Nukleon Kollisionen gleicht. Durch die kleine Massendifferenz vom
Σ0 Baryon zum Λ Baryon von nur 77MeV/c2 sind die Σ und Λ Baryonen die lei-
chtesten Baryonenmit Seltsamkeit. Da alle Quantenzahlen von Σ0 und Λ Baryon
identisch sind, werden sehr ähnliche Produktionsmechanismen erwartet. We-
gen einer unterschiedlichen Spin Konfiguration der Valenzquarks im Σ0 ist das
Σ0 etwas schwerer und zerfällt zu nahezu 100% in Λγ. Die Rekonstruktion des
niederenergetischem γ erweist sich allerdings als herausfordernd, im Speziellen
wenngleichzeitig alleVoraussetzungen fürdieΛRekonstruktionerfüllt seinmüs-
sen.

Während der hier analysierten Strahlzeit wurden 15 Milliarden Ag+Ag Ereig-
nisse aufgenommen. Das hierbei neu integrierte elektromagnetische Kalorime-
ter erlaubt HADES nun zum ersten Mal Photonen zu rekonstruieren, ohne sich
auf die Konversionsmethode verlassen zu müssen. Für die zentralsten 0-40%
der Ereignisse wurden ca. 8000Σ0 Baryonen im Λγ Zerfallskanal rekonstruiert,
wobei eine Signifikanz von 10 erreicht wurde. Zusätzlich zu demneu integrierten
elektromagnetischemKalorimeterwurdederRICHmitMulti-Anoden-Photomulti-
pliern aufgerüstet, wodurch sowohl die Rekonstruktionseffizienz der Leptonen,
als auch deren Reinheit deutlich gesteigert wurde. Diese Vorteile wurden für
Machbarkeitsstudien im Λe+e− Kanal verwendet. Hinweise auf ein Signal wur-
den extrahiert, die konsistent zu dem Signal im Λγ Kanal sind. Leider wurde
hierbei anhand der geringen Statistik nur eine Signifikanz von unter 3 erreicht.

Nach Effizienz- und Akzeptanzkorrektur wurde insgesamt eine Multiplizität
von MΣ0 = 0, 014 ± 0, 002stat. ± 0, 004sys. gemessen, was einem Λ/Σ0 Verhältnis
von 3, 2± 0, 3stat. ± 0, 6sys. beim Freeze-Out entspricht. Dies ist die erste Messung
des Λ/Σ0 Verhältnis in Kern-Kern Kollisionen unterhalb des Schwellenwerts in
Nukleus-Nukleus Kollisionen.



Zusammenfassung IV

Verglichen damit steigt dieses Verhältnis in den weltweit vorhandenen p+p
Daten nahe der Σ0 Produktionsschwelle auf Werte über 30 an. Des Weiteren ist
das gemessene Verhältnis sehr ähnlich mit Messungen in p+p Kollisionen weit
über demSchwellenwert. Dies lässt darauf schließen, dass derNNSchwellenwert
keinen Einfluss auf die Σ0 Produktion in A+A Kollisionen bei dieser Energie hat.

Das Ergebnis aus dem Λγ Zerfallskanal wird mit dem statistischen Hadro-
nisierungsmodell sowie Vorhersagen aus verschiedenen Transportmodellen ver-
glichen. Der Vergleich mit dem statistischen Hadronisierungsmodell ergibt eine
gute Übereinstimmung mit unserer Messung, was eine Hyperon Produktion in
einem thermischenMedium nahelegt. In diesem Fall ist die Freeze-Out Temper-
atur direkt mit dem Massenunterschied von zwei Zuständen mit gleichen Quan-
tenzahlen verbunden, was eine Temperaturabschätzung ausschließlich über die
Messungen vonΛ undΣ0 erlaubt. Über dieseMessungwird eine Temperatur von
T=66MeV extrahiert, was gutmit dem Fit aller Hadronen im statistischenHadro-
nisierungsmodell übereinstimmt.
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CHAPTER 1
Introduction

1.1 Motivation

The success of humanity in evolutionary history is closely tied to its intelligence.
We collate and utilize knowledge in order to generate advantageous predictions.
As a logical consequence, different scientific research areas have been examining
our environment to improve predictive capabilities. While biologists are primar-
ily concerned with the study of plants, humans, and life in general, physicists
are primarily interested in the interactions of matter. The initial focus from over
2000 years ago was conceptualizing matter in four fundamental elements: wa-
ter, air, fire, and earth. However, the question remains as to what maintains the
fundamental cohesion of these latter states of matter.

The exploration of the subatomic scale, initiated with the discovery of the
electron by J.J. Thomson in 1897, represents a significant milestone in the his-
tory of scientific inquiry [1]. In the subsequent decades, the decomposition of
our known matter was specified in increasingly analytical approaches. Notable
contributions to the understanding of matter were achieved by Rutherford with
his discovery of the inner structure of atoms [2], and byChadwick in 1932with the
discovery of the neutron [3]. During this time Stern discovered themagnetic mo-
ment of a proton, which already was hinting to an inner structure of the proton
[4]. Furthermore, the experimental conclusion of the 1940s/1950s demonstrated
that protons and neutrons are insufficient to describe so called V-particles, which
were subsequently referred to as strangeness-containing particles. The particle
zoowas filledwith various hadrons untilmid 1960swhich lead to the quarkmodel
description.

All know particle behaviours are put in context within the state of the art
model of subatomic particle physics: the Standard Model.

1.2 Standard Model of Particle Physics

Themost successfulmodel of subatomic particle physics is the standardmodel of
particle physics. It contains all so far known elementary particles and describes
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their fundamental interactions via the strong, electromagnetic and weak inter-
action. It was continuously developed since the 1950s when it started with the
proposal of quarks by Gell-Mann and Zweig [5][6], to describe the pure amount
of new particles discovered earlier that century. Zweig himself mentioned [7] the
idea of Fermi and Yang from 1949 [8], that the newly discovered pions may not
be elementary particles. The experimental evidence for the theory of quarks as
fundamental particles was given in inelastic proton-electron scattering at SLAC
in 1968 [9][10].

The elementary particles are categorized in fermions which carry spin 1
2
and

formmatter, and the bosonswith integer spinwhich are exchangeparticles of the
fundamental forces. This assertion is not applicable for the Higgs boson, whose
particular properties are described in section 1.2.3. Besides the spin, the elemen-
tary particles are characterized by mass and charges, namely color, electric and
weak charge.
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Figure 1.1: Characterization of all known elementary particles included in the
standard model. Figure taken from [11].

The fermions are divided up into strongly interacting quarks and the leptons
which do not interact strongly. Leptons and quarks are divided into 3 families
each, where a family consists of 2 partners building a pair as shown in figure 1.1
resulting in 6 different flavors for leptons and quarks. For the quarks, the elec-
tromagnetic charges are +2

3
and −1

3
respectively while the leptons carry −1 or

0 electric charge. While quarks also carry color charge and thus interact via all
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three fundamental forces within the standardmodel, none of the leptons carries
color charge and will not interact strongly. As previously mentioned, there are 3
lepton flavorswhich carry electromagnetic charge. These e−, µ− and τ− and their
anti-particles e+, µ+ and τ+ can interact electromagnetically and weak while the
neutrinoswhich are electrically neutral do only interactweakly. In total, the stan-
dard model is mathematically represented as

SU(3)C × SU(2)L × U(1)Y (1.1)

symmetry where the first term accounts for the color symmetry of the strong
interaction while the combination of the latter two terms describe the symmetry
of the electro weak unification. Those theories are briefly summarized in the
following sections.

1.2.1 Strong Interaction

The strong interaction is described by the theory of Quantum ChromoDynamics
(QCD). This quantum field theory is mathematically described as a non-abelian
gauge symmetry with the symmetry group SU(3), which is determined by the
combination of three different color charges in QCD and the self interaction of
the gauge bosons of QCD, namely the gluons [12][13]. Only quarks, anti-quarks
and the gluons havenon vanishing color quantumnumbers andparticipate in the
strong interaction. While all quarks carry color, all anti-quarks carry anti-color.
The gluon is carryingnet color charge as combination of a color and an anti-color,
which leads to an anti-symmetric color/anti-color octet in nature, while the sym-
metric singlet state does not exist since it would be color neutral. In nature we
can only observe color neutral objects, which are described as “white”.

The Lagrangian density of QCD is given by

LQCD =
∑
f

qf (iγ
µDµ −mf )qf −

1

4
Ga

µνG
a,µν (1.2)

whereDµ = ∂µ − igAa
µ(x)

1
2
λa is the covariant derivative which introduces the

8 gluon fields Aa
µ(x) and the corresponding field strength Ga

µν = ∂µA
a
ν − δνA

a
µ +

gfabcAb
µA

c
ν. Hence the latest term is vastly different to QED, and involves the

gluon-gluon self interaction. The density functional in equation 1.2 allows the
calculation of Feynman diagrams in perturbation theory which generalize the
calculation of interaction probabilities [14].

The non-abelian structure of QCD leads to an energy dependency of the cou-
pling constantαswhich is preciselymeasured fromseveral experiments in awide
range of momentum transfer Q. The coupling constant is often precisely stated
at the Z mass with the most recent value of αs(m

2
Z) = 0.1179 ± 0.0009 [15]. Vari-

ous observables like hadronic τ decays, multi/inclusive jet probabilities and deep
inelastic scattering were used to cover a largemomentum transfer range. A sum-
mary of the results is depicted in figure 1.2.
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Figure 1.2: Summary of the most recent measurements of αs [15].

Thedecrease ofαs at largemomentumtransfer is phenomenological described
as asymptotic freedom. As result the quarks would not interact for a vanishing
distance. On the other hand the steep rise inαs at smallQ2 binds the quarks. This
behaviors leads to the so called confinement, leading to an attractive force in be-
tween quarks which results in hadron formation. This behavior of rising αs for
rising small momentum transfer is contrary to the behavior of the quantum elec-
trodynamics. On the other hand, for large temperatures αs is declining, which
leads to a deconfined hadronic matter at high energy density where no hadrons
exist. This phase condition with quasi free quarks and gluons was predicted al-
ready 1973 [16] and later was called QuarkQluonPlasma (QGP).

Chiral symmetry

Compared to the proton mass of Mp = 938MeV/c2, its constituent quarks (uud)
have only masses of mu = 2.2MeV/c2 and md = 4.7MeV/c2 [17]. Considering
vanishing quark masses, the QCD Lagrangian would conserve chirality 1. With
mu

mp
< 1% this assumption is much more exact than for the s quark with an esti-

mated mass ofms ≈ 100MeV/c2.
In a world without quark masses, the decoupling of the Lagrangian into its

chiral components of the form qf = qLf + qRf can be performed as

qLf =
1

2
(1 + γ5)qf qLf =

1

2
(1− γ5)qf (1.3)

1Chirality is the more general approach of conserving the left and right handed symmetry in
the massless limit, where no reference frame of flipped handedness exists
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However, the symmetry is broken dynamically by the non vanishing quark
condensate as well as explicitly by the masses of the quarks. Those effects result
in the knownmass hierarchy of our hadrons, where as example the pseudoscalar
mesons are shown in figure 1.3.

Figure 1.3: Scheme of meson masses and the origin of the mass hierarchy of the
experimentally accessible spin zero meson nonett [18].

Chiral partners have the same spin, but different parity. This leads to an ex-
perimental observable for the chiral symmetry. So in experiment, the explicitly
broken chiral symmetry is observedwhen comparing the invariantmasses of chi-
ral partners, for example as shown in the hadronic decay of τ leptons [19].

1.2.2 Electroweak Theory

From the fundamental forceswhich are included in the StandardModel, the elec-
tromagnetic force was described first by Maxwell in 1873 [20]. In 1926 it was also
the first interaction which quantum field theory was successfully applied to [21],
and is in the following referred to as Quantum Electro Dynamics (QED).

The Lagrangian density of QED is given by

LQED = ψ(iγµDµ −m)ψ − 1

4
FµνF

µν (1.4)

with the covariant partial derivative Dµ = ∂µ + iqAµ and the field strength
iqFµν = [Dµ, Dν ] [14]. Mathematically, the electromagnetic force is described by
an abelian gauge symmetry with the symmetry group U(1).

The massive Z0,W+ andW− gauge bosons of the weak interaction are either
neutral or carry electromagnetic charge. The weak force is described by a SU(2)
symmetry group.

The weak interaction only couples to left handed particles and right handed
anti-particles and thus shows the maximum possible parity violation.
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Experiments show that Z and W bosons do couple differently to the known
fermions, in particular Z bosons couple not only to the weak but also to the elec-
tromagnetic charge. The unification of QED and the weak interaction resolves
this specialty and results in the electroweak theory.

It was proposed in the late 1960s by Weinberg and Salam [22] as a minimal
gauge theory which only needs four gauge fields, namely the fields of the electro-
magnetically chargedW+,W− as well as the neutral γ and an additionally elec-
tromagnetically neutral vector boson, the Z0.

Technically, a weak isospin Iw is introduced, as well as the weak hypercharge
Y. Both newly introduced quantities are connected to the electromagnetic charge
Q, where the hypercharge is calculated as Y = 2Q − I3w. While the left handed
chiral feminons are assigned to Iw = 1/2 doublets, the right handed particles
form Iw = 0 singlets.

Therefore theSU(2)×U(1) gauge group is satisfying all constrains. Fermionic
flavours are introduced as well as a separation of left and right handed fermions.
The resulting massless gauge bosons are the isotripletWi and theB0 singlet. The
mixture of W3 and B0 creates the Z0 and γ bosons, while the mixing of W1 and
W2 result in theW+ andW− states. W1

W2

W3

 , B0 →

 W+

Z
W−

 , γ (1.5)

From the spontaneous symmetry breaking of the Higgs field, the Z0,W+ and
W− obtain mass, while the γ stays massless. Due to the large masses of the Z
andW± bosons, the weak interaction will be highly suppressed compared to the
strong or electromagnetic interaction and thus leads to long lifetimes, when a
particles decays weakly due to conservation laws.

1.2.3 Higgs Mechanism

In 1963 F. Englert andR. Brout published the idea of amassive gauge bosonwhich
gains its mass by interaction [23]. The Higgs boson was defined as excitation of
the Higgs-field which itself is responsible to provide all fundamental particles a
mass [24]. Especially for the gauge bosons of the weak interaction this mecha-
nism is needed to understand their masses which occur from symmetry break-
ing.

By coupling to the SU(2) weak interaction, the Higgs has a weak charge, build-
ing a doublet of complex Higgs fields

ϕ =

(
ϕ1

ϕ2

)
(1.6)

The potential of the Higgs field, schematically shown in figure 1.4 and often
referred to as “Mexican hat” potential, leads to the effect of the so called symme-
try breaking. With a potential of the free Higgs field in the form of
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ϕ1

ϕ2

V (ϕ)

Figure 1.4: Schematic view of the Higgs field potential with its typical “Mexican
hat” structure.

V = −µ2ϕ†ϕ+ λ(ϕ†ϕ)2 (1.7)

the Higgs field has an expectation value V (ϕ = 0) ̸= 0 shown as red dot in fig-
ure 1.4. This expectation value can only be accessed by experimentallymeasured
quantities [25]. However, this value is not the minimum value, it will be chosen
spontaneously, since

√
ϕ2
1 + ϕ2

2 will break the symmetry, as indicated by the blue
point.

In 2012 the Higgs boson was experimentally measured by the two collabora-
tions ATLAS [26] and CMS [27] [28]. The measurement of the predicted Higgs
provided an additional confirmation of the standard model and thus the Higgs
was added as the last elementary particle.

1.2.4 Limits of the Standard Model

While the standardmodel has been tested to very high precision and is consistent
in itself, there are several experimental observations, e.g. in astrophysics, that
are incompatible and require physics beyond it.

Most obviously, the gravitation is missing. Up to now no theory is able to suc-
cessfully combine gravity and quantumfield theory to quantumgravity [29]. This
arises by the difference in strength of these interactions, leading to the so called
“hierarchyproblem”. The “hierarchyproblem”occurs due to the largedifferences
in energy scales for the 3 fundamental forces within the standardmodel. This hi-
erarchy is highly sensitive to the Higgs mass where the bare mass theoretically
strongly differ from the effective mass [30]. Another key observable is the mag-
netic moment of the muon, where measurements throughout the last decades
showed enhanced deviations to theoretical standard model calculations [31][32].
This tension might be resolved recently by precise experimental reference mea-
surements which influence the theoretical predictions [33]. The universality of
leptonswhich claims all interactions of the different leptons are the samebesides
their different masses in still under debate [34]. Combined with cosmology and
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observations from astrophysics, the lack of knowledge about the structure of our
universe gets obvious when looking on rotation curves of spiral galaxies which
are currently attempted to be explained by dark matter [35][36]. Additional evi-
dence for dark matter is given by gravitational lensing effect and the anisotropy
of the cosmic microwave background [37]. Finally, asymmetry between matter
and anti-matter in our universe and thus our origin is still not understood and
might hint to a CP violation in the strong interaction [38].

1.2.5 Grand Unified Theory

With these open questions and limitations, needless to say physicists are not sat-
isfied. Thus the Grand Unified Theory (GUT) was developed as theoretical model
where all three forces of the standard model are unified at an energy scale of
1016GeV , which in themost simple form is described by a SU(5) gauge symmetry
group [39]. Being located close to the Planck scale, quantum gravity is not van-
ishing any longer. With the state of the art knowledge, the interactions do not
converge to one point, which can be tuned via missing particles like it is done
in various SUSYmodels were a symmetry between bosons and fermions is intro-
duced [40][41].

1.3 QCD Phase Diagram

The different phases of the strongly interacting matter are commonly described
as function of the temperature T and the baryochemical potential µB. The baryo-
chemical potential is utilized to quantify the net baryon density. For vanishing
µB the ratio of matter and anti-matter is equal to unity, whereas at increasing µB

finite net baryon density rises.
Figure 1.5 shows a sketch of the QCD phase diagram, our surrounding nuclear

matter is located at low temperatures close to zero and µB ≈ 930MeV. While the
hadron gas consists of bound hadrons, extreme conditions lead to a change of
the phase and thus result in the QGP.

This phase transition is widely studied by theorists where the lattice QCD
calculations can describe the area of vanishing baryochemical potential. The
transition is shown to be a cross over [42]. The transition temperature is accu-
rately estimated using five different observables and results in a temperature of
TC = 156.5 ± 1.5MeV [43]. This is consistent with measurements from the AL-
ICE collaboration [44]. This cross over describes the phase transition with the
same abundance of quarks and anti-quarks (µB = 0) which was the case for the
early stages of the universe. This is not the case for the QCD phase diagram at
non-vanishing baryochemical potential.

Several theoretical calculationswithdifferent approaches arepredicting afirst-
order phase transition at larger µB, including for example methods of functional
renormalization groups [46] or Dyson-Schwinger equations [47].
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Figure 1.5: Schematic view of the T − µB plane of the QCD phase diagram with
theoretical calculations and experimental accessed regions [45].

Thus a critical point is expected in between the crossover at small µB and
this first order phase transition. Not only the critical point is discussed as one of
the most interesting topics in heavy ion physics, but also the overall structure of
dense nuclear matter at high baryochemical potential µB.

The area of dense nuclear matter at high µB is of particular interest for its
analogous behaviour to neutron stars and neutron star mergers. In dependence
on the equation of state and its composition the neutron star density is estimated
in the regime of a factor 3 − 12 larger than nuclear ground state density [48].
In this context, the interplay of hyperons (Y) and nucleons (N), shortly written
as Y N interactions at high densities is discussed theoretically, while additional
experimental results of separated production rates ofΣ andΛ baryons would en-
able a more precise comparison with theoretical predictions of the equation of
state [49]. Especially the merger of neutron stars, so called binary neutron star
merger events seem to take place under very similar thermodynamical condi-
tions as heavy ion collisions at SIS energies [50]. Investigating dense nuclear
matter at SIS thus can constrain parameters for astrophysics. Figure 1.6 com-
pares simulations of the time evolution of dense matter in astrophysics and in
the laboratory.

The similarities are obvious, even though there is a large discrepancy of the
scale in time and space. Most importantly, the calculated densities, which are
represented in the color code, are very similar. This visualizes the capability of
reproducing neutron star merger densities in the laboratory for periods of a few
fm/c. The abundance of hyperons in neutron stars and their influence on the
formation process of neutron stars is widely discussed in astrophysics [51].
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In the region of the highest µB and low temperatures a phase of color super-
conductivity is predicted [52]. In this phase, the Fermi gas produces a condensate
of Cooper pairs in the vicinity of the Fermi surface. The feasibility of experimen-
tal accessibility of this region is under strong debate [53] [54].

1.4 Heavy Ion Collisions as Diagnostic Tool

The following sections will shortly summarize a few approaches of experimen-
talists to contribute to the quest of understanding the QCD phase diagram with
heavy ion collisions as diagnostic tool.

Heavy ion collisions are the unique tool to create extreme conditions of high
temperatures and pressures which are needed to study the phase diagram of
strongly interacting matter. A deconfined state of matter is only produced at
high temperatures and energy densities, which are generated in the laboratory
via heavy nuclei collisions at high collision energy. For collisions in the LHC en-
ergy regime, the formation of quark-gluonplasma is observed and studied, where
as the medium at GSI SIS18 energies will not be fully deconfined.

An evolution of heavy ion collisions is depicted schematically in figure 1.7. In
the very left picture, the two Lorentz contracted nuclei in their initial state are
approaching each other until the collision in the second most left picture. De-
pendent on the energy of the system, a quark gluon plasma can be created in the
third step, or for smaller energies a fireball with medium properties of interest
is created without QGP formation by converting the available center of mass en-
ergy provided by the nuclei and breaking up hadron structures. The upcoming
expansion of the fireball leads to a decrease of the energy density and possibly
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a thermalization with a following chemical freeze-out, from which on particle
yields of each species are constant and only elastic interactions take place up to
the kinematic freeze-out [55].

Figure 1.7: Evolution of a heavy ion collision. Figure taken from [56].

For a systematic exploration of the entire QCD phase diagram, results from
experiments at accelerators all over the world are combined, each experiment
being dedicated to a certain region. LHC at CERN provides the highest energies,
reaching up to a few TeV, in heavy-ion collisions at the center of mass [57] [58].
RHIC is the second largest collider with up to √

sNN = 200GeV in Au+Au col-
lisions, but also providing access to energies down to 7.7GeV in collider mode
and 3GeV in the fixed target mode [59] [60]. In the intermediate energy regime,
NA61/SHINE at CERN SPS is measuring various heavy ion system collisions, cov-
ering the region of √sNN = 5.1 − 16.8GeV [61] [62]. The low energy regime
with large baryochemical potential is or will be studied at the facilities of J-Parc
[63], NICA [64] and GSI/FAIR, covering the lowest center of mass energies up to√
sNN = 5GeV.

1.4.1 Flow

Flow is one of the most intuitive observables to study collectivity of the emit-
ted particles from the interaction. It was predicted, that nuclear matter under
extreme conditions behaves like a fluid and thus is modeled in fluid dynamical
models. A similar behaviour of nuclear matter under extreme conditions and
fluid dynamical models was predicted [65][66]. Flow is connecting the particle
emission distribution with the pressure gradient of the created hot and dense
matter [67]. The anisotropic flow is commonly described as Fourier expansion of
the Lorentz invariant particle momentum distributions of emitted particles [68]
[69]:

E
d3N

d3p
=

1

2π

d2N

ptdptdy

(
1 +

∞∑
n=1

2vncos
(
n[ϕ− ψr]

))
(1.8)

The true reaction plane is denoted as Ψr, ϕ is the azimuth angle of the parti-
cle and a sin term is vanishing due to the symmetry with respect to the reaction
plane. By averaging all particles in the event and accordingly correcting for ac-
ceptance, the flow coefficients vn are calculated.



CHAPTER 1. INTRODUCTION 12

Figure 1.8: The so called direct flow v1 dependency on the kinetic beam energy
for existing world data is shown on the left, and the elliptic flow v2 on the right hand
side [70].

The spatial anisotropy is usedahadronic observable of the full evolutionof the
fire ball, since it is most pronounced at the early stage of the fire ball evolution
[71]. In experiments, the flow coefficients of various particles from mesons up
to hyperons and light nuclei are measured and analyzed, as shown in [72] and
references therein. Especially higher order flow coefficients are sensitive to the
bulk properties of the dense nuclear matter and can help disentangling various
contributions. Due to its direct connection to the equation of state, theoretical
models can be adjusted by tuning the density dependent potentials, to describe
the flow.

1.4.2 Electromagnetic Probes

Inheavy ion collisions, the createddensematter emits dileptonsduring thewhole
evolution. Since the dileptons do not interact via the strong interaction, they
are utilized to probe all stages of the collision without additional modification.
Therefore, dielectrons as penetrating rare probes provide information about the
initial NN collisions, possible medium modifications of hadrons, as well as the
temporal evolution and fireball lifetime [73]. Starting in the 1990s the CERES [74]
and DLS [75] collaborations, both being designed for high precision dielectron
measurements, published their first results. They both observed an enhanced
excess yield in the low invariant mass region [76] which is dominated by the de-
cay of vector mesons and sensitivity to mediummodifications.

Following these pioneering experiments, HADES [77] and NA60 [78], but also
PHENIX [79] were designed and built, dedicated to measure dileptons with high-
est precision. However, also ALICE [80] and STAR [81] could contribute to this
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subject. Thus, finally a wide energy range is accessible from LHC energies of a
few TeV down to SIS18 energies of less than one AGeV.

While ALICE, STAR and HADES are currently measuring, additional experi-
ments are currently build, like the CBM experiment which will cover the beam
energy regime of≈ 4.5− 15AGeV [82].

(a) ALICE (b) STAR (c) HADES

Figure 1.9: Available dielectron spectra for a wide range of energies from the very
largest energy of 7 TeV measured by ALICE in p+p collisions [83] on the left, an
intermediate beam energy measured by STAR [84] and the very lowest beam energy
of 1.23AGeV beam energy which was measured by HADES [45], where the two
latter spectra both show Au+Au collisions.

Thedifferent experiments provide consistent informationabout abroadening
of the ρmeson, which is seen as in medium effect. In case of high energies, also
radiation from the quark-gluon plasma is seen. Furthermore, spectra allow for
temperature estimations.

1.4.3 Event-by-Event Fluctuations

Measuring the critical point of the QCD phase diagram is emphasized as one
of the main goals in heavy ion collisions, for which event-by-event fluctuations
would be a promising observable. Any fluctuations of a conserved quantity, like
for example proton or even better baryon number, strangeness or net electro-
magnetic charge is predicted to be sensitive to a near by critical point by a non-
monotonic behavior or the control parameters [85][86].

Measured cumulants kn provide insight in the multi-particle correlators as
well as being directly connected to the equation of state by

1

V T 3
kn =

∂np̂

∂µ̂n
(1.9)

where µ̂ = µ
T
represents the reduced chemical potential and p̂ = p

T 4 is the
reduced pressure [87].

The cumulants itself can be accessed as shape parameters of measured dis-
tribution, The first cumulant is defined as the mean of the distribution, and the
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Figure 1.10: Experimental measurement of net proton cumulants for the beam
energy scans of the STAR experiment [91]. Overlayed are theoretical model calcu-
lations.

higher order cumulants represent the standarddeviation, skwenessS = ⟨(δN)3⟩/σ3

and kurtosis κ = [⟨(δN)4⟩/σ4]− 3 and their interplay 2.
In near vicinity of the critical point, the baryon number is related to thermo-

dynamic derivatives via

− ∂3ω

∂µ3
B

=
∂χB

∂µB

(1.10)

where ω is the density of thermodynamic states while χB is the baryon num-
ber susceptibility which itself is defined as

χB = − ∂2ω

∂µ2
B

=
(δN2

B)

V T
(1.11)

the susceptibility diverges [88]. This implication originates in the diverging
correlation length. A non-monotonic behaviour of the moments would thus im-
ply a critical behaviour, assuming the time and spatial evolution survived and can
still be accessed [89]. The effect of a diverging correlation length is influencing
especially the higher moments as pointed out in [90].

In experimental data, ratios of the cumulants are used in order to cancel to at
least first order volume effects as shown in figure 1.10. Themeasured data is com-
pared to theoretical calculationswithout critical point, which leads to deviations.
Especially in C4/C2 = κσ2, the model calculations show unexpected behaviour
for energies of√sNN ≈ 20GeV which is currently under debate.

2δN = N − µ with µ being the mean of the distribution, σ is the standard deviation



15 CHAPTER 1. INTRODUCTION

1.5 Strangeness Production

Strangeness iswidely used as diagnostic tool to describe the properties of the pro-
duced bulk matter [92][93]. The initial state of the reaction can be accessed and
thus strangeness measurements provide direct inside to the thermodynamics of
the medium. Since our ordinary matter consists only of protons and neutrons
which together form all known nuclei, there is no net strangeness available. By
quantumfluctuations, virtual ss pairs can be created and contribute to the virtual
soup of sea quarks within the nucleus [94].

For the production of real strange quarks, the following processes displayed
in figure 1.11 are contributing:

g
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s

q

q

g

s

s
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g s
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g
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s

Figure 1.11: Fundamental processes of strangeness production in heavy ion colli-
sions.

For all Feynman diagrams, the time axis goes from the left to the right with
an arbitrary y axis. While in the upper right picture, the pair of ss is created by
an annihilation of a pair of light uu or dd quarks, the remaining diagrams show
the strangeness production by gluon fusion, where always several gluons are in-
volved for color conservation purposes. Thus strangeness is created by funda-
mental principles of the QCD, with the fundamental processes of partonic flavor
creation

gg → ss, qq → ss (1.12)
Additionally excitations via partonic qs as well as gs scattering can occur [95].

Due to energy conservation, there must be enough energy in the system to
produce new hadrons. Heavy ion collisions can be described as multiple simul-
taneous nucleon nucleon collisions. The available energy for each single NN col-
lision is denoted as √sNN , which needs to exceed the production threshold of a
desired particle.
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At SIS18, the provided energies are of the same order of magnitude as the
threshold energy for strangeness productionwhich differs for the various hadron
species, as summarized in table 1.1.

Production channel √
sNN [GeV ]

NN → NΛK 2.55

NN → NΣ0K 2.63

NN → NΣ∗K 2.82

NN → NΛ∗K 2.84

NN → NNKK 2.86

NN → NNΦ 2.89

NN → NΞ−KK 3.25

NN → NΩKKK 4.10

Table 1.1: Strangeness production thresholds for various production channels in
nucleon nucleon collisions.

In this table, N is either a proton or neutron while the kaons K represent
either a K0 or a K+ while the anti-kaons K are a K0 or a K−, dependent on
the electromagnetic change which is always conserved. Even without reaching
the threshold energy from a free NN collision, sub threshold particle produc-
tion can occur in AA collisions. This had beenmeasured in several experiments,
e.g. shown in [96], as well as those examining deep sub-threshold production
of √sNN − √

sThr = −640 MeV [97]. Several physics mechanisms are contribut-
ing to these cases. The most obvious difference between AA and NN collisions
is the additionally available Fermi momentum of pF ≈ 300MeV/c, which slightly
increases with the size of the nuclei [98]. This additional momentum smears out
the overall available energy and allows the sub threshold productionwith respect
to free NN collisions. In addition to in-medium effects, such as the modification
of spectral functions of the strange hadrons and their modified momentum dis-
tributions, two or multi step processes within the collision influence the mea-
sured results [99]. In AA collisions, sequential NN collisions can occur forming
intermediate resonances such as ∆ or N∗s. These particles may subsequently
collide, thereby accumulating energy over the course of multiple collisions. Be-
sides Fermi momentum and multi step energy accumulation, so called strange-
ness exchange reactions can take place. For those a light strangeness contain-
ing hadron is produced in first interactions. This hadron later on exchanges its
strange quark with surrounding hadrons to form resonances with larger thresh-
old. Especially for theK− this process is crucial at lowest energies since strange
quarks are energetically always favored to be bound in baryons. However, with a
π−Λ → K−n reaction, the K− is produced without reaching the K− production
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threshold. These so called final state interactions take place in the time between
chemical freeze-out and kinetic freeze-out taking place at even lower densities
[100].

The multiplicity of strange hadrons and especially their abundance in com-
parison to non strange hadrons is providing information on their production pro-
cess. Different yields are expected for production in a hadron gas and a QGP. In
addition, for low energies such as at SIS18, medium effects on interactions and
multi-step processes can be studied.

Figure 1.12: Measured strangeness containing particle yields in comparison to the
charged pion yields in dependency of the available center of mass energy. Figure
taken from [101]. More details are written in the text.

The measured strangeness production within a large range of center of mass
energies in heavy ion collisions is summarized in figure 1.12, where the baryons
are scaled down arbitrarily for better visualization. The orange data points are
measured at RHIC [102], the red data points are fromSPS [103][104] [105][106], AGS
data is shown in blue [107][108][109][110][111][112] and HADES data from SIS18 in
green [113][97]. This thesis aims at providing additional information on hyperon
production at the steep decline for low center of mass energies.

Figure 1.13 shows the energy dependent relative strangeness production ei-
ther as K+/π+ ratio or as Es. Es combines results of strange hadrons as Es =
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Figure 1.13: Experimental measurement of the K+/π+ and Es ratio with a clear
“horn” structure [114]. More details are written in the text.

⟨⟨Λ⟩ + ⟨K +K⟩⟩/⟨π⟩. A maximum is visible around √
sNN ≈ 7GeV for both dis-

tributions measured by the NA49 Collaboration. This so called “horn” structure
was validated with high precision [115] indicating the region fromwhere on with
rising energy, a deconfined state is created in AA collisions. This maximum of
relative strangeness production is located at around 7.7GeV and marks the re-
gion where a baryon dominated system changes to a meson dominated system
[116].

As already states, SIS18 energies correspond to center ofmass energies which
are close to theproduction thresholdof all various strangeness containinghadrons.
Thus, the multiplicity measurements in AA collisions provide insight in the pro-
duction mechanisms which differ from the free nucleon nucleon collisions.

1.6 The Σ0 Baryon

As described in section 1.2.1, quarks are forming hadrons, namely mesons and
baryons. The Σ0 contains 3 quarks (uds) which characterizes it as baryon. The
comparison in table 1.2 between Σ0 and the Λ baryon clearly show the similarity
of those two states. The Σ0 baryon ground state is characterized by the following
attributes:

The identical quark content leads to a very similar mass with a small differ-
ence of only∆M = mΣ −mΛ ≈ 77MeV/c2. This mass difference exists since the
two states are members of different isospin multipletts. Since the Λ has I=0, no
charged Λ ground state exists, while the charged Σ ground states exist with I=1
and Iz= -1 for the Σ− and Iz=1 for the Σ+ respectively. The distinction between Σ0

andΛ is attributed to the spin-spin coupling of the u and d quark. In case of iden-
tical spin orientations, a Σ0 is formed while an opposite spin orientation results
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Σ0 Λ

Mass [MeV/c2] 1192.6 1115.7

Lifetime [s] 7.4 · 10−20 2.6 · 10−10

Quark content uds uds

Baryon number 1 1

Isospin (Iz) +1 (+0) 0 (+0)

Strangeness -1 -1

Spin 1/2 1/2

Parity +1 +1

Table 1.2: Comparison of the quantum numbers of the Σ0 and the Λ baryons.

in a Λ [117]. A more detailed description of the influence of the spin composition
and di-quark coupling within hyperons is described in [118].

Because of the small mass difference between the two participating baryons,
the decay can only occur via the electromagnetic force to conserve the 4-vector
momentum. Emitting a particle would not be possible as even for pions their
mass exceeds the mass difference mπ > ∆M(Λ,Σ). In addition, a decay via the
strong interaction can not take place due to isospin conservation which is not
conserved in the electromagnetic force. In general, theΣ decay via a virtual pho-
ton was never measured before and is only estimated by QED to be in the order
of 5 · 10−3 [119].

TheΛ itself is the lightest baryon containing strangeness and thuswill only be
able to decay via theweak force into a nucleon and a π. The branching ratio of the
Λ in proton and π− is 63.9% and 35.8% for the nπ0 channel [119]. The differences
in the branching ratio result from the isospin selection rules within the weak
interaction, which are accessible by the Clebsch-Gordon coefficients.

Since the Σ0 and the Λ are that similar, their production mechanisms are ex-
pected to be the same with the only slight difference being the required produc-
tion energy which is calculated in section 1.5. Due to the short Σ0 lifetime of 7.4 ·
10−20 s, no separation between directly produced Λ, and those which stem from
Σ0decays is possible without using additional information about the γ. The in-
distinguishable behavior in experiment leads to missing information when com-
paring to theoretical models which will be discussed in chapter 8. As example,
single particle potentials of the Λ and Σ0 hyperons in dense baryonic matter are
discussed, lacking precise experimental constrains [120].
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Figure 1.14: Feynman diagram of the Σ0 decay with sequential decay of the Λ to
particles which can be measured by the experimental setup of the HADES detector
with optional production of a virtual γ or conversion of the real γ.

Existing Data on the Ratio of Λ/Σ0

Representing the lightest strangeness containing baryons, particular interest in
theΛ andΣ0 production is obviously justifiedbecause those fundamental baryons
offer a basis for the understanding of strangeness production mechanisms. Due
to their similarity in all quantum numbers and mass, the ratio of Λ/Σ0 is usually
shown because most systematic uncertainties cancel out.

The scarceworld data ofmeasuredΛ/Σ0 ratios is illustrated in figure 1.15. The
introductionofΛf.o/Σ

0 = (Λ−Σ0)/Σ0 is advantageous, as it provides a description
of the ratio at production and eliminates the contribution from the decay of the
Σ0 to the Λ baryons that are produced at freeze-out.

For large center of mass energy, the ratio converges against a constant ratio
slightly belowR = 3, which is argued to be determined by the isospin relation of
theΛ as singlet in comparison to theΣ triplet [124]. However, based on the extant
body of knowledge, there appears to be an absence of anyunderlying significance
in this value [123][125]. For decreasing excess energies down to a fewMeV above
Σ0 production threshold, Λf.o/Σ

0 is rising dramatically up to a value above 30 in
p+p collisions. In fact, this is intuitive, since at threshold the density of states
ρ(E) decreases significantly and thus the Λ production is preferred over the Σ0

production. In addition, the influence of final state interactions in p+p collisions
is discussed in great detail [122][125]. Lacking data from heavy ion collisions,
obviously this observable is from particular interest, especially since the solid
line also predicts in rise for small energies in p+Nb collisions. At 200GeV beam
energy STAR [126] measured the Λ/Σ0 ratio of 6.25+8.1

−4.5 in p+Au collisions which
is not included due to its inability to provide additional information, which is a
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HADES ( p+Nb)
HADES (p+p)

ALICE (p+p)
7 TeV

Figure 1.15: Available world data of Λ/Σ0 ratio measurements. Figure taken from
[121] and adapted with additional data points from HADES [122] and ALICE [123].
More details are written in the text.

consequence of its substantial error.

1.7 Theoretical Models

The experimentally extracted observables provide insight to heavy ion collisions
and their state of densematter. The interpretationof those observables requires a
fundamental understanding of the processes which took part in the creation and
evolution of the fireball. Therefore, several fundamentally different theoretical
approaches were developed, which describe heavy ion collisions. The existing
statistic models assume a state of matter which is in equilibrium and thus all ob-
servables are described by a stochastic probability distribution at the chemical
freeze-out at a macroscopic level. On the other hand the time dependent micro-
scopic transport models which are based on attractive and repulsive interactions
are utilized to describe the evolution of strongly interacting dense matter [127].

1.7.1 Statistical Hadronization Approach

Statistical hadronizationmodels have successfully beenused throughout the years
for the description of hadron production at all energy regimes [128][129]. The
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key assumption of the statistical hadronization models is that the created hot
and densematter is in thermal equilibrium. Under this condition, amacroscopic
thermodynamic description of this state can be performed, requiring only a few
macroscopicparameters. Especially for thehighest energies, where aquark gluon
plasma is formed, the data is described exceptionally well [130].

The thermodynamic quantities describe the system of all hadronic states, in-
cluding allmesonic andbaryonic resonances. Within the frameworkof thehadron
gas model, all these hadronic stats contribute to the partition function Z [129].

lnZ(T, V, µ) ≈
[ ∑
i ϵmesons

lnZi(T, V, µ)

]
+

[ ∑
i ϵ baryons

lnZi(T, V, µ)

]
(1.13)

The excited resonances have a large influence as shown in [131] [132], adding
up predicted hadronic states resulted in a much better description of the exper-
imental data due to the resulting feed down contributions. The chemical poten-
tial µ consists of the contributions from the electric charge, baryon number and
strangeness, µQ, µB, µS. Those potentials ensure conservation laws on average.
The grand canonical partition function ZGCE itself is calculated as

lnZi =
V gi
2π2

∫ ∞

0

±p2dp ln [1± exp−(Ei − µi)/T ] (1.14)

where V is the volume, gi the spin degeneracy factor, T the temperature, Ei the
particles total energy and µi the chemical potential ensuring average conserva-
tion of the quantum numbers. Applying the model to the data, the particle yield
fit is minimized via

χ2 =
∑
i

(N exp
i −Nmodel

i )2

σ2
i

(1.15)

χ2 is calculated by summing up all considered particle species i, whileweight-
ing them individually by their experimentally extracted uncertainty σ2

i . This un-
certainty is calculated as the sum of the systematic as well as the statistical errors
σ =

√
σ2
sys + σ2

stat from experiment.
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1.7.2 Transport Approach

Differently to themodel ansatz for statistical hadronization, all transport models
require far more physical details about the microscopic interactions and their
time evolution. In general, the transport approaches do not rely on the assump-
tion of an equilibrium, which is the essential prerequisite for the statistical had-
ronization models. Different reaction and thus production mechanisms for the
wide beam energy range of around 1GeV up to a few TeV is challenging for trans-
port models when describing the reaction with a superposition of the underlying
processes [133]. Especially for the low energy regime ofmoderate T and µB there
is no solution to calculate QCD from first principles. Models thus highly rely on
experimental observables [134]. In general, transport models require input pa-
rameters like hadron masses, decay width, branching ratios but also additional
information about the cross sections, which might also depend on density. The
density within the nuclei is defined by the Woods-Saxon distribution as

dN

d3r
=

ρ0
exp r−r0

d
+ 1

(1.16)

which can be modified in terms of deformation or additional Fermi-motion.
All transport models are based on hadron propagation including all possible in-
teractions. Thus the fundamental equation of the transport model approaches
is the relativistic Boltzmann equation (see 1.17) which treats binary reactions be-
tween all implemented particle species [135].

pµ · ∂µfi(xν , pν) = Ci (1.17)
This equation is based on the continuity equation of free non-interacting par-

ticles (Ci = 0). The subscript i denotes the particle type and fi is the corre-
sponding distribution function. Interactions are added with the collision term
Ci which itself consists of terms enhancing the particular particle yield by pro-
duction mechanisms or decreasing the yield by decays.

For large energies reached at RHIC and LHC, the transport model approaches
are combined with hydrodynamic model approaches, leading to hybrid models
which are describe data with high accuracy [136]. At lower energies, modeling
of the resonances becomes important. The Breit-Wigner cross section is utilized
for phenomenological description of the available data.

Predictions of theparticle productionat lowbeamenergies fromvarious trans-
port models are compared in figure 1.16. On the one hand they are very similar
in their prediction of hadrons that do not contain strangeness, but on the other
hand they differ quite dramatically when including strangeness. Especially for
the Ξ−, which contains two strange quarks and thus shows increased sensitivity.
Extended analysis within the UrQMD framework is performed to study the influ-
ence ofmulti-step reactions with strangeness exchange which seem to be crucial
to understand the Ξ− production [137].

Transport codes are divided into those that use the BUU-type event genera-
tion approach,whereparticles arepropagatedby solvingdensity functionals, and
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Figure 1.16: Particle production multiplicities predicted by different transport
model approaches for Ag+Ag collisions at a kinetic beam energy EB = 1.58AGeV
[138].

those that use the QMD approach. For the latter, the time evolution of nucleons
is propagated as wave packets. Besides this categorization, all models can differ
in their set of input parameters. Examples for both types of models are given in
the following subsections.

1.7.2.1 GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU) approach is based on the
Kadanoff-Baym equation which describes the time evolution of the phase space
density [139] [140]. Introducing interactions in form of external forces to the free
continuity equation 1.17 leads to the Vlasov equation[

∂t + (∇pE)∇r − (∇rE)∇p

]
f(x, p) = 0 (1.18)

where mean field potentials are included [139]. An collision term can be in-
troducedwhich considers production aswell as decays of each particular particle
species. Adding this additional collision term of the from C(x, p) = Cgain(x, p) +
Closs(x, p) to the free propagation leads to the relativistic Boltzmann equation.
Combining itwith the external force results in thefinalBoltzmann-Uehling-Uhlen-
beck equation (BUU):
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[
∂t + (∇pHi)∇r − (∇rHi)∇p

]
fi(r⃗, t, p⃗) = C[fi, fj, . . . ] (1.19)

The equation is the fundamental basis not only for GiBUU but also for SMASH
[141] and PHSD [142]. It determines the phase-space probabilities for interactions
in specific time steps. Within these time steps, the propagation is performed as-
suming a mean field potential. With the inclusion of Fermi-smearing and Pauli-
blocking and multi-step collisions including final-state interactions and off-shell
potentials, various medium effects are simulated within GiBUU. This is particu-
larly required for an estimation of the production rates close to threshold. Phase
space densities are determined by a set of test particles, were the result is exact
for NTestParticle → ∞ and guarantees locality of interactions. Strangeness produc-
tion within GiBUU is modeled by the channel

NN → BYK (1.20)

where N is either a proton or neutron, B = N or∆; Y = Λ or Σ andK = K+

or K0 [143]. Since strangeness is only produced in a small fraction of the NN
collisions, a strangeness specific parametrization based on resonance formation
is applied. Those baryonic resonancesR = ∆∗ orN∗ are produced viaNN → NR
and decay via R → Y K. The cross sections from [144] are parameterized by

σ(s) = a(s/s0 − 1)b(s0/s)
c (1.21)

with a channel dependent production threshold s0 andfittedparameters a, b, c.

1.7.2.2 SMASH

Also SMASH (SimulatingManyAcceleratedStrongly InteractingHadrons) is based
on the BUU equation, where only two-body interactions are implemented [145].

Resonant cross sectionswithin SMASHare implemented very similar toUrQMD
while non resonant cross sections which rely on parameterizations are similar
to GiBUU. This is of particular interest, since the latter is the most dominating
process for strangeness production. Thus yields are expected when comparing
UrQMD and SMASH, which is also visible in figure 1.16. Also the test particle
ansatz is the same as in GiBUU. However, compared to GiBUU, SMASH does not
include off shell transport. Furthermore, additional resonances are included to
improve precision. Strangeness production in SMASH is mostly performed via
N⋆ resonances, namely NN → NN⋆ → NYK where the branching ratios are
constrained by the PDG and partial wave analysis from the HADES collaboration
[146].

1.7.2.3 UrQMD

UrQMD is based on the QuantumMolecularModel (QMD) approach [147]. Com-
pared to the BUU typemodels, UrQMD is using amany-body approach to achieve
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themolecular dynamics description. Particles are described as wave packages of
finite width in the form

Φi(p⃗i, r⃗i, r⃗, t) = (
2

(Lπ
)
3
4 exp

{
− 2

L
(r⃗ − r⃗i(t))

2
}
exp

{
(i/ℏ)p⃗i(t) · r⃗i

}
(1.22)

A product of coherent states is calculated as shown in [133]:

Ψ(r⃗1, p⃗1, . . . , r⃗A, p⃗A, r⃗, t) =
A∏
i=1

Φ(r⃗i; t) (1.23)

Here r⃗i and p⃗i are the variables within the variational principle used in the
Hartree equation. Those are used to minimize the energy functional of initial
state. The resulting equations ofmotions are calculated by time derivatives [148].

R⃗i

dt
= ∇⃗Pi

⟨H⟩ and
P⃗i

dt
= −∇⃗Ri

⟨H⟩ (1.24)

Production rates can be calculated by assuming a Hamiltonian of the form
H =

∑
i Ti + 1/2 · ∑ij Vij. Strange particle production within UrQMD is only

performed via resonance excitations of meson and nucleon induced reactions.
A large advantage of QMDmodels compared to BUUmodels, is that particle cor-
relations as well as fluctuations can be studied, but no medium modifications
are implemented. The molecular models struggle with Pauli-blocking and mean
field requirements. This issue appears due to the missing symmetrization of the
N-body state, which is calculated by the product of all single particle states. Addi-
tionally QMD is strictly conserving energy and momentum which is treated dif-
ferently in the BUU type models. Nuclei formation by clusterization is not in-
cluded and if required is performed afterwards in the form of an afterburner.
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CHAPTER 2
HADES

2.1 GSI Accelerator Setup

The HADES experiment is located at the GSI Helmholtzzentrum für Schwe-
rionenforschung which was founded in 1969 in Darmstadt, formerly named
“Gesellschaft für SchwerIonenforschung”. It is the largest non-university re-
search centre in the state of Hesse. In order to achieve its research goals, GSI
also has a strong focus on design, construction and operation of heavy ion accel-
erators. The institute’s research activities encompass a diverse range of fields,
including atomic physics, plasma physics, materials research, biophysics and
medical development, aswell as information technology in general in addition to
the major aspect, nuclear and hadron physics. A number of experimental setups
were designed to investigate exotic nuclei, including R3B, FRS-ESR [149], SHIP
[150] and TASCA [151]. In contrast, HADES explores the properties of nuclear
matter at high net baryon densities and moderate temperatures. This physics
program has already been investigated by KaoS [152] and FOPI [153], and will in
future be further pursued by CBM. The CBM experiment is currently under con-
struction and will provide additional and complementary information about the
properties of matter under extreme conditions [154].

The existing accelerator system is schematically shown in figure 2.1. TheUNI-
LAC provides different ions with energies up to 11.4 MeV/u which are injected in
the SIS18with a small horizontal emittance of only 0.42mmmradwhichwasmea-
sured with Uranium ions in 2022 [156]. SIS18 with a circumference of 216.72m
and a magnetic rigidity of 18 Tm accelerates the injected positively charged ions
up to 1-2AGeV, dependent on the mass and charge of the ions [157]. The beam is
extracted either into storage rings or for direct delivery to experimental targets,
as in the case of HADES, e.g. HADES uses beams of heavy ions of different size,
protons and even pions.

The HADES experiment itself is a fixed target experiment which was devel-
oped and optimized since the early 1990s.

Figure 2.2 shows the layout of HADES with all subdetectors as used for the
analysis presented in this work. The upgraded RICH and the newly installed elec-
tromagnetic calorimeter are of particular interest, as both were newly installed
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Figure 2.1: Layout of the GSI accelerators [155].

for the March 2019 beamtime. The HADES experiment fulfills the following re-
quirements:

• High acceptance for various particle species, especially leptons

• High reconstruction efficiency for leptons above 100MeV/c

• Momentum resolution of ∆p
p

≈ 1% for dileptons in the mass range of
200−1000MeV/c2 which results in a mass resolution of similar precision

• Capability of measuring high interaction rates, requiring fast electronic
readout with sufficient radiation hardness

• Differentiation of rare probes by excellent hadron/lepton separation

• Minimal conversion probability to avoid additional noise in the rare lep-
tonic decay channels

Since its inception HADES has undergone numerous upgrades of detectors as
well as readout electronics. Although being primarily build for themeasurement
of dileptons, HADES also possesses excellent capabilities in the investigation of
strangeness production and correlations.

2.2 Experimental HADES Setup

HADES is a sophisticated experimental setup in order to measure a large variety
of information necessary to understand heavy-ion and hadron collisions. There-
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Figure 2.2: The HADES experiment with all sub detectors which were used in the
corresponding beamtime in March 2019. Figure taken from [158].

fore, HADES consists of several sub-detector systems each being optimized for
specific measurements. All information is combined in order to finally describe
the properties of the created matter. All sub-systems depicted schematically in
figure 2.2, are described in the following sections.

2.2.1 Start-VETO Detector

The start detector is the first sub detector of the whole HADES experiment. Sev-
eral challenging requirements are fulfilled by the START detector. A high resolu-
tion timing information (T0) with a precision of σT0 = 50ps is provided at inter-
action rates larger than 105 events/s. In addition, thematerial has to bewithstand
to high radiation intensity since the beam is going through the start detector. A
single-crystal Chemical Vapor Deposition (scCVD) diamond detector fulfills all
requirements, offering fast drifting electrons and low interaction probability. As
additional advantage, no external cooling is required for diamonddetectors [159].
The detector is located 2 cm in front of the interaction target [160]. Despite the de-
tector’s inherent radiation hardness, damage can not be fully avoided. Thus, an
additional dynamic holding structure allows to change the position with regards
to the beam in nine different positions facilitating the replacement of damaged
components with new material [161].

The start detector is only 70µm thick to avoid beam interactions and covers
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an area of 4.7×4.7mm2. 16 strips of 300µm each allow a precise beam profile
measurement which is improved in A+A collisions compared to proton or pion
induced reactions. The VETO detector is diamond based as well and has dimen-
sions of 8×8mm2 and a thickness of 300µm. It is placed 70 cm behind the START
detector. The combination of START and VETO allows precise anti-coincidence
measurements which are used to discard events without nuclear reactions. Addi-
tionally, events with reactions of the ion beam fragments are rejected, since here
no precise timing is measurable.

(a) Photograph view of the HADES
START detector [161].

(b) Photograph view of the HADES
VETO detector [161].

2.2.2 Target

The silver target which was used in March 2019 consists of 15 segments of 40µm
thickness each and 3mmgaps in between the segments. This non-intuitive setup
is chosen in order to reduce secondary interactions of the produced particles
in the target material. Distances and sizes of the segments chosen such, that
produced particles in the detector acceptance do not cross a second target layer.
Thus, also less converted are seen in thedetector. Integratedover the 15 segments
of 0.6mm thickness each, an interaction probability of 1.5% is achieved [162].
This results in a conversion probability in the target region below 1%. These re-
quirements force a reduced material budget, but the with the used solution high
interaction rates around 15-20MHz are achieved.

In figure 2.4 the mechanical construction of the target is displayed. The sil-
ver target segments of 2.2mm diameter are attached to a capton foil. The foil is
placed in different azimuthal orientations which leads to a homogeneous mate-
rial budget distribution. This is important to avoid additional systematic uncer-
tainties for conversion probabilities.

2.2.3 RICH

Theperformanceof dielectron analysis and all e± related analysis highly depends
on theRICHdetector. TheHADESRICH is designedashadronblindRing Imaging
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Figure 2.4: Photograph of the Ag target for the beamtime in March 2019.

CHerenkov detector which allows the separation of the rare e± from the highly
abundant hadrons. Especially the separation between leptons and the lightest
hadrons, the charged pions is needed formomenta above p=500MeV/c. The time-
of-flight based PID selection can not distinguish electrons and pions any more,
due to timing resolution. Based on the Cherenkov effect, which is a threshold ef-
fect, the electron selection in the RICH ismuchmore precise than a conventional
velocity measurement. Especially for the discrimination power of the pions as
lightest hadrons and e± this effect is required. The electron threshold is known
to be p≈10MeV/c. In contrast, the charged pion threshold at p=2.6GeV/c is sig-
nificantly enhanced, thereby enabling a high degree of discrimination power for
the separation of pions and electrons.

2.2.3.1 Cherenkov Effect

The RICH is based on the Cherenkov effect, which occurs when a particle tra-
verses a dielectric and transparent medium with a velocity β = v/c0 larger than
the velocity of light c in this specificmedium. Due to the refraction index of each
individual medium n = n(λ) > 1, the velocity of light in media cn = c0/n is
reduced, compared to the one in vacuum c0. Thus, the required condition for
producing Cherenkov light can be expressed as

v > cn = c0/n→ cos θT =
cn
v

=
c0
βc0n

=
1

βn
(2.1)

where θT is the threshold angle of the Cherenkov radiation. Charged particles
transversing a medium polarize this medium.
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In figure 2.5 the schematic representation of the Cherenkov effect is illus-
trated. On the left side, a particle with velocity v < c/n is transversing the
medium. Due to the electromagnetic charge of the particle, a local polarization
takes place. If the particle exceeds a velocity of v = c/n, the polarization is not
shielding itself symmetrically and thus, a radiation is emitted. The propagation
of the coherent wave front is illustrated on the right side.

Figure 2.5: Cherenkov radiation production scheme. Figure taken from [158],
where it was modified from [163]. Additional information is written in the text.

The Frank-Tamm formula 2.2.3.1 describes the emitted frequency and thus
energy spectrum of the Cherenkov radiation photons [164]:

d2E

dxdω
=
q2

4π
µ(ω)ω

(
1− c2

v2n2(ω)

)
(2.2)

The total energy,W, emitted by the charged particle during its trajectory,mea-
sured in terms of the path length, L, is calculated as outlined in [163]:

W =
e2L

c2

∫
βn>1

ωdω
(
1− 1

β2n2

)
(2.3)

The quality of measuring the charged particle is directly related to the total
amount ofmeasurableCherenkovphotonsNγ which is a fractionof theNphotons
emitted in the energy range corresponding to λ1 and λ2.

N = 2παL
( 1

λ2
− 1

λ1

)(
1− 1

β2n2

)
(2.4)

whereα = e2/ℏc is the electromagnetic fine structure constant andn the index
of refraction where the dependency on ω is either neglected or averaged.

2.2.3.2 Photon Detection Using Photo-Multipliers

Since thiswork is especially related to the detection possibility of lowenergy pho-
tons and the RICH as well as the electromagnetic calorimeter are based on photo
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multipliers, a short introduction on the principle functionalities is given, see fig-
ure 2.6.

Figure 2.6: Schematic layout of photo-multiplier tubes. Figure taken from [165].

The produced Cherenkov photons have energies of a few electronvolts (eV)
corresponding to visible light or light near the ultraviolet spectrum, e.g. λ = hc

E
≈

500 nm for 2.5 eV photons. The Cherenkov photonswill hit the photo cathode and
produce photo electrons as displayed in figure 2.6. With the following dynodes
the signal ismultiplied, providing afinallymeasurable signal for the readout elec-
tronics at the anode.

RICH

The upgrade of the HADES RICH was successfully finished in 2018. The RICH is
now equipped withMulti-Anode Photo-Multipier Tubes (MAPMTs) from Hama-
matsu of type H12700 and new readout electronics. The resulting increase in
number of measured photoelectrons, coupled with their enhanced spatial res-
olution, has enabled the development of novel analysis techniques, not being
possible before.

The HADES RICH detector is build around the target in front of the magnetic
field as shown in figure 2.2 which sets strict limits to the spatial dimensions. On
the other hand this position provides only a low amount of material budget and
no magnetic field in front of the RICH.

The HADES RICH is a gaseous RICH detector with C4H10 as radiator gas. The
refraction index of n=1.0014 results in a threshold value of γthreshold=18.9 which
translates to momentum thresholds of pthr(e

±)=9.64MeV/c, pthr(µ
±)=1990MeV/c

and pthr(π
±)=2635MeV/c. Thus, a high discrimination power between electrons

and all heavier particle species is achieved. The produced Cherenkov photons
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Figure 2.7: Schematic view of the upgraded RICH detector. Figure taken from
[166].

are reflected and focused by an aluminum coated mirror with a radius of curva-
ture of 870mm and are detected by 428MAPMTs each consisting of 64 individual
channels. As depicted in figure 2.7 these MAPMTs form two distinct planes with
different distances to the mirror [167].

The most inner 14×14 MAPMTs are shifted 120mm towards the mirror. This
setup is chosen to roughly follow the focal plane, resulting in sharp rings with
small variations in ring radii as it will be shown later in chapter 4.8. HADES
uses Hamamatsu H12700 MAPMTs with quantum efficiencies of 10% for the
lowest and highest measurable photon wave length of 200 nm and 550nm and
reaches quantumefficiencies of 35% around350nm. In the innermost part of the
MAPMT plane, 48 MAPMTs obtained a wavelength shift coating (WLS) which al-
lows to absorb high energetic photons and re-emit larger wavelength which then
are detectable [168] [166].

2.2.4 Magnet

In the HADES experiment, the magnet for momentum reconstruction is placed
between the inner and outer multi-wire drift chambers which will be described
in chapter 2.2.5. Besides the high geometrical acceptance and low material bud-
get in the acceptance, the magnet has a high field strength in a very limited area
in order to bend the traversing particles strong enough for good momentum de-
termination with out reaching into the RICH or TOF detector. A superconductive
magnet with an induced torodial magnetic field fulfills all requirements, also be-
ing compact and energy efficient [169]. The six superconducting coils are placed
symmetrically around the beam axis as shown in figure 2.8. With a working cur-
rent of 3566A, a maximummagnetic field strength of 3.77 T is achieved. The dif-
ferent fields inside a coil or in between two coils are shown in figure 2.9. For the
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Figure 2.8: Geometry of the superconducting HADES magnet coils which induce
a torodial magnetic field in a very limited region. Figure taken from [77].

beamtime in March 2019 which is used in this work, the nominal current was set
to 3200A which is≈90% of the maximum setting 1.

(a) ϕ = 30◦, slice within a coil (b) ϕ = 0◦, slice in between two coils

Figure 2.9: Magnetic field strength in dependence on z (along the beam axis) and
r (perpendicular on the beam axis) for 2 representative ϕ values. The contour gap
sizes are 0.24 T in (a) and 0.046 T for (b) [77].

Those field maps were measured by utilizing Hall probes. The extracted re-
sulting field maps are in good agreement to simulations which were performed
with GARField and TOSCA [170][77].

2.2.5 Mini-Drift Chambers

TheMini-Drift-Chambers (MDC) enable the track reconstruction of charged par-
ticles. In HADES four planes provide the spatial information of the charged par-

1In addition a small data set of ≈10% of the total statistics of Ag+Ag collisions was taken at
1.23AGeV beam energy at reduced magnetic current settings of 2500A and 200A, respectively.
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ticles. The MDCs are divided into the six trapezoidal chambers which cover the
full azimuth angle ϕ besides small acceptance holes in between the sectors filled
with holding structures. To cover polar angles of 17◦ < θ < 85◦ the MDC dimen-
sions scale with the distance to the target and take the magnetic field between
MDC planes two and three into account. Table 2.1 summarizes the correspond-
ing dimensions for each individual layer [171]. The size of the cells is chosen such
that an almost constant granularity is achieved. In addition to the dimensions,
also the gas mixture is listed. The mixture becomes important for the specific
energy loss, used for hadron identification in section 4.

Argon is used as counting gas and Carbon-Dioxid is added as quenching gas,
which absorbs photons that have been produced from recombination, thus re-
ducing background.

Plane
Sense wires

[counts]

Cell size

[mm×mm]

Active covered

area [m2]

Gas volume

[l]

Counting gas

composition

MDC I 1006 5× 5 0.35 18

Ar (70%),

CO2 (30%),

H2O (1000 ppm)

MDC II 1104 6× 5 0.53 27

Ar (70%),

CO2 (30%),

H2O (3000 ppm)

MDC III 1098 12× 8 2.21 194
Ar (70%),

CO2 (30%)

MDC IV 1168 14× 10 3.21 321
Ar (70%),

CO2 (30%)

Total 4376 6.3 560

Table 2.1: Specifications of the individual MDC layer geometry per sector [172].

The 4376 sense wires per sector result in a total amount of 26256 wires. Each
plane consists of six layers which all have different orientation within their x-y
plane to increase the resolution and to allow for the removal of ghost tracks. The
two wires layers in the center, which have the same orientation of the wires, are
shifted by half the distance between two wires to avoid redundant information.

Ionizing charged particles traversing theMDCswill then induce ameasurable
current. The potential- and cathode- wires are made from aluminum of only 80-
100µm diameter. The signal wires even only have a diameter of 20-30µm. All
this effort is made in order to have very low material budget in the MDCs. The
cathode wires are operated with a voltage of 1750-2150V, depending on the plane.
All information is read out by customized boards which are attached to the hold-
ing structures in between two sectors which avoids additionalmaterial inside the
active volume.
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Figure 2.10: Schematic layout of one sector of one plane with its six individual
layers which have different spatial orientation in the x-y plane. Figure taken from
[173].

2.2.6 META Detector System

TheMultiplicity-Electron-Trigger-Array of the HADES experiment is divided into
the Resistive Plate Chamber (RPC) and the Time Of Flight detector (TOF). Both
provide ahigh resolution time-of-flightmeasurement, however requirements are
different because of occupancy. Both detectors cover the full azimuth angleϕ and
both subdetectors combined cover the same polar angle as theMDC described in
section 2.2.5.

2.2.6.1 Resistive Plate Chamber

The Resistive Plate Chambers (RPC) cover the region of small polar angles 18◦ <
θ < 45◦ which corresponds to the region with high track densities within the
acceptance. Their trapezoidal shape for each sector is displayed in figure 2.11. In
total, the RPCs have an effective area of 8m2 for all six sectors combined.

The RPC was installed in 2010 and replaced the previously used TOFINO sig-
nificantly improving granularity and time precision which now reaches 50 ps. Its
double layer structurewhich is shown infigure 2.11 allows redundant timingmea-
surement for improved timing resolution [174].

With three columns and 31 cells per column a total amount of 186 individual
cells per sector is used, which results in 1116 for all sectors. Each cell is a full
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detector system in itself, neighbouring cells are shielded with aluminium. Thus
the timing measurement should be free from crosstalk.

Figure 2.11: Schematic view of one sector of the RPC with its two individual
layers. The orientation of the columns and rows is explained in the figure. Figure
taken from [175].

The structure of a single RPC cell is displayed in figure 2.12. The cells of the
both layers are shifted with respect to each other to obtain enhanced resolution
as well as detection efficiency. As mentioned before, each cell is shielded with
an aluminum box which isolates the active media inside. The gaps of 0.27mm
between the Soda Lime Silicate glass which is used as resistive material and the
anodes and cathodes which are made of aluminum is filled with a gas admixture
composed of 90% Freon and 10% Sulfur Hexafluoride. This provides a timing
resolution of down to σt

RPC =50 ps, a spatial resolution of σr
RPC =1.2 cm and still

reaches efficiencies around 100% [175]. The average resolution is σt
RPC =77 ps

for single hits and σt
RPC =83 ps for cells with an additional particle traversing the

neighbouring cell. The RPC measures all kind of ionizing particles which path
through the active medium by creating a shower of ionization electrons in the
gas admixture. This avalanche which is induced by the electromagnetic field will
then be amplified and collected by the readout stripswhich are connected to both
sides of each single cell.

Aluminium box 2 mm

Glass 2 mm

Gap of gas 0.27 mm

Screw

Aluminium anode/cathode 1.85 mm

Kapton insulation

Figure 2.12: Schematic view of the internal components of RPC cells and their
orientation to each other with respect to the two layers. Figure taken from [175].
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2.2.6.2 Time of Flight detector

For the large polar angles 44◦ < θ <88◦ the HADES TimeOf Flight detector (TOF)
provides precise velocity information with a resolution of σTOF =190 ps for elec-
trons [77]. As for the previouslymentionedMDCs and RPC the detector is divided
in six trapezoidal sectors, almost covering the full azimuthal angle ϕ. This time
resolution is achieved by 64 scintillator rods per sector resulting in a total amount
of 384 rods. Those rods are made of BC408 plastic scintillator material which sat-
isfies the requirements of high reconstruction efficiency with≈ 104 γ/MeV and a
short decay time of 2.1 ns to avoid large dead times of the detector. In addition
to those requirements, the granularity is chosen such to fulfill the capability of
measuring polar dependent high track multiplicities and avoid double counting
of multiple charged particles hitting the same rod. Therefore the innermost 192
rods are chosen to consist of an effective area of 20×20mm2 while the rods at
higher polar angle θ are of size 30×30mm2 with a variation of the rod length be-
tween 1-2m.

The amount of scintillation photons rises in dependence on the deposited en-
ergy of the charged particle traversing the TOF. The scintillation light will be read
out by individual photo-multiplier tubs (PMT) which are attached at both ends of
each rod. The general working principle of PMTs has already been explained in
section 2.2.3.

2.2.7 Electromagnetic Calorimeter

Besides the RICH which was upgraded for the FAIR phase-0 campaign, a newly
installed Electromagnetic Calorimeter (ECal) was used for the first time for the
HADES detector setup in theAg+Ag beamtime inMarch 2019. This enrichment al-
lows direct measurements of γ’s, while in previous beam times only photon con-
version could be used for photon reconstruction [176]. This is particular difficult
since the HADES experiment has been optimized towards low conversion proba-
bilities as pointed out in section 2.2.2. With the ECal, a tremendous improvement
for the reconstruction of electromagnetic decays has been achieved, including
π0, η as well as ω → γπ0 and Σ → Λγ decays and several exited baryon states.
The energy measurement in the ECal is complementary to the ToF information,
thus improving the separation between π and e±, in particular for p>400MeV/c.

The electromagnetic calorimeter of the HADES detector is positioned poste-
rior to theRPC,with sufficient distance to permit air flow. In total it covers an area
of approximately 8m2 [177] [178]. The gap between the RPC and the ECal is rather
constant with a value of about 20mm. The ECal setup follows the partition into
six sectors and therefore only suffers fromsmall acceptanceholes inϕ as all other
subdetectors. With 163 modules per sector, the fully equipped electromagnetic
calorimeter will contain 978 lead glass modules. The trapezoidal arrangement of
the modules leads to 15 rows of increasing length of the 15 kg lead glass modules
which results in a total weight of 15 tons for the modules only.
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Figure 2.13: Frontal view of the HADES electromagnetic calorimeter with its
spatial dimensions which correspond to a coverage in polar angle theta of 12◦− 45◦

and the HADES - typical six sectorial azimuth angle coverage which only has minor
acceptance gaps between sectors. Figure taken from [177].
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Figure 2.14: Schematic view of one module of the HADES electromagnetic
calorimeter. Figure taken from [177].

These modules as main component of the HADES ECal are reused and mod-
ified from the OPAL electromagnetic calorimeter. Figure 2.14 displays schemat-
ically one module, consisting of a large lead glass block of 420mm length and
92×92mm2 front size. These dimensions allow to measure a large part of the
electromagnetic shower which evolves through the lead glass block. The signal
is then read out by a PMT in the back. As homogeneous calorimeter the signal
evolves though the whole lead glass and is only read out behind the lead glass
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compared to a sampling calorimeter where several layers of absorption material
and scintillating medium are alternating.

For a wave length of 400 nm the index of reflection of lead glass is 1.708. With
a radiation length ofX0 =2.51 cm, the total length of the modules is even 16.7X0,
which allows for precise energy determination. Photons and electrons are thus
developing an electromagnetic shower and are stopped in the material, deposit-
ing their full energy. On the other hand, hadrons only loose part of their en-
ergy. In order to stop them, even more material is needed, as seen in hadronic
calorimeters. For this specific reason, calorimeters are always placed behind all
other sub detector systems.

2.2.7.1 Operation Principle of the ECal Measurement

The following section will briefly describe the fundamental principles which are
utilized for measuring the electromagnetically interacting particles, in particu-
lar photons and electrons with the HADES ECal. Lead glass is chosen as material
of the modules for its high atomic number Z since the interaction probability
of photons and any electromagnetically charged particle rises with Z. The pho-
ton which is of special interest can interact with the material via several effects.
While Compton scattering, and the photoelectric effect dominate at small photon
energies below 1MeV, the electron-positron pair production is the most relevant
process for high energies. According to this scale, all HADES related photons are
high energetic photons. As soon as one of these high energetic photons traverses
the lead module, electron-positron pair production will occur. These electrons
and positrons will then produce Bremsstrahlung which results in a large number
of high energetic photons that can then be converted and proceed sequentially.
This sequence of processes will continue and create a so called shower until the
energy of the photon is too small to induce pair production anymore. Mathemat-
ically, the radiation lengthX0 is introduced as average distance within which an
electron loses its energy expect 1/e [179]. Analog to this definition, the probabil-
ity of a photon underlying electron-positron pair production can be expressed
as < I(x) >= I0 exp−7

9
x
X0

where the factor 7/9 is derived from the photon pair
production cross section. These definitions allow to estimate the evolution of the
showerwithin onemodule as schematically displayed in figure 2.15. As reminder
the HADES electromagnetic calorimeter cells provide a thickness of≈17X0.

2.2.8 Forward Wall

TheHADES ForwardWall is placed 7mbehind the target along the beam axis and
covers the full azimuthal angle ϕ and small polar angles of 0.33◦ < θ <7.17◦. The
positioning is chosen such that the forward wall covers large regions of the emis-
sion of participants and light nuclei created in A+A collisions. This information
is valuable for the reconstruction of the event plane, necessary for the analysis
of flow. In deuteron induced reactions, the forward wall can tag forward going
protons, thus allowing to distinguish between quasi free pp or on interactions.
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Figure 2.15: Schematic view the evolution of an electromagnetic shower. Figure
taken from [180].

For precisemeasurements, different granularities are used for different polar
angle regions, because the polar angle is the main factor for particle multiplic-
ity. The system consists of 288 scintillation cells which are capable of measuring
charged particles. The most central 140 cells require the highest granularity and
thus have the smallest dimensions of 4×4 cm2. In the intermediate theta range,
8×8 cm2 cells are utilized while the most outer regions consist of 84 cells with an
extended size of 16×16 cm2. All detector cells are made of plastic scintillators,
based on BC408 polystyrene. They all have a length of 2.54 cm [181]. In this setup,
the forward wall covers an area of 180× 180 cm2 with a small hole of 8×8 cm2

centered around the beam axis to avoid direct interaction with the beam ions.
Similar to the HADES RICH photomultiplier arrangement, also the ForwardWall
does not follow the sectorial partitioning. The resulting timing resolution for the
most abundant particles, the protons, is in the order of 500 ps which belongs to
an integrated momentum resolution of 11%. The event plane resolution is about
34 ◦ for the most central events and down to 46 ◦ for more peripheral events cor-
responding to an impact parameter of b =8 fm.

2.2.9 Central Trigger System

TheCentralTrigger System (CTS) is responsible for the very first decision, in gen-
eral whether an event fulfills the requirements of being relevant and thus has to
be stored on the file system or not. In the HADES experiment, several trigger
levels provide this information. The first level trigger takes the raw detector hit
information into account. Obviously, the trigger conditions highly depend on the
collision system itself. In the analyzed data set of Ag+Ag at Ekin =1.58AGeV, the
first level trigger condition is based the raw detector hits in RPC and TOF. In this
beamtime the number of hits has to be larger than NRPC+TOF >=5 in order to ful-
fill the requirements of the Physics Trigger 2 (PT2) and NRPC+TOF >=20 for PT3.
In general, trigger requirements depend on the collision system and centrality.
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Since the aim of this beam time was a large statistics data set of the most central
events, only one out of 32 more peripheral events which do fulfill PT2 but not
PT3 were stored. No second level trigger was used in this beam time. In princi-
ple, this could be used for example for only recording events which contain RICH
rings. This would allow exceptionally high performance for specific rare probes,
like e.g. vector mesons. As next step of data processing, the Event Builders wait
for the termination of all signal transports of the different Front End Electronics
(FEE). Only then, the collected information of all FEE is combined to obtain an
event. All events which were selected by the CTS to be interesting physics cases
by the CTS and correctly collected by the Event Builder are available for further
analysis steps. In the physics analysis additional event selection criteria are re-
quired, based on further criteria as explained in chapter 3. These stored so called
HADES List mode Data (HLD) files will be calibrated in further steps which are
described in section 2.2.10.1.

All information which is provided to the CTS is also tracked by the Data
AcQuisition (DAQ) system, which performs continuous quality surveillance dur-
ing data taking to guarantee optimal data quality. A more detailed description of
the CTS and DAQ for the previous Au+Au beam time can be found in reference
[182]. Additional updates towards the Ag+Ag beamtime for this thesis are sum-
marized in [183] [184].

2.2.10 Software Framework

2.2.10.1 HYDRA - The Software Analysis Framework

For analyzing the HADES data, the HADES sYstem for Data Reduction and
Analysis 2 framework (HYDRA2) is required [185]. It is based on the CERN ROOT
[186] frameworkwhich is widely spread in particle physics and based onC++. HY-
DRA2 adds HADES detector related information to the framework like the geom-
etry and response of the HADES sub detectors. Each sub detector class consists
of variables for the measurable raw detector signal, parameter sets for the cali-
bration and hit finding algorithms. Low level analysis is performed for extracting
the optimal calibration parameters which then are used for the combination of
different sub detectors to deliver full track reconstructionmethods. Thesemeth-
ods lead to a tremendous data reduction and results are stored as Data Summary
Tape (DST) which is of major interest for the basis high level analysis. Analy-
sis is then performed on calibrated and reconstructed data, avoiding redundant
running of the HLD files. The DSTs have the same structure for simulated and
experimental data. However, the simulated events have additional classes filled
with input information like the generation process, production vertex, or parti-
cle ID. Variousmodels can be used for generating simulated data, see section 1.7.2
for a brief overview. The present study employed HYDRA2 version 5.6b and data
generation five throughout the whole analysis.
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2.2.10.2 UrQMD

Ultra relativistic-Quantum-Molecular-Dynamic (UrQMD) simulations are often
used asmulti-purpose event generator [135]. Themicroscopic transport model is
designed for pp, pA aswell as AA collisions for thewhole GSI SIS18 energy regime
and beyond and delivers all necessary information about the kinetic phase space
distribution of all created particles, except the rare dielectrons. More details are
written in section 1.7.2.

2.2.10.3 PLUTO

For rare probes like dielectrons or also few strangeness consisting particles,
PLUTO [187] is often used to artificially enhance specific sources within a back-
ground from e.g. UrQMD or real events or to simulate certain sources on their
own. This ansatz enables the generation of sufficient statistics for all cases.
PLUTO is written C++ which allows good integration in the HADES HYDRA simu-
lation chain. Consequently, thismethod is a common technique to extract knowl-
edge on detector response for rare signals. Therefore, the process of sampling is
executed by means of the specification of a particular phase-space distribution.
The distribution is generally defined by a specific temperature for the designated
channel. Details about input parameters for the simulation of Σ0 and Λ follow in
chapter 7.

2.2.10.4 GEANT

All simulated particle trajectories through the detector geometry including the
magnetic field will be calculated by GEANT [188], the GEomety ANd Tracking
(GEANT) routine. GEANTcalculates the interactionof all particle specieswith the
different detector materials including Bremsstrahlung, conversion, secondary
particle production and further physics processes. GEANT thus provides real-
istic energy loss and background enhancement which is related to the material
budget and thus highly depends on particle properties as polar angle θ and mo-
mentump. Currently the proposal of changing fromGEANT3 toGEANT4 is under
investigation for better description of energy loss and fragmentation processes
2.

2The updated versionGEANT4 iswritten in C++, compared toGEANT3which is still FORTRAN
based.
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CHAPTER 3
Event Selection

This chapter deals with the selection of the collected events which were stored
during the beamtime to ensure required data quality.

As first step in the event selection, a removal of events contaminating a pure
Ag+Ag interaction sample is performed. Therefore all events are discardedwhich
are produced elsewhere than in the target region. In addition, also pile-up events,
i.e. several events in coincidence are discarded by the following criteria. The
influence of the successively applied selection criteria is displayed in figure 3.1
where a subset of all events is analyzed. While the relative amount of accepted
events is denoted in black, the red distribution shows the relative amount of re-
jected events in relation to the amount of events which survived all previously
applied selection steps.
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Figure 3.1: Differential event selection efficiency and corresponding relative
amount of rejected events for the applied selection criteria for a representative set
of 813·106 events.
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• kGoodTrigger: As first requirement, a minimum of 20 hits in the RPC+TOF
detectors rejects unphysical events as well as more peripheral events. In
HADES this selection is denoted as Physics Trigger 3 (PT3) event. Figure
3.3 shows, that this PT3 trigger selects the 51%most central events without
bias, while having a steeply changing acceptance for less central events.

• kGoodVertexCluster: The vertex position estimation based on the inner
MDCs is performed and retrieves the probability distribution of the target
layer where the event took place. Only converged fitting results with a re-
constructed z-vertex > −70mm are accepted in this step.

• kGoodVertexCand: Analogue to the kGoodVertexCluster, this method al-
lows only events with a reconstructed event vertex with a z-vertex position
in the target region (> −70mm) with respect to the more precise method
which utilizes fully reconstructed tracks, not only the inner MDCs.

• kGoodStart: In addition, in a window 5 − 9ns after the start detector time,
hits in the META detector are required. For good Ag+Ag collisions this is
certainly fulfilled, since there are always fast particles, and the PT3 trigger
already required hits in RPC+TOF.

• kNoPileUpSTART: The term pile-up is used for events which consist of sev-
eral interactions which took place at the same time and could not be distin-
guished because being so close in time. Different event vertices in space
and time can lead to poor timing resolution and thus a wrongly recon-
structed event vertex. This is particular from interest for off-vertex topology
selection. Also, track multiplicities may be enhanced and thus the central-
ity class would be assigned wrongly. Those events are discarded by remov-
ing events with an additional hit in the START detector within 15ns around
the START hit corresponding to the event.

• kGoodVETO: Similar to the previously described selection, all events with
a registered VETO hit within 15ns around the START time are neglected,
since a reaction with the target is unlikely in this case. In combination with
PT3, this can only happen if several collisions took place at the same time.

• kGoodSTARTVETO: Only events where each START hit has a corresponding
VETO hit after 15 − 350ns is evaluated to be of the desired quality. This
coincidence trigger ensures the correct assignment of the proper timings
which are assigned to all particle candidates in the following analysis.

• kGoodSTARTMETA: This cut is similar to the previous selection criteria in
this list, but instead of the VETO detector, META hits are used. A time win-
dow of 80−350ns after the START hit is scanned for an additional START hit
and in addition to this second start hit, RPC+TOF signals in a time window
of 7−12ns afterwards are searched for. If at least four correlatedMETA hits
are found, the START is neglected due to existing pile up.
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3.1 Centrality

For the characterization of any heavy ion collision, the centrality of the collision
is of fundamental interest since the majority of physical observables is directly
connected to the centrality. In heavy ion collisions, the collision does not al-
ways take place head-to-head, but often in a peripheral way, were the minimal
distance between the center of the two colliding nuclei corresponds to the im-
pact parameter. In figure 3.2 this parameter is denoted as b and in combination

Figure 3.2: Geometric view of a heavy ion collision where the nuclei traverse in z
direction [189].

with the overlap zone of the projectiles, it defines the interaction plane. Central
events correspond to a large amount of participants which is directly correlated
to the size of the overlap region, which is depicted in orange. The non interact-
ing nucleons in blue are called spectators and will not traverse the HADES accep-
tance. A large number of participants result in many produced particles, thus
the amount of reconstructed tracks is utilized to quantify the centrality which is
convertible to an impact parameter. The GlauberMonte Carlomodel [190] allows
the estimation of the centrality via the amount of detected signals in the RPC and
TOF which together cover the full HADES acceptance of full azimuth angle φ and
polar angle region of 18◦ < θ < 85◦. This approach was already successfully
used for the HADES Au+Au beam time atEkin = 1.23GeV with a detailed descrip-
tion of the procedure in [191]. The same strategy is applied to the Ag+Ag data at
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Ekin = 1.58GeV where the resulting comparison between the model calculations
and the measured data is depicted in figure 3.3.

Figure 3.3: Centrality estimation for the recorded Ag+Ag events and comparison
to the Glauber Monte Carlo model calculations. The figure is taken from [192].

The correlation between the amount of RPC and TOF hits to the differential
cross section in figure 3.3 shows a perfect agreement up to the 30%most central
events. Starting there towards lower centrality, the deviations increase with de-
creasing amount of RPC and TOF hits. For this reason, only events in the most
central 0 − 40% are analyzed in this work. The borders of the centrality classes
of 10% width each are stated in table 3.1.

Class bmin − bmax ⟨b⟩ ⟨Npart⟩ ∆Npart

00-10 0.0-3.8 2.53 160.9 ±6.9
10-20 3.8-5.4 4.64 114.5 ±6.2
20-30 5.4-6.6 6.02 81.1 ±5.1
30-40 6.6-7.6 7.11 56.5 ±5.4

Table 3.1: Centrality class estimation from the Glauber Monte Carlo model ap-
proach.
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3.2 Event Vertex Estimation

In addition to the centrality selection, an event vertex selection is performed, to
ensure the quality of the recorded data. Especially for analysis which depend on
the vertex position 1 this selection criteria provides a more uniform event char-
acteristic. The event vertex reconstruction method which was used in this work
is described in chapter 4.3. The event vertex distributions which are displayed
in figure 3.4 show several aspects for the z component as well as within the x-y
plane. The z-vertex distribution clearly shows the target structure of the 15 thin
Ag layers.

A decrease of interaction probability is visible for the more downstream ori-
ented layers. All z-vertices in the range of −70mm< z < 0mm are accepted
because rejected vertices outside this range are unlikely to originate from a good
Ag+Ag collision. For the same argumentation, events are rejected with a radial
distance in the x-y plane above 3mm compared to the most probable recon-
structed position. In the experimental data, the intensity maximum is extracted
by fitting a Gaussian which retrieves a position of −0.56mm in x and −0.31mm
in y.
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Figure 3.4: Event vertex distributions in all three spatial dimensions after selection
criteria. The left figure shows the reconstructed z-vertex position in black with the
corresponding target layer borders displayed as red lines. The right plot shows the
corresponding x-y event vertex distribution. More details are written in the text.

The exact values for the z-vertex target borders can be found in appendix A.3.
Combining those event vertex selection criteria, another 2.0% of the events are
discarded. As this is the last basic event characteristic selection, the remaining
amount of 4.72·109 events are analyzed. This represents a fraction of 34.6% of all
recorded Ag+Ag events at 1.58 AGeV.

1Especially the analysis of hadrons which contain strangeness rely on the decay vertex anal-
ysis which is displaced with respect to the primary event vertex.
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CHAPTER 4
Particle Selection

In heavy ion collisions at around√
sNN = 2.55GeV, sufficient energy is available

to create various different particle species. Dependent on the lifetime of the pro-
duced particles, only those particles which reach the tracking chambers can be
reconstructed directly. In addition to their lifetime, non zero electromagnetic
charge is necessary for tracking as described in section 2.2.5. Particles decaying
before or inside the detector can be reconstructed using the information of the
decay products.

4.1 Track Finding Algorithm

As first step of the data analysis, the raw detector hits are combined to gain in-
formation about the trajectory of the particle which crossed the detector system.
Asmentioned in chapter 2.2.5, in HADES theMDCs provide those information by
converting the drift times into distances and thus provide spatial hits.

With the spatially limited magnetic field in between MDC II and MDC III, a
straight line fit is performed for the combination of the first two MDCs, called
“inner MDCs”, as well as for the combination of MDC III and MDC IV which are
correspondingly called the “outer MDCs”.

Figure 4.1 depicts the principle idea of the clustering algorithm in the MDCs.
All fired wires are projected into a projection plane, where the projection takes
placewith respect to the target position. The reconstructed clusters are thenused
to build track segments. This procedure is utilized for the inner MDCs while the
outer MDCs projections are performed with respect to the intersection point of
the inner tracklet with the virtually kick plane. Combining a reconstructed seg-
ment from the innerMDCs and one from the outerMDCs results in a track candi-
date. The deflection in the kick plane allows the momentum determination. The
outer track segment is always matched to a hit cluster in the RPC and TOF detec-
tors which providing the timing information. In addition, all tracks are matched
to the closest ring in the RICH detector which will give a first estimate towards
electron identification.

All corresponding fired drift cells which participate for any track candidate
are then overlayed in the two-dimensional projection plane as shown in figure
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Figure 4.1: Schematic view for the track reconstruction algorithm. The virtual
projection planes for the inner and outer MDCs as well as the virtual kick plane are
shown to guide the eye [77].

Figure 4.2: Left: Projection plane of the drift cells, Right: visualization of the
intensity structure of the overlayed drift cell signals [77].
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4.2. Wrongly fired wires or accidental wire crossings may still lead to so called
“ghost tracks”. Those fakes are in many cases distinguishable when compared
to true clusters. In general those fake clusters have diminished average cluster
amplitudes, cluster sizes as well as a reduced amount of unique wires which only
contribute to this cluster and thus allow discarding these spurious clusters.

4.2 Momentum Reconstruction

The deflection of charged particles in the magnetic field is utilized as fundamen-
tal tool for the momentum measurement of charged particles. In HADES, three
different momentum reconstruction approaches are used. They are described
in the following in the order of increasing precision. The both latter described
methods both rely on information derived from previously calculated values and
estimations. This reliance justifies the three-step process.

4.2.1 Kick Plane Method

The kick planemethod convinces with a very fast estimation but lacks precision.
In this method, the whole deflection which occurs within the extended spatial
magnetic field is replaced by a single kick, applied at a virtual assumed kick plane
which is almost centered in the area of the magnetic field, as depicted in figure
4.1. The position of the kick plane was determined with GEANT3 and allows mo-
mentum determination by the calculated deflection angle which is transcripted
to a momentum in a precalculated look up table [77]. The momentum kick pk is
derived by

| p⃗in − p⃗out |=| pk |= 2p sin
∆θk
2

(4.1)

where the deflection angle is denoted as θk. Of course the total deflection also
depends on the orientation of the velocity of the particle with respect to themag-
netic field

p⃗K =

∫
q(v⃗ × B⃗)dt (4.2)

Formula 4.2 is an integration over the Lorentz force in the whole area of the
magnetic field. Thus the particle trajectory change is stated as deflection angle
and can be described as

∆θk =

∫ lout

lin

B sinαdl = K(lout − lin) (4.3)

Where the angle between track andmagnetic field is denoted as α and K is a con-
stant which depends on the polar and azimuth angle of the track. The HADES
geometry orientation is chose such that sinα ≈ 1. A Taylor expansion in sin ∆θk

2

yields in the final expression

p =
1

2

pk0
sin∆θk/2

+ pk1 + 2pk2 sin∆θk/2 (4.4)
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4.2.2 Spline Method

In HADES, as second method of momentum extraction, a cubic spline approach
is used for modeling the charged particle trajectory. The detector hits from the
MDCs are taken into account as well as the first and second spatial derivatives of
their fit function which represents the track candidate [77]. For each of the four
MDCs, one mid chamber intersection point is defined as shown in figure 4.3.

Figure 4.3: Cubic spline approximation with the four mid chamber interaction
points marked in red and only 15 out of 50 points displayed in the magnetic field
region, where the evaluation of the magnetic field takes place [77].

Starting with these four points, the trajectory inside the magnetic field area
is interpolated with a cubic spline model. Therefore, the area in between the
second MDC plane and the third one, 50 equidistant points are extracted from
the trajectory. Instead of the continuous deflection, the deflection is described
as sum of the deflections at the 50 chosen points. On each of theses points, the
magnetic field map is evaluated and allows for an individual momentum estima-
tion. Combining the information of all 50 points lead to a much more precise
momentum estimation than the previously explained Kick Plane method. The
uncertainties extracted from GEANT simulations result in a momentum and po-
lar angle dependent momentum resolution of σp/p =(1.0-4.5)%.

4.2.3 Runge-Kutta Method

The most precise and thus standard method for momentum determination is
the Runge-Kutta method, which solves the physical equation of motion within
a magnetic field. The resulting second order differential equations are solved
in a recursive way by a fourth order Runge-Kutta approach. The previously
explained spline interpolation points are reused for extrapolation towards the
following points as well as preliminarymomentum and polarity estimation. This
knowledge is combined with the vertex and the track orientation from the inner
and outer track segments. The momentum is optimized iteratively to describe
the MDC hits. The quality of the resulting momentum estimation can be quanti-
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fiedby thenormalizedχ2
RK which is later referred to in the track quality selection.

All three momentum reconstruction methods fully neglect possible energy
loss of particles traversing the detector material as well as multiple scattering.
These effects are estimated to be small since the material budget within the area
of track extrapolation stays below 0.5% radiation length. Since the uncertainty
estimation is only calculated assuming uncorrelated track parameter errors, a
comparison to the Kalman filter approach is currently under investigation for
possible optimization [193]. The overall momentum resolution is aimed to be
improved by better accounting for uncertainties while extrapolating the tracks.

4.3 Event Vertex Reconstruction

The resolution of the collision position in time and space is crucial for high preci-
sionmeasurements of the physical observables. In HADES, three differentmeth-
ods of event vertex reconstruction exist. Thefirstmethoduses onlyMDCclusters,
while the second method uses inner track segments from combining the inner
MDC clusters. The third method is most precises and used in this work. This
method takes all information of the fully reconstructed track candidates into ac-
count and extrapolates the Runge-Kutta track towards the target region. All can-
didates are weighted by their according χ2 track quality parameter, ensuring a
small impact of wrongly reconstructed track candidates.

4.4 Track Quality Condition

The first quality check of the tracks, which were reconstructed by the track find-
ing algorithmasdescribed in 4.1, is coded in the so called “kIsUsed”flag. This con-
dition requires hits in the subdetectors which are needed to determine Particle
IDentification (PID) of the track. Those subdetectors are namely the MDC cham-
bers for tracking and momentum reconstruction, and the META detector for the
velocity estimation as minimum for a differentiation between different species
of charged particles. In addition, χ2

i of the track segment in front of the mag-
netic field and χ2

t as total track fitting quality are used as selection criteria. The
spectrum after these soft precuts which are used in the kIsUsed requirement is
displayed in figure 4.4 on the right. The large impact of background rejection
compared to no cuts (left side of figure 4.4) allows to see the band ofK+-mesons
by eye.

4.5 Reconstructed Mass

In section 1.6 the properties of the Σ0 are summarized. Neglecting the possible
Dalitz decay, its only decay is the Σ0 → Λ + γ channel. In any case a Λ baryon is
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produced. Hence the only reconstructable decay channel of the Λmust contain
charged particles which is given by Λ → p + π−. This section will focus on the
particle reconstruction of the produced daughter particles from Λ baryons.

Using themeasuredmomentum and velocity of a track, formula 4.5 describes
the correlation of the observables to the rest mass.

m = p · 1

βγ
= p ·

√
1− β2

β
= p ·

√
1

β2
− 1 (4.5)

The detector resolution of the Time-of-Flight detectors TOF andRPCmay lead
to velocities β > 1 in particular for leptons and thus imaginary masses. This is
tolerated for leptons but not for hadrons in this thesis due to the chosen selection
criteria on the reconstructed mass.

The implemented selection of particles by their reconstructed mass is used
in the same way for RPC and TOF since it is only used as a wide preselection step
and will not effect the off vertex topology analysis (see equations 4.6 and 4.7). In
addition this integration over both subdetectors avoids as many systematic dif-
ferences as possible. This rather wide cut also reduces possible uncertainties if
simulations and experimental data differ significantly. The twofigures 4.4 display
the measured particle velocity on the y axis in dependence on the momentum
and particle charge. The calculated theoretical mass curves of the PDG masses
of protons and π− are displayed in addition as these are of interest for this anal-
ysis. In section 5.1 the rare probes of strangeness are highlighted. Using all that
knowledge, only soft cuts were applied here before the off vertex topology cuts.

(a) No track quality cuts are applied (b) After track quality selection which are ex-
plained in chapter 4.4

Figure 4.4: The removal of reconstructed tracks of unsatisfying quality leads to
an improved separation power between charged particle tracks in terms of their
reconstructed mass.

Figure 4.6 displays the positively charged particles with measurable momen-
tum p > 50MeV/c which are already shown in figure 4.4 (b). The PDG masses of
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Figure 4.5: Influence of the track quality selection on the reconstructed mass of
the track candidates.

Figure 4.6: Reconstructed positively charged particles and their theoretical curves
in solid lines.
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the reconstructable hadrons and fragments are represented by the solid lines. By
using the logarithmic x-axis, the separation between µ+ and π+ is clearly visible,
especially for low momentum regions below 200MeV/c. The final cut values for
protons and π− from the Λ decay in terms of the reconstructed mass are

0.8 ·mp
PDG < mp

rec < 0.8 ·mp
PDG (4.6)

for protons and
0.7 ·mπ−

PDG < mπ−
rec < 1.3 ·mπ−

PDG (4.7)

for the pions respectively. These cut windows are represented in figure 4.4(b)
as dashed lines. For the π− the reconstructed mass will be used later on in a
more strict way for the multivariate cut analysis to distinguish between pions
and myons, which differ only by 30MeV/c2.

4.6 Energy Loss

Besides particle identificationwith the reconstructedmass, the energy loss of the
particle is utilized to improve the purity of particle identification.

dE

dx
= Kz2

Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Wmax

I2
− β2 − δ(βγ)

2

]
(4.8)

The Bethe-Bloch (BB) equation 4.8 describes the mean energy loss [194],
which is induced by electromagnetic interactions of the traversing particles
through matter. The formula is applicable for all particles besides electrons in
the energy range 0.1 < βγ < 1000.

In HADES, two subdetectors, namely TOF and MDC provide information
about the energy loss of the particles which were measured. Since the TOF is
only providing information for polar angles θ > 45◦, the specific energy loss of
the MDC was used as they cover the full HADES acceptance.

Figure 4.7 shows the measured energy loss of the preselected protons and π−

and the theoretical BB-curve in black. While no contamination is seen for the π−

on the left side, the proton sample still contains of a contribution of π+ for small
momenta. Those obviously wrongly identified pions can bewell described by the
theoretical BB- π curve. Thus π+ are rejected by a very lose selection cut of

(
dE

dx
)measured < 0.3 · (dE

dx
)theo (4.9)

which is depicted in red in the right plot. While the energy loss is widely used
with great success for distinguishing light nuclei from protons, in this analysis
the impact is very limited.

The phase space distributions of the hadrons after the lose reconstructed
mass selection and the removal of wrongly identified protons via the specific
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Figure 4.7: The measured energy loss in the MDCs for π− on the left and protons
on the right respectively after the reconstructed mass preselection.

0 0.5 1 1.5
y

0

0.5

1

1.5
310×

 [M
eV

/c
]

tp

0

0.2

0.4

0.6

0.8

1

1.2

1.4

610×

dy t
/d

p
re

c
N2 d

°5

°
15

°
25

°
35

°
45

°
55

°
65

°
75

°
85

(a) pt-y distribution of all proton candi-
dates in the 0− 40% most central events

0 0.5 1 1.5
y

0

0.1

0.2

0.3

0.4

0.5
310×

 [M
eV

/c
]

tp

0

0.2

0.4

0.6

0.8

1
610×

dy t
/d

p
re

c
N2 d

°5

°
15

°
25

°
35

°
45

°
55

°
65

°
75

°
85

(b) pt-y distribution of all π− candidates
in the 0− 40% most central events

Figure 4.8: On the left hand side, the phase space distribution of all proton
candidates is shown, while the π− candidates are shown on the right. Additional
details are written in the text. Distributions are shown after the soft preselection
using the reconstructed mass and energy loss.

energy loss in the MDC are displayed in figure 4.8. The grid visualizes the ac-
ceptance constrains of the HADES detector by equidistant distances in polar an-
gle θ of 10◦, and in the total particle momentum. The momentum steps are
200MeV/c for the π− and 500MeV/c for the proton, both starting with the first
line at p = 100MeV/c. The acceptance borders in polar angle θ highly depend on
the magnetic field and the target position and thus can differ to results from dif-
ferent beam times. The total phase space coverage of hadrons is located in a very
favorable region, as for the kinetic beam energy of Ekin = 1.58AGeVmidrapidity
lies at 0.82 which is nicely centered in the HADES acceptance.

Figure 4.9 summarizes the average multiplicity for the preselected p and π−.
The large average numbers would result in an overwhelming contribution of
mostly uncorrelated combinatorial p π− pairs of Nr(pπ

−) = 54.4 /evt. Thus strict
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Figure 4.9: Amount of reconstructed protons and π− in the 0−40% most central
events after reconstructed mass selection.

pair cuts will be introduced later in chapter 5 to reduce the background.

4.7 Photon Identification

Since the decay of the Σ0 to 100% occurs via electromagnetic interaction either
the real photon, or the virtual photon, showing up as e+e− pair, needs to be iden-
tified. Potentially, the real photon converts into an e+e− pair as well. Differenti-
ating between Λ and Σ0 production rates thus necessitates the identification of
photons or e+e− pairs.

The newly installed electromagnetic calorimeter allows the direct reconstruc-
tion of the real photonwithout relying on the conversionmethodwhich had been
used for previous beam times in several analysis [176][121][195]. The small mass
differences from Σ0 to Λ result in a low energy photon of ∆M ≈ 77MeV/c2 in
the center of mass rest frame. As the electromagnetic calorimeter was newly in-
stalled, special care was taken in this analysis to (re)calibrate the ECal, check sta-
bility of signals for all cells and carefully investigate the acceptance asymmetry
as only parts of the sectors were in operation.

4.7.1 Photon Selection

Obviously photons are massless and therefore travel with the speed of light
through the HADES detector. The velocity thus allows to distinguish between
heavy and thereby slow hadrons and the photons. Since the calibration of the
ECal was not finished while analyzing the data, several, additional aspects had to
be taken into account for the photon selection:
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• The used DSTs contain information about the energy of the ECal cluster,
which are not fully calibrated.

• The timing information is not properly calibrated, leading to different ex-
pected time of flight values for photons.

• The simulations do not describe the experimental data inmajor aspects like
energy resolution and timing resolution. As both resolutions in fact clearly
depend on the deposited energy, a dependency in terms of the particle en-
ergy would be needed in the simulation.

The third item is the reason to use the simulations as rarely as possible for
the extraction of the selection criteria. Nevertheless the kinematic distribution
and the overall detector response will be used, since these distributions are
expected to be well described by simulations.

As first step, for photon identification, the data set is cleaned up in order to
suppress possibilities for systematic errors.

4.7.1.1 Cluster Position

As pointed out in chapter 2.2.7, the acceptance of the electromagnetic calorime-
ter during the Ag+Ag beamtime was constrained to two almost fully equipped
sectors out of six. The nominal acceptance covers polar angles in the range of
12◦ up to 45◦. Several cells showed diminished quality during the calibration pro-
cess and thus are removed from the data set for experimental and simulated data.
All cells which were removed for the analysis are listed in appendix B.2.
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Figure 4.10: Coverage of the cells of the electromagnetic calorimeter. On the left
side, all cells are shown which were available during the beamtime in March 2019
while of the right side only cells which are used in the analysis after removing cells
with decreased quality are shown.
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The acceptance coverage of the electromagnetic calorimeter is displayed in
figure 4.10 in terms of polar angle ϑ and azimuth angle ϕ. The values were ex-
tracted from simulated photons which were produced in the target region which
is in perfect agreement to experimental photon candidates in experimental data.
While sector five contains many widely spread acceptance holes and sector one
consists only of the cells in the two rows of largest theta values, sectors two and
four were almost fully equipped. Thus only sectors two and four are taken into
account for the further analysis. However, also in these two sectors, a few cells
were showing low quality after calibration and thus were rejected. By comparing
figure 4.10a to 4.10b the removal of cells at small polar angles for sector two and
a row at intermediate polar angles around ϑ = 35◦ for sector four can be seen.

Figure 4.11 shows a schematic topology map highlighting regions in which
photon conversions takes place. For small polar angles, additional material

Figure 4.11: Schematic view of the HADES conversion topology with respect to
the distance towards the beam axis denoted as R and the spatial position along the
beam axis denoted as z. Further details are written in the text.

budget is located within the acceptance of the electromagnetic calorimeter.
Clearly visible in figure 4.11 is the inner holding structure of the first chambers of
the MDCs. To avoid enhanced conversion probability which yields to enhanced
background, all ECal cells with ϑ < 16.5◦ are neglected for the γ analysis. The
distribution of the polar angle ϑ of all clusters is shown in figure 4.12 for exper-
imental and simulated data. The black data points represent the experimental
data where obviously no separation between photons and background can be
displayed. The red data points represent all photons which were produced in
UrQMD simulations, while the blue data points show all clusters which were
produced by UrQMD particles which were no photons. This includes all charged
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and uncharged particles, as well as noise which is uncorrelated to particles.
The green data points show the PLUTO generated γ from Σ0 decay where the
decay was embedded in UrQMD. For the purple data points the Σ0 from PLUTO
was embedded in experimental data. All distributions are normalized to their
corresponding integral. The accepted area is marked as green shaded area. As
described, small polar angles are rejected to avoid enhanced background from
conversion (see figure 4.11).

The large bin-by-by changes of the cluster yield versus ϑ are a result of the
spatial resolution of the cells: Clusters of only one cell, which is most common,
are just assigned to the ϑ value of the cell center. The black data points consist
of γ and background and thus are expected to be located between the blue and
red data points. Since in real data there is more background than in simulation,
especially at small polar angles, the black data points overshoot the blue data
points. Here the photon yield is drastically reduced compared to the background.
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Figure 4.12: Polar angle distribution of all measured or simulated clusters. The
accepted ϑ range is indicated by the green shaded area. More details are written in
the text.
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4.7.1.2 Cluster Candidate Matching

After selecting the acceptance with properly working cells, the remaining back-
ground needs to be further suppressed. As first step, clusters which were pro-
duced by charged particles should be removed from the sample. Therefore each
reconstructed particle track which fulfills the track quality parameters described
in section 4.4 is checked for a correlation to a cluster. During the track finding
algorithm, a track-cluster matching probability χtrack−cluster is calculated, which
allows to quantify the probability of this track to be the origin of a certain clus-
ter. The normalized probability distribution of this track-cluster matching is dis-
played in figure 4.13. The color code is the same as for figure 4.12 and will stay
the same for the following figures in this chapter. The blue curve of UrQMD
background contains mostly charged tracks, and thus rises for small values of
χtrack−cluster. Similar behaviour is observed in the experimental data in black,
while the true γ from simulation do not peak at small values. The distributions in
purple and green which both represent the γ from Σ0 decays differ significantly,
which proves that a realistic description of the background track density is re-
quired. This naturally is the case if embedding Σ0 baryons in data, but obviously
the situation is different in UrQMD simulations.
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Figure 4.13: Matching quality of the cluster to reconstructed charged particle
tracks. More details are written in the text.

The visualization of this difference infigure 4.13 this explains, why embedding
in real data was performed and will be used for further efficiency corrections. In
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addition to the cluster-track matching, also all cluster with nearby RPC hits are
rejected, even if no charged particle track was found next to the RPC hit. This
method is justified, because the RPC covers the full acceptance of the electro-
magnetic calorimeter and being located directly in front of the ECal.

4.7.1.3 Cluster Time

In addition to the removal of the charged particles, the timing information of the
corresponding cell of the electromagnetic calorimeter can be utilized for a time
of flightmeasurement. The leading edge of the cluster is combined with the start
detector to obtain the time difference∆twhile the distance of the cell to the event
vertex is calculated for the path length. The resulting integrated velocity distri-
butions are shown in figure 4.14 where photons should occur at β = 1. Obviously,
in experimental there is a lot of additional background, which contributes to all
regions in the velocity distribution.

As the timing resolution and background in simulations is not described real-
istically, comparing simulations of Σ0 embedded in UrQMD or data, only a wide
cut of β > 0.8 for photon candidates is applied here. More precises solutions are
described in section 4.7.2.
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Figure 4.14: Reconstructed velocity from the measurement of time-of-flight and
path length, assuming uncharged particles, traversing straight from the event-vertex
to the cell of the electromagnetic calorimeter. More details are written in the text.
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4.7.1.4 Cluster Energy

In addition to the previouslymentioned cuts, also the cluster energy is taken into
account for background suppression. In figure 4.15 the cluster energy distribu-
tion for the clusters remaining after the previous cuts is displayed. For choosing
a cut value we rely on the simulations, which describe the kinematics properly.
Obviously, the ECal cells are not capable of reconstructing energies below 40MeV
as seen in experimental data, while the simulations are not describing this effi-
ciency drop. Therefore, aminimumvalue of at leastE = 40MeVmust be chosen.
By comparing the energy of γ from Σ0 decays to all energies, a cluster energy in
the range of E = 60− 250MeV is required. This selection window removes only
a marginal amount of signal photons while still keeping a broad window, to not
restrict the invariant mass range of Λγ pairs.
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Figure 4.15: Reconstructed cluster energy of all clusters remaining after the pre-
vious cuts, for the different sources. More details are written in the text.

4.7.1.5 Cluster Size

In section 2.2.7 the geometry and position of the electromagnetic calorimeter in
relation to the rest of the HADES experiment is described. The granularity of
92mm×92mmper ECal cell leads tomany clusters of size one which correspond
to a single, isolated cell delivering all information. In case of a cluster of size> 1
the energy splits into the different cells. The resulting energy spread needs to be
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described properly in terms of energy loss and energy resolution. In the actual
status of the ECal, those uncertainties would hamper the analysis results, so all
cases with cluster size > 1 are removed from the sample.
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Figure 4.16: Cluster size of all clusters remaining after the previous cut for the
different sources.

Figure 4.16 shows the probabilities of clusters to be formed by a certain num-
ber of cells for simulated and experimental data after all previously applied se-
lection criteria.

In simulations, photons mostly have a signal only in one cell, while any other
particle shows a wider cluster size distribution. This effect is strongly correlated
to the incoming anglewhich is perpendicular for photons. Any other electromag-
netically charged particle is bent in themagnetic field and thus comes at different
angles and thus produces signals in several cells. In experimental data, several
additional background sources exist, which produce mostly clusters of size one.
This usually is noise unrelated to physics.

A summary of the applied selection criteria is displayed in figure 4.17, which
is for each source normalized individually to all available good cells which were
producing a signal. Differences between embedding of signal photons from Σ0

decays in UrQMD events to real data are clearly visible. Mostly, they consist of
the differences due to the matching to RPC clusters. As this is more realistic, in
all following steps always the embedding into real data is referred to.

This cut selection efficiency is combined later with the acceptance and the
quantum efficiency of the PMT to obtain the overall reconstruction efficiency.
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Figure 4.17: Cut selection efficiency for the various cuts described in the text in
this chapter.

The distributions after successive application of all selection criteria are attached
in appendix B.1.

4.7.2 Time Recalibration

In comparison to the already existing subdetectors, the calibration of the ECal
changed a lot during this analysis due to the fact that the ECal was used for the
first time and had to be understood and calibrated.

Nevertheless the extracted signalswere not stable versus the different sectors,
cells and time windows within the beamtime. The following two sections will
deal with these irregularities and monitor them. This lead to the conceptional
idea of a timing recalibration which is rather simple: since all photons have the
same velocity β = 1, independent on their energy, the velocity spectrum must
peak at one, integrated over all other observables. Whenever this is not true,
the remaining shift arises by a rather poor purity of the photon sample and thus
a non neglectable amount of noise which delivers random time information. A
sharp cut on the timing information is essential for the removal of slow hadronic
background such as uncharged neutrons, which are indistinguishable in terms
of the remaining selection parameters.

For this timing analysis, clusters of the electromagnetic calorimeter of each
size are taken into account. However, clusters should not be matched to an RPC
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cluster and not be matched to a charged track within 3σmatching quality. In ad-
dition, only clusters of energyE > 500MeV are taken into account, since clusters
of smaller energy are contaminated bymore background. In addition, the energy
resolution is much worse so that in many cases no clear timing peak was visible.
Those selected clusters were analyzed for each cell of both sectors used. The tim-
ing, i.e. β- distribution is analyzed in terms of time stability during the beamtime.
An example of sector 4, cell number 224 is shown in figure 4.18a. Within this plot,
three time slots are marked, and their projections on the measured velocity are
displayed in figure 4.18b to visualize the instability during the beamtime.
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Figure 4.18: On the left side the β distribution of an example cell is shown for beam
time slices of 3 hours each. Besides the intensity fluctuations which are correlated
to the amount of recorded events, the differences in the most probable value of β
are crucial for background rejection. Three projections of different time windows
within the beamtime are shown as an example on the right side for the same cell of
the same sector.

In figure 4.19 effects of the position of different cells in the ECal are visible.
While the cells at larger polar angle ϑ which refer to larger cell numbers do not
contain large amount of background, the cells at smaller ϑ suffer from enhanced
background.

Each time slice is fittedwith aGaussian, and theβ-values for themean±1σ are
stored. All cells without converging fits are rejected. In addition all distributions
where the left border was below β = 0.9 were rejected.

A summary of two individual example cells is depicted in figure 4.20 where
the β-values for mean ±1σ of the fits are shown. While the upper border of the
symmetrically assumed Gaussian is displayed in bright green, the lower limit is
shown in darker green. Any cells without a converging fit are removed from
the sample and marked with a red cross. Several structures are visible: There
is a the significant drop in β after one third of the beamtime due to changes in
the software procedure. The values fluctuate and show a slow increase of the
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Figure 4.19: Two examples of fitting results of the β distribution for different cells
for a specific time window of three hours. The black dots describe the experimental
data which are fitted by the green function which consists of a Gaussian and a
third degree polynomial. The Gaussian distribution in red is considered to originate
from the γs while the background is depicted in blue and contains all remaining
contaminations.
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Figure 4.20: Time dependency of the β distributions of two specific cells, where
the cell in figure 4.20a is taken from an intermediate ϑ region, while the right side
4.20b describes the behaviour of a cell of the outer most row of cells, which have a
systematic shift towards high β values.
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mean β with time. All these effects are taken into account when applying the β-
selection criterion based on time dependent individual fits of the β distributions.
This method also allows the usage of the most outer row of the ECal, where β-
values are considerably larger than on average and expected as it is visible in
figure 4.20b.
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Figure 4.21: Selection criteria, integrated over all cells and the whole beam time
shown for sector 2 (left) and sector 4 (right). Additional details are written in the
text.

The overall performance of the timing of the electromagnetic calorimeter
is displayed in figure 4.21 for sectors 2 and 4 individually. There, the value
of the lower border (mean−1σ) is plotted in dependency on the upper border
(mean+1σ). The closer both values are, the more narrow the Gaussian fit was,
which is directly correlated to a more precise time resolution. For both sectors,
the main structure is visible around βl ≈ 0.95 and βu ≈ 1.05 which refers to a
Gaussian at β ≈ 1 and a width of σ ≈ 0.05.

4.7.3 Energy Recalibration

In addition to the calibration of the timing information the energy needs an ad-
ditional calibration as well. In comparison to the calibration of the time, in this
case there is no standard candle like the β = 1 condition. As result, the energy
can be adjusted only via the invariant mass reconstruction of a particle decay-
ing into a photon. The energy recalibration which is used in this thesis was first
shown in [196]. It relays on π0 decays into two photons. For each decay, the two
photons have to be detected in the ECal and thus will produce two clusters. The
invariant mass is now plotted for each cell independent on the cell of the second
photon. Within this method, the resulting π0 peak is shifted to its nominal mass
by changing all photon energy by the energies difference extracted from the in-
variant mass formula, equation 4.5. After 15 iterations of this method, this cell
dependent correction factor is applied.
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Figure 4.22: Energy recalibration of ECal clusters, performed by using π0 mass
peak information.

Figure 4.22 shows the impact of the ECal energy recalibration integrated over
all cells. The value of the cluster energy after recalibration is plotted versus its
value before the correction. The diagonal is drawn in red to visualize the large ef-
fect. The correction reduces the value of the reconstructed energy on the order of
30-40 MeV for small energies and by approx. 20MeV for intermediate energies of
around 200MeV. The implemented method works for clusters of each size, since
it corrects each single cell individually before adding up the corrected energy
values.

The corrected energy is calculated by the following equation:

Enew = cECorr · (ADC0 + eADC1+ADC2·TOT) (4.10)

The recalculated energy Enew depends now on a cell dependent constant cor-
rection factor cECorr, the measured TOT, three fit parameters ADC0, ADC1 and
ADC2 which are extracted cell wise by fitting the energy in dependency on the
TOT as described in [197].
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4.8 Lepton Identification

This section deals with the reconstruction of the leptons from the channel Σ0 →
Λe± which can be used as crosscheck to the reconstruction of theΛγ channel, de-
scribed in section 6.1. In principle two different mechanisms can produce a final
state with a dilepton pair. A Dalitz decay of theΣ0 baryon would produce an e+e−
pair, however it was never observed so far, only an upper limit for the branching
ratio of 5·10−3% is listed in the PDG. This upper limit is extracted byQED calcula-
tions [198]. Second, a conversion of the Σ0 decay photon produces leptons. They
can be reconstructed if the conversion takes place in front of theMDCs inside the
RICH around the target area, such that charged tracks will be measured. HADES
is optimized for lepton analysis and thereby suppresses conversions by low ma-
terial budget. In the Ag+Ag beamtime in March 2019 the integrated conversion
probability was ≈ 1% in the region of the RICH [166]. Combining both possibili-
ties the resulting ratio of leptons/photons for the Σ0 decay should still be on the
order of a few percent at maximum. In this analysis as first step, all leptons are
identified, rejecting hadronic background as strong as possible. Later, specific
cuts on the specific signature of leptons from a Σ0 decay are applied.

4.8.1 Track Quality

During track reconstruction, the track candidates receive several flags, summa-
rizing the quality. Track candidates are formed out of all possible combinations
of tracklets in the inner segments (MDC I andMDC II) and those segments in the
outer (MDC III and MDC IV), the latter are already combined with a META hit.
Theses combinations result in various scenarios of mismatchings. Since there is
no magnetic field in the inner MDCs, any e+e− pair from conversion with small
opening angles may not be distinguished due to limited resolution. After the
magnetic field, those leptons separate spatially which dramatically enhances
their reconstruction probability.

Besides this case, it can also occur that several META hits are matched to one
track. In this case the META match quality is providing the necessary informa-
tion, which trackwasmore likely to be the origin of theMETAhit and thus should
bematched. TheMETAmatching χ2

META in equation 4.11 is calculated by extrap-
olation of the reconstructed track towards the META detector.

χ2
META =

√(
dx

σx

)2

+

(
dy

σy

)2

(4.11)

The distances from the track extrapolation are denoted as dx and dy while the
known detector uncertainties are written as σx and σy. A match of a META hit
to several tracks might also happen, the trivial assignment is also performed by
theMETAmatching quality. Sorting by χ2 removesmost of themismatches since
each detector hit is used only once. Allowing the inner MDC hits to be shared for
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multiple tracks is a solution and summarized in appendix A.4. In summary, the
same preselection like for hadrons in form of the kIsUsed flag 4.4 is requested,
selecting χ2 < 1000 which is a rather wide window.

4.8.2 Reconstructed Mass

For distinguishing the rare electrons and positrons from the remaining particle
species, the advantages of the RICH are necessary. Before it is used for the selec-
tion, a sample of possible candidates is needed. In addition to the track quality
requirement explained in chapter 4.1, the calculated reconstructedmass is taken
into account. Especially at small momenta, the separation power of the recon-
structed mass is tremendous, while for increasing momenta, the reconstructed
masses of e and π become indistinguishable and the RICH information is re-
quired. Thus a cut on the reconstructed mass mrec

e < 0.7mPDG
π is applied. By

the choice of this specific criterium, any interference between selected π− and
electron candidates is excluded by definition due to the π− selection stated in
equation 4.7.

4.8.3 Ring Track Matching Quality

In addition to track quality and the reconstructed mass, the quality of the RICH
ring-track matching is utilized for suppression of tracks with wrongly assigned
lepton ID.

Similarly as for theMETA hits, random combinations of rings to tracks, result
in large impurities in the lepton sample. A ring-trackmatching quality is defined
in similarly to the META matching quality as:

RMQ =

√
(ϑTrack − ϑRing)

2 + ([ϕTrack − ϕRing] sinϑ)
2 (4.12)

Thus the RICH-Matching-Quality (RMQ) in equation 4.12 describes the good-
ness of the matching in terms of polar angle ϑ and azimuth angle ϕ. Within this
matching criterium, multiple scattering of lepton tracks is taken into account by
a correction which is extracted and explained in more detail in [166].

The fraction of mismatched ring-track combinations can be estimated by the
so called RICH rotation technique: The RICH detector is rotated by 180◦ in the
software around the beam axis and ring-track matching is performed, resulting
in only random matches by definition. This procedure allows to estimate the
amount of random matches. The 180◦ rotation in azimuthal angle ϕ fulfills all
RICH related 90◦ symmetries as well as the HADES 60◦ sector symmetry.

Figure 4.23 shows the behaviour of the RMQ value for all particles which sur-
vive the tracking quality selection. The plot is created for one day of statistics
only, representing the whole beam time. Since all matches are accepted, a large
amount of mismatching appears even in the original, unrotated data denoted in
black. The RICH rotation does not need normalization and thus the subtraction
of the rotated spectrum provides the background free RMQ distribution for true
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Figure 4.23: RMQ calculation in experimental data from the RICH rotation tech-
nique in logarithmic representation for all possible lepton track candidates.

matches denoted in blue. For the following analysis, only electron and positron
tracks with RMQ < 2◦ are taken into account, which corresponds to a mo-
mentum integrated efficiency of 99.6%. Already in this step, a purity of 41.4%
is achieved without any additional PID method. The RMQ cut was analyzed in
addition in dependence on polar angle θ and momentum of the electron track
candidate. However, this did not improve the selection and thus is not used.

4.9 Ring Quality

Besides thematching quality of the reconstructed ring to the track candidate, the
ring itself is selected based on several observables. The ring radius is geometri-
cally given by the distance between the RICHmirror and the MAPMTs which re-
construct the reflected Cherenkov photons. The separation of the RICHMAPMT
plane in inner and outer part was performed to achieve approx. constant ring
observables over the full acceptance. As shown in [195] simulations describe the
experimental RICH data with its minor polar angle dependency rather well in
terms of ring radius and number of reconstructed Cherenkov photons per ring.

Figure 4.24 shows the reconstructed ring radius in dependence on thenumber
of calibrated Cherenkov photon hits (so called “Cals”) from simulated electrons
which passed the previously described track quality selection. Only rings within
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Figure 4.24: Reconstructed RICH ring radius in dependence on the number of
measured photons along this ring for simulated e+and e− from Σ0 photon conver-
sions.

the red box were taken into account in the further analysis which results in 5.0%
rejection due to ring quality 1.

In figure 4.25 the impact of the track selection quality is visible. Using all
tracks which is depicted in black tends to use rings with a smaller amount of Cals
and a smaller ring radius. The distribution in red shows only those tracks which
fulfill the additional RICH matching and reconstructed mass conditions. A clear
reduction of the rings of bad quality is seen. Afterwards the ring quality selection
rejects the remaining rings with NCals < 8 or NCals >= 31 as well as ring radii of
r < 18.0mm or r > 30.0mm.

With these cuts, a high lepton purity on the order of ≈ 99% is achieved for
the momentum range of interest of p< 250MeV/c as shown in figure 4.26. Due to
the momentum dependent tracking resolution, the RMQ distribution gets wider
for these small momenta, which results in a slightly reduced RMQ cut efficiency
of 98.2%. Additional attempts of improving the Σ0-lepton separation from back-
ground leptons using machine learning algorithms was attempted without suc-
cess, since all single lepton observables are indistinguishable when comparing
background leptons with Σ0 leptons [199].

1In experimental data rings with a very enhanced amount of Cherenkov photons, so called
Blobs exist because of crosstalk of theMAPMTs. They aremostly rejected by amaximum amount
of Cherenkov photons per ring.
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Figure 4.25: Distribution of RICH observables in simulation after the three men-
tioned selection steps.

0 2 4 6
RMQ [deg]

6−10

5−10

4−10

3−10

2−10

Y
ie

ld

No rotation
Rotation
Signal

HADES 0-40%

: 1e+06evtN

Efficiency: 98.2 %

Purity: 99.4 %

=2.55 AGeV DataNNsHADES Ag+Ag, 

Figure 4.26: RMQ calculation in experimental data from the RICH rotation tech-
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Amount of Cherenkov Photons

The ring quality ismostly described by the ring radius and the amount ofMAPMT
pixels with detected Cherenkov photons. In the following figures starting with
figure 4.27, different scenarios are displayed where RICH rings were recon-
structed. Their reconstructed center is always marked as a black cross while
the ring itself is shown in blue. Pixels which contributed to forming the ring
are shown in a light blue while the rest of the pixels are depicted in dark blue.
The borders of the MAPMT are visible as grid in the background. Since the
HADES RICH is placed right behind the target, no magnetic field is influencing
the charged leptons and thus gamma conversions yield in dilepton pairs with
small opening angles in RICH and the inner MDCs. As pointed out in section
2.2.3, all electrons and positrons above p ≈ 10MeV/c produce Cherenkov pho-
tons.

Two examples of isolated e± rings are shown in figure 4.27. Different physics
cases produce such single leptons: dielectron production with large opening an-
gles which might originate from vector meson or other decays or a single lepton
from a pair with an unreconstructed partner lepton below Cherenkov photon
production threshold of p < 10MeV/c, or single electrons from other sources.
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Figure 4.27: Correctly reconstructed isolated RICH rings from experimental data.

If a dielectron from conversion with small opening angle reaches the RICH
and both electrons produce Cherenkov photons, two rings are seen in close vicin-
ity. Those rings might often even overlap. This typical conversion structure is
displayed in figure 4.28. In these cases, the rings were separated enough from
each other that the ring finder was capable of reconstructing both of them 2.

2The second ring is not drawn for improved clarity, but the distance parameter in the upper
corner shows the distance to the closest reconstructed ring.
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Figure 4.28: Correctly reconstructed double rings with an identified (undrawn)
second ring close by, from experimental data.

Two examples of the interesting case of an unidentified double ring are dis-
played in figure 4.29. The ring finder algorithm only found one ring while the
amount of detected Cherenkov photon hits is about twice as normal which can
be used as signature for a double ring.
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Figure 4.29: Correctly reconstructed isolated RICH ring, with approximately the
double number of hits, thus including an overlay of a second unidentified ring.
Displays taken from experimental data.
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Besides those clear signals, the MAPMT setup sometimes provided signal
where almost all pixels of anMAPMT retrieve a signal. Those structure are called
“blobs”. The ring finder often fits rings in these blobs, but since they originate
from backwards emitted particles which directly traverse the MAPMT plane, no
track can be reconstructed in theMDCs. For this reason, blobs are not contribut-
ing to the analysis and their randommatching to a particle track is minimized by
a tight ring-track matching.
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CHAPTER 5
Λ Reconstruction

5.1 Off-Vertex Topology

As mentioned in section 1.5, strangeness is produced as rare probe in heavy ion
collisions in the energy regime of the SIS18. Predictions and previously realized
experiments at SIS18 expect strangeness to be produced approximately in every
tenth event. Hadrons which only consist of the lightest u and d quarks occur 4
magnitudes more often.

Selecting p and π− candidates as explained in chapter 4 would result in ap-
proximately 55 pairs per event for the most central 40% of the events. This com-
binatorics would overwhelm any Λ signal, thereby precluding the extraction of
the Λ with reasonable significance.

Exploiting the large lifetime of weakly decaying strangeness containing
hadrons enables the feasibility of the Λ analysis. The large lifetime of the Λ can
be expressed as cτ ≈ 7.89 cmwhich is a good length estimate of the distance, the
Λ travels through the detector before decaying. The Λ daughter particles origi-
nating from a secondary vertex, which thus is a few centimeters displaced with
respect to the event vertex. For HADES, this distance is measurable and relies
on a precise tracking as well as event vertex reconstruction, as delineated in sec-
tion 3.2. The event vertex reconstruction is highly precise due to the substantial
number of charged tracks observed in Ag+Ag collisions. The resolution of the
reconstruction is σz ≈ 1.2mm in the beam direction and σx/y ≈ 2mm in the
perpendicular direction.

In figure 5.1 the decay topology of a Σ0 baryon is shown schematically with
the black lines representing the traveled path of the produced particles and the
green lines depict calculated values which are used for the Off-Vertex selection
criteria. The parameter “VerDistP” is the minimal distance of the extrapolated
proton track to the event vertex. Small values of this distance strongly hint for a
particle production right at the event vertex and thus can be rejected.

The same procedure is performed for the π−with the parameter “VerDistPiM-
Lam”, where also small distances are rejected. For the combination of pπ− which
form the Λ candidate, the point of closest approach of the Λ extrapolation to the
vertex, “VerDistLam” should point to the event vertex. Only in this case, the Λ
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Figure 5.1: Schematic view of the Σ0 and following Λ decay topology with respect
to the event vertex. The distances are not to scale, the Σ0 decays right at the event
vertex while in the scheme the decay length of the Σ0 is exaggerated for better
visualization. Figure taken from [200] and adapted for this analysis.

could have been produced at the event vertex. Since the Σ0 lifetime is tiny, there
is no difference in the topology whether a Λ was produced directly or it was pro-
duced via the decay of the Σ0. This is different for the double weak decay of Ξ−.

Since two straight lines only rarely have an intersection point in three dimen-
sions, the minimal distance of the pπ− pair is calculated and used to quantify
the possibility of having the same origin. The minimal distance of the individ-
ual tracks of the pπ− pair is called “MinTrackDistLam” and should obviously be
small for Λ decays. The point of closest approach of the pπ− which is identified
as secondary vertex should then have a large distance to the event vertex, called
“VerDistXGes”.

For randomcombinations of hadronswhich are directly produced at the event
vertex via the strong interaction such a crossing occurs only rarely. Since these
parameters are of pure kinematic nature, they are all correlated to the open-
ing angle “AlphaLam” between the pπ−. Additionally, all candidates are rejected
where the secondary vertex has a reconstructed z value which is smaller than the
z value of the event vertex. This is nonphysical since the Λmust have been pro-
duced near the target area and traveling in direction of the detector to decay into
a measurable pπ− pair 1. All cuts values are given in the following section.

5.2 Multivariate Analysis

Despite the wealth of information provided by the topology of the Λ decay, the
separation of the signal from the combinatorial background remains a signifi-
cant challenge, largely due to the multitude of intricate correlations between the

1The beamline corresponds to the z-axis.
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observables. The application of graphically chosen cuts in one or two dimen-
sions will yield significantly inferior results in nonlinear problems compared to
multivariate analysis. In light of these facts, numerous established libraries offer
a multitude of methods for optimization. With regard to the reconstruction of
the Λ particle, the Toolkit for MultVariant Analysis (TMVA) is deemed the most
suitable option [201]. Since it is a standard ROOT library, compatibly with the
HADES software is assured. As underlying architecture for themultivariate anal-
ysis, a Multi-Layer-Perceptron with two hidden layers, comprising 11 neurons in
the first hidden layer and 9 neurons in the second hidden layer, is selected.

Multi-Layer-Perceptron

Already in 1962, Frank Rosenblatt published the fundamental idea of mimicking
the brain of living organisms for classification purposes [202]. All Multi-Layer-
Perceptrons (MLP) contain an input layer, an output layer and a various amount
of hidden layers in between. Any layer consists of neuronswhich canonly be con-
nected with neurons of the previous and later layer. For a fully connected MLP
eachneuron is connected to eachneuron in the previous and following layer. The
calculated value of each neuron is defined by the neuron response function. The
neuron response function of each neuron depends on the neurons from the pre-
vious layer, the weights of the connection and an additional bias [201]. For the
activation function α, following forms are available:

• Sigmoid: α = 1
1+e−x , which is the standard configuration of the TMVAMLP

• Tanh: α = ex−e−x

ex+e−x , comparable alternative with similar shape as sigmoid

• Linear: α = x, trivial activation function which was not tested in this thesis

The default setting with sigmoid activation function is used for the MLP. The
synapse function κ can be expressed in one of the following formula:

• κ = w0 +
∑N

i=1 yi · wi, sum

• κ = w0 +
∑N

i=1 (yi · wi)
2, squared sum

• κ = w0 +
∑N

i=1 |yi · wi|, absolute sum

Where N refers to the amount of neurons in the previous layer, with the neu-
ron values yi and the corresponding weights wi.

To guarantee optimal performance, the sample of signal and background
events has to fulfill certain conditions. This preselection is shown in figure 5.2
and is applied on top of the selection criteria already discussed in chapter 4. It
removesmany obvious background cases and assures high discrimination power
afterwards, since the distributions of the observables which are given to the neu-
ral net to distinguish are rather similar.
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Figure 5.2: Distribution of the input variables for the neural network in one di-
mensional representation.
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Figure 5.2: Distribution of the input variables for the neural network in one di-
mensional representation. More details are written in the text.

The input variables are summarized in figure 5.2 where true Λ signals were
compared to combinatorial background pairs of pπ−. This combinatorial back-
ground also consist of pairs where one of both particles origins from the signal
source, to mimic all possible background sources. Background sources like this
are important because they tend to show a similar topology as the signal.

The preselection criteria were applied to avoid training and evaluation of the
neural net with combinatorial background pairs, which do not have sufficient
similarities to the expected behavior of the Λ candidates. The vertical black lines
visualize the preselection cut values. The arrow indicates the part of the distri-
bution which survives the preselection criterium.

Significant differences in the distributions are visible before and after prese-
lection for all variables. The impact is large, especially for the variables which
refer to vertex measurements and thus depend on the decay topology.

Training of the MLP was performed with ≈ 100 · 106 UrQMD events. Since
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Figure 5.3: Architecture of the Multi-Layer-Perceptron with nine input variables, 2
hidden layers and the output classification node. The output node is the summarized
evaluation of the MLP which ranges from zero for background to one for a signal.

this MLP is a supervised neural network, the possibility of embeddingΛ into real
data events is not possible, because Λ being present in data are unlabeled. They
would then wrongly contribute to background and thus reduce the power of the
Multi-Layer-Perceptron separation capability.

With variables which only depend on pπ− correlations, not using single par-
ticle observables, embedding into real data events is possible. In this case back-
ground events can also be extracted from event mixing. Figure 5.3 visualizes the
architecture of the Multi-Layer-Perceptron. Starting from 9 input variables, two
hidden layers with 11 and 9 neurons are used for the classification given to the
output layer. The network is fully connected. Table 5.1 summarizes the param-
eters which were used for the training process. Tests with smaller sample sizes
verified the stability of the resulting quality compared to various settings.

The quality of theMLP performance is extracted from the experimental data.
Since the neural network was trained with simulations only, the experimental
data is unknown and thus independent considering the possibility of over-fitting
on simulation.

The influence of the individual preselection steps is shown in figure 5.4 in a
logarithmic representation. While there is no Λ signal visible after the first four
selection steps, the signal rises and get enhanced after reducing the combinato-
rial background by two orders of magnitude.

The evaluation of the MLP in dependency of the invariant mass of the pπ−

pair is displayed in figure 5.5. The logarithmic representation visualizes the be-
haviour of the combinatorial background pairs as well as the signature of the Λ
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TMVAMLP option Setting

Number of cycles 500

Hidden layers (neurons per layer) 2 (11,9)

Activation function Sigmoid

Estimator type Cross entropy

Variable transformation Normalization

Overfitting test rate Each 10th epoch

Table 5.1: Parameter settings for the training of the Multi-Layer-Perceptron, more
details are written in the text.
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Figure 5.4: Invariant mass distribution of pπ− pairs representing the Λ candidates
which survive the different preselection steps which are sequentially applied. It is
explicitly desired to select only in a loose manner, to keep room for improvement by
the following classification of the artificial neural network.

around its mass of Minv(pπ
−) ≈ 1115MeV/c2. Here, MLP evaluation values lie

above 0.9 which allows a large background suppression. Since the MLP does not
only contain parameters of the correlation between proton and π− but addition-
ally uses the distance of the proton or π− track to the event vertex independently
on the second daughter particle, the case appearswhere one of both particles ori-
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Figure 5.5: MLP evaluation distribution in dependence on the mass of the pπ−

pair. Only those Λ candidates are taken into account which passed all preselection
criteria.

gins from a Λwhile the partner does not. These combinatorial background pairs
have mostly small MLP evaluation output but can be also reach large MLP evalu-
ation values, especially for small invariant masses ofMinv(pπ

−) < 1100MeV/c2.
The behavior of the MLP evaluation of various invariant mass regions of the

pπ− pairs as well as from event mixing in the 2σ region of the nominal Λ mass
is displayed in figure 5.6. While the true Λ candidates are displayed in black for
a mass window of 1σ around the nominal PDG mass or 2σ (red), the blue curve
shows the behavior of π−p pairs from the so called sideband regions. Those side-
bands are defined as pπ− pairs in an invariantmass regionwhich does not contain
Λ signals. However, the region is situated in close proximity to the nominal mass
region, thereby ensuring analogous kinematics as the signal. In this particular
instance, those sidebands are defined as 1100MeV/c2 < M(pπ−) < 1105MeV/c2
for the left and 1125MeV/c2 < M(pπ−) < 1130MeV/c2 for the right sideband
respectively. In addition, the neural network response from uncorrelated pairs
from event mixing is shown in green. Obviously the separation power is largest
at MLP values close to 1. The Λ candidate sample still contains quite some back-
ground, which leads to a rise of the red and black curve to low MLP evaluation
values. Additionally, the different behavior of sidebands and event mixing is ev-
ident, most probably this is due to different kinematics and mass windows. Still
both tend to have low MLP values. The quality and separation power of the MLP
is tested with experimental data and summarized in figure 5.7.

To derive those plots, a scan of the MLP impact was performed in same event
data and mixed event data.
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Figure 5.6: MLP evaluation distribution for pairs in the signal region, for event
mixing and so called side bands. More details are given in the text.
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Figure 5.7: Estimation of the MLP performance in real data in terms of raw Λ
counts after background subtraction (left), the corresponding ratio of signal Λ to
the combinatorial background (center) and the significance (right). In all cases, the
background is estimated via the event mixing technique in a 2σ window around the
nominal Λ mass. More information is written in the text.

The raw counts (S) in the Λ peak are extracted in a 2σ window around the
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nominal Λ mass are extracted by subtracting the background from event mix-
ing. The background counts (BG) are calculated in the same window to calculate
the Signal/Background ratio and the significance as Significance:=S/

√
S +BG.

While the amount of reconstructed Λ baryons is rather constant for intermedi-
ate MLP values, this number strongly drops at values larger than 0.9. Because
the combinatorial background decreases even more, a steep rise of the signal to
background ratio is seen. The significance is combining the amount of statistics
with the signal to background ratio and thus is used for the choice of the MLP
evaluation cut value.

The behaviour of the raw counts at low MLP values is an artefact caused by
the very loose preselection criteria. They generate large combinatorics and thus
imperfect background description.

5.3 Background Estimation and Signal Extraction

For the cut optimization of the classification output of the neural network, the
separation of the data in signal and background is required. Therefore a descrip-
tion of the combinatorial and thus uncorrelated background is required.

Those uncorrelated combinations, specially their mass dependence, are
mainly a result of particle multiplicityM(pt, θ, ϕ) per event and the feasibility of
the detector to reconstruct in this phase space region ϵ(pt, θ, ϕ). Various common
approaches of combinatorial background description exist, namely:

• Event mixing technique [203]: The mixed-event technique uses p and π−

tracks (per definition uncorrelated and independent) from different events
which can be characterized in a similar way. This is important to avoid any
event bias. Understanding the impact of multiplicity M and efficiency ϵ,
events which behave similar with respect to those observables are classi-
fied as similar and are considered for event mixing. In HADES, the event
classification contains:

1. The particle track multiplicity, since detector efficiencies highly rely
on the track density. Thus a central event does not produce the same
polar angle distribution of charged tracks as a peripheral event.

2. The z-vertex position: Since the target has a length of several centime-
ters (dependent on the target setup), theproducedparticles havediffer-
ent acceptance ranges. This leads to a different kinematic distribution
and thus a bias in the modeled background if those events are mixed
with each other.

3. The event reaction plane: The asymmetric distribution in azimuth an-
gle ϕwhich occurs due to themediumdensities around the interaction
point also influence themeasuredmultiplicity. In most types of analy-
sis the ϕ dependencies can be neglected, since the integral over ϕ still
delivers the same polar angle distribution.
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4. The time within the beamtime: During the process of data taking sin-
glemotherboards of the detectorwere running instable during specific
periods of time. When a piece of hardware was not working properly,
it was replaced within the next beam break in which the cave could
be accessed. Mixing is done only within a small time interval of ≈ 1h
performed to avoid any pollution of inhomogeneity.

The advantage of the eventmixing technique is an almost infinitive amount
of statistics by combining many events, and also takes all asymmetric de-
tector effects into account.

• Rotation technique: Similar to the mixed event, this technique uses pair
which are uncorrelated by definition. However this technique generates
those pairswithin the same event. The advantage is, that by definition event
characteristics, mainly the multiplicity in dependence on polar angle can
not cause a bias. The background is calculated by rotating the ϕ angle of
one of the particles from the pπ− pair by a value which fulfills the symme-
try of the detector. In HADES this method is used with a shift of ∆ϕ = 60◦

which corresponds to the azimuth symmetry of the 6 sectors described in
chapter 2. For an analysis which consist of e− or e+, the rectangular inner
RICH plane (see section 2.2.3) constrains the symmetry such that a rotation
of ∆ϕ = 180◦ is optimal in terms of taking all detector acceptances into
account. This rotation method is not working in cases of an asymmetric
detector. Since the setup of the Electromagnetic calorimeter of March 2019
contains only 2 out of 6 sectors, this method is not used in the later γΛ anal-
ysis.

• Sideband interpolation: In this simple approach, the invariant mass spec-
trumaround theΛpeak is divided in 3 regions: The signal region and invari-
ant mass regions left and right to the signal, which are at least 3σ separated
from the signal peak position. This constrain avoids signal contributions
in the sidebands, which would lead to a systematic overestimation of the
background in this sideband region. The signal peak must be dominant
and clear to avoid introducing biased systematic uncertainty. An analytical
function is then chosen to describe the combinatorial background which
then can be interpolated into the signal region. Especially for signals with
high purity, this estimation in sufficient since the total counts of the signal
do not rely on a precise background description.

Comparing these methods, the largest advantage of the event mixing tech-
nique is its consistency in the multi differential analysis which will be summa-
rized in chapter 5.4. Different kinematic constrains in different phase space re-
gions highly influence the combinatorial background shape. Thus, several back-
ground descriptions would be needed when fitting it using e.g. the sideband
method.
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The pπ− spectrum of pairs from same events and the normalized spectrum
of pπ− from mixed events are displayed in figure 5.8. The normalization of the
mixed event spectrum was performed by scaling to the sidebands.

fSMix =

∫ 1100

1080
dN/dM +

∫ 1160

1130
dN/dM∫ 1100

1080
dNmix/dM +

∫ 1160

1130
dNmix/dM

(5.1)

Here it is important to avoid signal contribution within the sidebands, which
would result in an overestimation of the background. Since the background de-
scription is very precise in the full invariant mass region, an invariant mass re-
gion of > 6σ distance is chosen for the borders of the sidebands, which will pro-
vide a stable result even in case of imperfect peak position. The resulting scaling
factor fSMix is rather arbitrary since the yield in the mixed event spectrum can
be regulated by the mixing depth. This parameter controls the amount of stored
particles within each event class and thus the number of tracks each particle is
mixed with.

Aminimum of 50 tracks is required in this analysis, fromwhich event mixing
takes place. In addition, only a randomized sub sample of 1% of the possible Λ
daughter particles were used for the mixing procedure, to reduce the runtime of
the code. This additional method is only valid for particles with a large amount
of statistics and thus neglectable statistical uncertainties.
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Figure 5.8: Same event pπ− pairs depicted in red, normalized combinatorial back-
ground estimation from event mixing technique in blue. The left plot shows the Λ
selection with NNout = 0.98 which is later on used for the Σ0 reconstruction, the
right plot shows the Λ selection with NNout = 0.95 which is used for the multi
differential analysis. More details are written in the text.

Since the Λ reconstruction highly depends on the vertex correlation of both
daughter particles, those cuts have to be applied also for event mixing. Single
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particle selection criteria which are uncorrelated from the decay partner are per-
formed already when selecting the candidates for event mixing.

Invariant mass spectra of Λ candidates are shown in figure 5.8 for differ-
ent neural net classification evaluation selections NNout > 0.98 on the left and
NNout > 0.95 for the right plot. Shown are same event spectra in black, event
mixing spectra (blue) which nicely describe the background, and the signal spec-
trum (red), obtained by subtracting the scaled event mix (formula 5.1) from the
same event spectrum. The integrated yield is extracted from counting the entries
of the signal Λ within the mass region of 1110 <mpπ− [MeV/c2]−1 < 1120 .

This is also the range, fromwhich the Λ are taken into account for the further
Σ0 analysis. This value is corresponding to a range of≈ 2.17σ, where the width σ
is estimated by a single Gaussian fit, also denoted in red in figure 5.8. The mini-
mum of the y-axis ranges down to −2.0% of the maximum, the black horizontal
line is drawn at 0 counts in order to mark the optimal background description.
The centrality dependent spectra integrated over the full phase space for both
cut sets are attached in appendix A.5.

5.4 Multi-Differential Analysis

The selection criteria in the previous chapters were chosen such, that a multi-
differential analysis over a large phase space region canbeperformed. Thephase
space is represented by the two variables rapidity y and transverse momentum
pt.
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Figure 5.9: All possible Λ candidates including combinatorial background as func-
tion of transverse momentum pt and rapidity y.
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Particle production is centered at mid-rapidity and for isotropic emission
equally distributed in px and py, thus pt is a good representation. Totalmomentum
and polar angle are important observables for the efficiency of track reconstruc-
tions. Thus efficiency changes along this plane as indicated in figure 5.9 with the
solid lines. The polar angle θ lines are shown in 15◦ steps in the range of 18◦−78◦

while themomentum lines are perpendicular to θ and are illustrated for n = 0−5
values of p = 100MeV/c+n·700MeV/c. Additional information about rapidity and
transverse momentum are attached in A.2.

Figure 5.9 shows the reconstructed proton π− pairs, regardless of their origin.
Thus it provides a map of Λ candidate density. Invariant mass distributions of
pπ− pairs have been calculated for all y − pt bins. After subtracting the combi-
natorial background, which was determined by the event mixing technique for
each individual bin the raw Λ counts remain.
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Figure 5.10: Example bins at the borders of the HADES acceptance. The different
shapes of the kinematic distributions of the background are precisely described by
event mixing for the whole phase space.
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Besides the very different shape of the background distribution which is sim-
ply an attribute of the possible kinematic combinatorics after the applied selec-
tion steps, a clear systematic tendency appears in terms of the amount of back-
ground. While the backward rapidity bins with small transverse momenta con-
tain the largest amount of background, the high transverse momentum region
results in the cleanest spectra.

Extracted raw Λ counts are displayed in figure 5.11 for the most central events
(0-40%).
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Figure 5.11: Remaining Λ candidates after subtracting the combinatorial back-
ground which is estimated for each bin individually from event mixing, as function
of transverse momentum pt and rapidity y.

Its clearly visible, that the distribution is not symmetric around mid-rapidity,
since the acceptances and reconstruction efficiencies behave asymmetrically.

5.5 Efficiency and Acceptance Correction

The number of raw reconstructed Λ counts extracted e.g. from figure 5.8 highly
depends on the selection criteria. Therefore a correction in terms of efficiency
and acceptance is applied to the data. This allows cut independent data and also
the comparison to other analysis. The corrections in efficiency and acceptance
are extracted from simulated data. The thermal generator tool PLUTO [187] was
used to produceΛ baryonswith a reasonable expected kinematic distribution. As
input parameter for the pt− y distribution, a temperature of T = 105MeV is used
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with vanishing blast, polar anisotropies and flow. The same parameters are cho-
sen for the latter Σ0 production. In both cases, the thermally produced baryon
is embedded in a simulated UrQMD event and alternatively in an experimentally
measured event. Embedding the simulated Λ into a real event is evaluated to be
more precise since occupancy effects in the detectors have systematic deviations
in simulations from data. Especially investigating different centrality classes, the
different track densities in simulation and data will produce wrong reconstruc-
tion efficiencies. In chapter 7 this effect is also discussed for γ reconstruction
in the electromagnetic calorimeter. The acceptance correction takes the limited
phase space region into account, which the experiment is sensitive to. Correct-
ing for this acceptance, a model dependent uncertainty from the extrapolation
in uncharted regions is induced. For signals with large statistics and large phase-
space coverage, the extrapolation can be minimized and the correction is thus
more independent from simulations.

A multi-differential analysis in terms of pt − y which is described in the fol-
lowing chapter thus avoids this model dependent extrapolation uncertainty to a
large extend and will be used for highest accuracy Λmeasurements.
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Figure 5.12: Λ acceptance as a function of transverse momentum pt and rapidity
y. The θ − p grid is the same as explained earlier.

The acceptance of charged tracks is defined by the relative amount of pro-
duced particles which traverse the active medium of the detector and were mea-
surable by the four MDCs as well as the RPC or TOF. These information would be
sufficient for PID by the reconstructed mass measurement. A unstable particle
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is defined to be in acceptance if all daughter particles from the decay are in ac-
ceptance. The resulting acceptance distribution for the Λ is displayed in figure
5.12.

The detector borders for polar angles 18◦− 78◦ are also visible in the Λ accep-
tance reflecting the single particle acceptance. Since the proton obtains a large
amount of the four vector of theΛ, the borders are rather sharp. Themaximumat
intermediate θ is explained by the large opening angle of the π− to the proton and
thus also to theΛ pointing vector. The overall acceptance structure is obtained by
folding the acceptance matrices of the single daughters. Their acceptances are
visualized in A.6. This definition of acceptance is only dependent on the detector
geometry and thus independent on track multiplicities and centrality. Since all
Λ decay channels were simulated, already at this stage the branching ratio in the
investigated channel of Λ → pπ− is included in the stated acceptance.
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Figure 5.13: Λ reconstruction efficiency and acceptance as a function of transverse
momentum pt and rapidity y. The representation in θ−p is again overlayed as grid.
More details are written in the text.

The reconstruction efficiency of the weakly decaying Λ particle in this analy-
sis is mainly determined by the pair topology cuts, thus the efficiency correction
is applied on the pπ− pair basis. This efficiency correction is performed within
the acceptance borders. To be specific, correction in terms of efficiency and ac-
ceptance are applied as

d2NCorr

dptdy
=
d2NRaw

dptdy
× (acc(pt, y)εrec(pt, y))

−1 (5.2)
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where the efficiency times acceptancematrix is combined in a total efficiency.

ε(pt, y) = acc(pt, y) · εrec(pt, y) =
d2NRec(p

rec
t , yrec)

dptdy
/
d2NGen(p

MC
t , yMC)

dptdy
(5.3)
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Figure 5.14: Efficiency and acceptance corrected Λ candidates after subtraction of
the combinatorial background as function of transverse momentum pt and rapidity
y.

The raw Λ yield in each phase space bin is now individually scaled with the
corresponding efficiency and acceptance correction factor which results in the
spectrum shown in figure 5.14. This distribution is rather symmetric aroundmid-
rapidity although experimental constrains of the detector acceptance borders are
asymmetric.

Quite somepart of the forward acceptance, in particular at low transversemo-
menta is not covered. This nonmeasured region is smaller in backward rapidity.

While for the generated input distribution, the Monte Carlo information of
the kinematics are used, for the reconstructed Λ, the reconstructed kinematic
observables are taken into account when calculating the efficiency. Figure 5.15
visualizes the resolution of the reconstructed rapidity and transverse momen-
tum observables of the simulated Λ baryons. The dashed vertical lines always
represent the desired optimal resolution without any detector reconstruction in-
accuracy. Clearly this ideal case can never be reached, but there is no systematic
deviation from this ideal case in terms of the phase space description used in this
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Figure 5.15: Resolution of the phase space parametrization of the thermally gen-
erated Λ baryons in the simulations.

analysis. The uncertainties of the corrected yield in each bin are of statistical and
systematic nature. Systematic uncertainties are estimated by a variation of selec-
tion criteria. In the standard analysis, only bins with a raw yield Nraw(Λ) > 500
were taken into account in order to get reliable results. This value corresponds
to a bin wise statistical uncertainty of < 5%.

As explained in section 1.3, heavy ion collisions create dense and hot strongly
interactingmatter. The timeevolutionof thismatter is oftendescribed as thermal
fireball. Assuming particle production by a thermal source leads to a Boltzmann
distribution, describing the kinematics:

d2N

dptdy
= Cpt

√
p2t +m2 exp (−

√
p2t +m2

Teff
) (5.4)

The transversemomentumdependence in each rapidity bin is nowfittedwith
this Boltzmann distribution 5.4 which allows to extrapolate into uncovered phase
space regions. Those fits provide the extrapolation factor which is used to scale
the pt integrated rapidity values for missing acceptance. Example bins for mid-
rapidity are shown in figure 5.16 for different centrality classes while pt distribu-
tions for forward and backward rapidity are compared in figure 5.17.
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The extrapolation factors Fex describe the fraction of total reconstructable Λ
to the overall produced Λ in each rapidity bin. Fex reaches from values of≈ 50%
for the least accessible backward rapidity and 400% for themost forward rapidity
region. This shows the limited accessible phase space for the Λ reconstruction
in forward rapidity for the HADES experiment. Around mid-rapidity, extrapola-
tion factors of less than 10% are achieved for all centrality classes, which is most
important in order to describe the dominant part of the Λ production properly.
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Figure 5.16: Transverse momentum distributions and fit results of the Boltzmann
distributions for mid-rapidity (y0±0.05) data for the four different centrality classes.
More details are written in the text.

Each pt distribution is integrated and extrapolated to determine Λ production
in rapidity bins. The extracted rapidity distribution is expected to be symmetric
around mid-rapidity. Using this constraint, the rapidity distribution can be ex-
trapolated and integrated to extract a total Λ yield per event. This result is shown
in figure 5.19. Extrapolation factors for the pt distributions for all different cen-
trality classes are displayed in figure 5.18.

If the fit is not fixed to be symmetric around y0, the fit evaluates a y0 of≈ 0.857
which would correspond to a beam energy of Ekin ≈ 1.75AGeV. The whole anal-
ysis is performed in 10% centrality bins. Integration of the rapidity distribution
provides us the multiplicities as listed in table 5.2.
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Figure 5.17: Comparison of transverse momentum spectra of the forward/back-
ward rapidity bins, being symmetric around mid-rapidity for the most central 0-10%
Ag+Ag collisions. The left plot is comparing the most forward to backward rapidity
bins, the middle describes an intermediate |y − y0| bin while the right picture is
closest to mid-rapidity.
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Figure 5.18: Extrapolation factor Fex of the pt distribution in dependence on
rapidity. Fex is extracted, comparing the efficiency and acceptance corrected yield
in the specific rapidity bin, compared to the pt integrated value, thus, also including
the uncovered transverse momenta regions.
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Figure 5.19: Rapidity distribution of Λ production in four centrality bins. Rapid-
ity values are obtained from pt integrated and extrapolated transverse momentum
measurements. The resulting spectrum is fitted by a Gaussian distribution centered
at mid-rapidity (y0 = 0.82) which allows the extrapolation to full phase space.

Formula 5.5 describes the expected behavior of the temperature extracted
from the Boltzmann fit with respect to rapidity, y0 represents the mid-rapidity
value of 0.822 for a collision energy of Ekin = 1.58AGeV. Fit values are shown in
figure 5.20 and nicely follow this expectation.

f(y) =
Teff

cosh(y − y0)
(5.5)

A summary of all efficiency and acceptance corrected rapidity and transverse
momentum bins is displayed in figure 5.21 for the 0 − 10% most central events.
The mid-rapidity bin is represented as dark green full circles which covers a
transverse momentum range of 160MeV/c< pt < 1760MeV/c. Figure 5.21 also
shows the clear phase space restrictions for the most backward and in particular
also for the most forward regions. In general, pt coverage is better at backward
rapidities. The most forward rapidity bin allows only for the measurement of
pt ≈ 500 − 1200MeV/c. Exact ranges of course always depend on selection crite-
ria.
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Figure 5.20: Rapidity dependence of the slope parameter of the Boltzmann fits
of the pt distributions. The effective temperature is fitted with equation 5.5 where
the fit parameter at mid-rapidity refers to the effective temperature of the medium.
Only statistical uncertainties are shown.

Centrality class Multiplicity [1/evt] Temperature [MeV/kB]

0− 40% 0.057± 0.01± 0.04 110± 1± 8

0− 10% 0.119± 0.01± 0.08 116± 1± 5

10− 20% 0.071± 0.01± 0.05 109± 1± 5

20− 30% 0.043± 0.01± 0.04 101± 1± 5

30− 40% 0.025± 0.01± 0.03 95± 1± 5

Table 5.2: Lambda multiplicity for different centrality classes. In Addition to
the absolute yield, the effective temperature is given. The large uncertainty in the
integrated 0 − 40% most central events results from the overlay of the different
temperature fits.
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Figure 5.21: Transverse momentum spectra of all different rapidity bins for the
most central 0−10% Ag+Ag collisions. All bins are scaled with a factor 10i starting
with the most backward rapidity bin denoted in dark color, up to the most forward
rapidity bin denoted in bright color.

A summary of theΛ baryon analysis is stated in table 5.2where the first uncer-
tainty always represents the statistical uncertainty while the second uncertainty
represents the systematical uncertainty. This dominates the overall uncertainty
of the measurements. The systematic uncertainty are estimated by comparing
different sets of selection criteria. For the total multiplicity a significant contri-
bution of the uncertainty comes from a comparison of the Gaussian fit to the fit
without fixing its mean to mid-rapidity.
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CHAPTER 6
Σ0 Reconstruction

This chapter deals with the extraction of the Σ0 signal by combining the recon-
structed Λ candidates with a photon (section 6.1), using the information from the
electromagnetic calorimeter. Alternatively, if the photon may have converted,
the RICH is utilized to reconstruct this photon via its conversion leptons (section
6.2).

6.1 Λγ Analysis

This sectiondealswith the formation ofΛγ pairs and the reconstruction of theΣ0.
As pointed out in chapter 1.6, the branching fraction of the Σ0 into Λγ is≈ 100%,
where only a small fraction (< 3%) of Dalitz decays Λe+e+ are predicted by QED
[198]. In addition, the feeddown of higher mass resonances is negligible since
only theΣ(1385) and theΞ0 have known branching fractions into theΛγ channel.
Their branching ratios are 1.2% for theΣ(1385) [204] and 1.2·10−3 for theΞ0 [205].
Due to their large masses and thus also larger production thresholds compared
to the Σ0, no contamination of any additional resonances are assumed for the
HADES energies.

For the formation of a Λγ pair, only pπ− pairs in the invariant mass range of
1110 − 1120MeV/c2 are taken into account, and afterwards setting their mass to
the nominal Λ mass. Only those pairs are also taken into account for the event
mixing.

However, although the Λ shows a good signal-to-background ratio of > 6 in
this mass range, many uncorrelatedΛγ pairs and thus a huge background are ex-
pected for different reasons: Only few of theΛ baryons originate from aΣ0 decay.
In addition, there is a large number of reconstructed γ candidates, still after all
the selection steps presented in chapter 4.7. For events with a reconstructed Λ,
the reconstructed photonmultiplicity per event isN rec

γ = 0.39/evt. This resulting
amount of uncorrelated Λγ pairs is further increased as low energy photons are
taken into account due to small mass difference of Λ and Σ0.

In chapter 5, different background estimation techniques were introduced.
For theΣ0 only the event mixing approach can be used. The sideband fitting pro-
cedure does not suite the analysis, since the broad peak in the invariant mass
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spectrum is located near the maximum of the combinatorial pairs due to their
phase space distribution. The rotation technique does not suite the analysis, be-
cause the acceptance of the γ from the electromagnetic calorimeter is highly re-
stricted and not symmetric at all.

In order to correctly describe the backgroundwith the eventmixing, possible
remaining correlations have to be included in the mixing. Due to the combina-
tion of a secondary decay with two charged tracks and the photon, there might
be some hidden correlations. The Λ itself decays after a few centimeters, while
the proton and π−, which are seen in the detector may interfere with the recon-
structed γ. The γ reconstruction is influenced by nearby charged tracks, because
clusters are removed, that have some track close by. As this is a kind of opening
angle cut, this effect has to be mimicked in the event mixing.

The intersection point of the protons and π− in the electromagnetic calorime-
ter are estimated using the combined information of their inner and outer track
segments. While the azimuth angle ϕ is constant for both segments, the polar an-
gle ϑ differs for inner and outer segments, due to the magnetic field in between.
The distance of the proton and the π− from one event to the ECal cell of the γ
candidate of another event are approximated as

OA =
√
(∆θ)2 + (∆ϕ)2 (6.1)

where∆ϕ is defined as ϕtrack − ϕcluster and∆θ is defined as θtrack − θcluster respec-
tively where θtrack = 0.5 · (θinnertrack + θoutertrack).
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Figure 6.1: Representation of the track-cluster matching for protons (a) and π− (b)
in dependence on the opening angle parameter from equation 6.1 in mixed events.

Infigure 6.1 the relation of the track-clustermatchingσ (for details see chapter
4.7) and this approximation OA is displayed for all identified protons and π− from
an event, i.e. after the reconstructed mass cuts from event mixing.

The green box represents the area, where an ECal cluster is accepted in terms
of the matching during the γ selection. The red box shows the track-cluster
matching which is removed from the final sample ofΛγ pairs in the eventmixing
as well as the same event spectra.
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The influence of this selection is depicted in figure 6.2 for the proton-γ dis-
tance in the electromagnetic calorimeter plane versus the invariant mass of the
Λγ pair. The plot shows the ratio of results from same events and mixed events,
thus allowing to proof whether these correlations are the same.

Besides large fluctuations at the phase space borders due to low statistics,
a clear region of reduced values is visible for very small values of the proton-γ
opening angle.

As indicated by the red box, these pairs are removed by this selection in figure
6.1.
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Figure 6.2: Ratio of the amount of reconstructed Λγ pairs from data in dependence
on invariant mass and opening angle of the proton and γ (see equation 6.1) from
the Λ decay.

This cut removes 0.30% of allΣ0 candidates from the same event spectrumbut
0.51% of the pairs from the mixed event. The raw spectra from same and mixed
events are attached in appendix B.5.

After the removal of those correlations that are different in same events and
mixed events, the invariant mass spectrum of the remaining 1.21 · 106 Λγ pairs
is displayed in figure 6.3 in black as well as the 9.50 · 106 Λγ pairs from the event
mixing technique in blue. Scaling of themixed event spectrumwas performed in
the same way as for the Λ, where side bands were normalized to the same event
spectrum. For the left side band, all pairs with Minv < 1145MeV/c2 were taken
into account, while for the right side band, pairs in the range of 1235MeV/c2 <
Minv < 1290MeV/c2 are considered.

The side bands are chosen to keep a 3σ distance to the reconstructed Σ0, in
order to avoid contamination of the signal Λγ pairs in the side band regions. Af-
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ter the subtraction of the normalized event mix background, the red distribution
displays the remaining signal.
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Figure 6.3: Invariant mass of all reconstructed Λγ pairs from same events (black),
the event mixing technique (blue) and the remaining distribution (red) after sub-
tracting the event mixed spectrum from the same event spectrum.

Obviously the event mixing technique describes the combinatorial back-
ground with very high precision, which is visible for the full invariant mass re-
gion, since the blue and black data points overlay perfectly and subtracted values
of counts align around zero, with statistical fluctuations only as shown in figure
6.3.

Around the Σ0 pole mass region ofmPDG(Σ
0) = 1192.6MeV/c2 differences be-

tween the blue and black distributions arise, which is also visible in the red signal
distribution. The remaining signal is then parametrized with a Gaussian. The
Gaussian fit of the signal spectrum is shown in figure 6.4.

The reconstructed mean value of the Σ0 mass is shifted by 3.7MeV/c2 towards
lower masses with respect to the PDG value. This artifact is due to the difficult
calibration of γs in the electromagnetic calorimeter, especially for low energies
< 100MeV. They are particularly important in this analysis. Most probably, the
correction of energy loss of low momentum photons is still not sufficiently pre-
cise. This assumption is supported by the fact, that the Σ0 mass rises when ex-
cluding low momentum photons as depicted in appendix A.8.

The final energy calibrationwas optimized to describe the π0mass [197] for all
π0momenta. However, also for other hadrons including γs in the reconstruction,
as e.g. the η meson, differences in reconstructed masses are observed in exper-
imental data compared to the expected PDG values. In addition to the γ energy
calibration, the combinatorial background ismost abundant in the signal region,
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which also induces a systematic dependency. Systematic studies concerning the
integrated yield are performed in chapter 6.3.

The width of the Gaussian fit to the Σ0 signal is dominated by the energy res-
olution of the γ, while the influence of the Λmass resolution is neglectable. The
width of σ = 15.2±2.0MeV/c2 is slightly larger than thewidth extracted from sim-
ulated Σ0 which are embedded in real data, resulting in σsim = 12.3± 0.4MeV/c2.
This reduction is also expected due to the imperfect description of the energy
resolution of the γ in simulations.

The accessible phase space of the Σ0 candidates, i.e. the Λγ pairs is shown
in figure 6.5. To be as comparable as possible to the true Σ0 distribution, only
Σ0 candidates within 1σ around the nominal PDGmass are taken into account in
the experimentally measured data. Still, this distribution contains a lot of back-
ground as well. Multi-differential extraction of the Σ0 is not possible in data due
to the small statistics in themeasured signal. In simulations shown in figure 6.5b,
only true Σ0 are selected for this distribution. This distribution is very compara-
ble to the experimental phase space distribution although the experimental data
is dominated by combinatorial background being a factor 100 larger than the Σ0

signal.
Furthermore, the coverage around the mid-rapidity region of y = 0.82 is a

large advantage of this measurement. While most of the statistics is aroundmid-
rapidity with transverse momenta around pt = 400 − 800MeV/c, the coverage
reaches up to pt = 1500MeV/c with a rapidity range of 0.15− 1.5.
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(a) Σ0 candidates from experimental data
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(b) True Σ0 signal from simulation

Figure 6.5: Phase space coverage of the reconstructed Σ0 candidates. For experi-
mental data (left) a mass cut of ±1σ around the nominal PDG mass is used for all
Λγ pairs is shown in this figure. In the experimental data (left), the background is
still included while the figure on the right shows the true signal distribution extracted
from simulation.

6.2 Λe± Analysis

The most crucial part of the Σ0 analysis in the Λe± channel is the low energy of
the γ or virtual photon in case of a Dalitz decay, which splits into the energies
carried by both daughter leptons. In chapter 4.8, the detector acceptance bor-
ders of electrons and positrons were introduced. They differ in particular for low
momenta, thus restricting the reconstruction sensitivity of the e+e− pair from γ
conversion or γ∗ decay, respectively. In figure 6.6 the kinematics are visualized
by utilizing the simulation of photons which originate from Σ0 decays.
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Figure 6.6: Momentum distribution of the γ (mother) and conversion partner
(epartner) from simulations versus the momentum of reconstructed single leptons
from Σ0 decays in simulation. More details are written in the text.
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In both plots, 6.6a and 6.6b the momentum of a reconstructed single lep-
ton from a Σ0 decay is plotted on the x-axis independent on its electromagnetic
charge or any information on the Λ baryon. On the y-axis of the left plot, the true
momentum of the mother (γ) is displayed. On the right side, the momentum
of the partner lepton momentum is shown independent on being reconstructed
or not. In both cases the momentum thresholds for the different charges are
visible for the reconstructed leptons as acceptance edges around 40MeV/c for
positrons and 80MeV/c for electrons. Most reconstructed leptons obtain a mo-
mentum around 100MeV/c, with only marginally larger γ momentum. This re-
sults in a missing partner leptonmomentum of less than 20MeV/c in most cases.
Obviously, the energy of the γ is distributed very asymmetrically to the two lep-
tons, since only in this case, at least one lepton can be reconstructed.

This leads to the following two conclusions: Selecting the lepton only via the
amount of reconstructed Cherenkov photons in the RICH will reduce the statis-
tics significantly due to the Cherenkov threshold of pe ≈ 10MeV/c. Secondly, the
partner lepton can be neglected anyway, since its influence is comparably small.
The Σ0 reconstruction using RICH information for the γ reconstruction is thus
reduced to a Λe+ and Λe− pair analysis 1. Both cases will be analyzed.

Figure 6.7 shows the sum of all Λe+ and Λe− pairs for same events, event
mixing and the remaining spectrum after background subtraction. No clear sig-
nal can be seen around the expected mass of mΣ ≈ 1190MeV/c2 due to statis-
tical fluctuations and a dominant undershoot for small invariant masses around
Minv(Λe

±) = 1150MeV/c2. Still already in this spectrum, a slight hint of a possible
Σ0 signal is seen. The lepton charge separated spectra of Λe+ and Λe− are visible
in appendix A.10. In the following section, some studies are presented in order
to improve the significance of the Σ0 signal using additional selection criteria on
the lepton and the Λ lepton pair kinematics. Theses studies are based on simula-
tions ofΣ0 baryons embedded in real data as described in section 5.5, for realistic
background depiction. Properties, like especially kinematics of the lepton or Λe
pair can be compared between “signal”, i.e. the simulated Σ0, and data in- and
excluding the signal, i.e. Λe pairs from same events or event mixing.

Figure 6.8 shows the lepton momentum distribution from simulated Σ0 em-
bedded in experimental data for the simulated signal Σ0 in black, the remaining
same event Λe in red and the mixed event Λe pairs in blue. The lepton momen-
tum distributions from mixed events is slightly larger than the one from same
events, in particular for low momenta. This is a result of the fact, that the event
mix includes the non negligible number of leptons from the embeddedΣ0 signal.
This fact, however has no influence on the result but is just a minor flaw.

While the left side (figure 6.8a) contains the leptons from all possible Λe com-
binations, the right side only takes those with Minv(Λe) < 1200MeV/c2 into ac-
count, which changes the shape of the normalized distributions. As known al-

1The attempt of reconstructing both partner leptons does not result in any reconstructed
Λe+e− formation around the nominal PDG Σ0 mass due to the phase space restrictions and thus
can not be used at all.



CHAPTER 6. Σ0 RECONSTRUCTION 112

1150 1200 1250 1300
]2) [MeV/c± eΛ (invM

0

2

4

6

8

310×

)]
-1 )2

C
ou

nt
s 

[(
6 

M
eV

/c

HADES Ag+Ag 0-40 %

 -nan±Integral: -nan 

2 1.4) MeV/c±: (0.0 µ
2 1.4) MeV/c±: (0.0 σ

Data

S/BG: -nan %

Significance: -inf

Same event
0ΣSignal 

Mixed event

1150 1200 1250 1300

]2) [MeV/c± eΛ (invM

0.2−

0.1−

0

0.1

0.2

310×

)]
-1 )2

C
ou

nt
s 

[(
6 

M
eV

/c

HADES Ag+Ag
=2.55 GeVNNs

0-40%

Data
3 10⋅): -nan σIntegral (2

2 1.4) MeV/c±: (0.0µ
2 1.4) MeV/c±: (0.0σ

S/BG: -nan %
Significance: -inf

Figure 6.7: In the upper plot shows the invariant mass of all Λe± pairs as described
in the text from the same events in black, the mixed events in blue and the remaining
signal spectrum after subtracting the background. Mixed events were scaled to the
same events using the sideband method. In the lower plot, the signal is shown more
precisely.
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Figure 6.8: Dependency of lepton momentum of the Λe pairs from different
sources, extracted from data and Σ0 simulations embedded in data. Additional
information is written in the text.

ready from figure 6.6, lepton momenta for the Σ0 are rather low. However, a
restrictive upper cut on the eΛ pair mass as suggested by figure 6.8 would signifi-
cantly influence the leptonmomentumdistribution andbackground subtraction.

Thus a lower cut is used, rejecting lepton momenta below 100MeV/c. With
this cut the low momentum leptons which mostly contribute to the background
as seen in figure 6.8b are cut off.

In addition to a selection on the lepton momentum, pair correlation cut is
induced in form the opening angle α between the Λ and the lepton. Figure 6.9
shows the opening angle distribution α forΛe pairs from signal and background,
also for all invariant masses (a) and those with Minv(Λe) < 1200MeV/c2. Obvi-
ously, Λe pairs from Σ0 baryons have lower opening angles. Thus a cut α < 40◦

will be applied.
Furthermore, an influence of the lepton charge is investigated. For the sig-

nal yield, 64.6% of the Λe pairs arise from negatively charged electrons, while for
backgroundpairs, only 54.0% are formedby aΛe−. When constraining the invari-
ant mass of the background pairs to the signal region, still only 58.0% contain an
e−, which is still significantly below the signal yield. Obviously there is a charge
inbalance in signal compared to background, after the pe− > 100MeV/c selection,
simulations show twice the efficiency for electrons compared to positrons and
thus, deduced from this observation, only Λe− spectra are shown. The spectra of
Λe+ and the combined Λe+ + Λe− are displayed in appendix A.11.
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Figure 6.9: Dependency of the Λe opening angle of Λe pairs from different sources,
extracted from simulated Σ0 embedded in experimental data and simulations em-
bedded in data. Additional information is written in the text.

Selection on Amount of Reconstructed Cherenkov Photons

As discussed, the Λγ analysis is reduced to an analysis of Λe− pairs. However,
although themissing lepton partner will not be reconstructed due to its littlemo-
mentum, it might have left a trace of Cherenkov photons in the RICH, Due to the
small opening angle of the e+e− pairs from photon conversion, but partially also
from Dalitz decays, a second ring should be visible in close vicinity. The identifi-
cation of the lepton is explained in detail in chapter 4.9. However, this ansatz is
challenging here due to the Cherenkov threshold of 10MeV/c for leptons.

Figure 6.10 displays the amount of reconstructed Cherenkov photons around
the RICH ring of the identified lepton without applying the lepton momentum
cut of 100MeV/c, nor the opening angle cut to the Λ. A double Gaussian peak
structure is visible, indicating single and double rings. As pointed out in chap-
ter 2.2.3 the HADES RICH upgrade allowed for separation of conversion and non
conversion e+e− by distinguishing these two Gaussian distributions.

The distributions show slight enhancement of leptons from Σ0 compared to
background at small values ofNACals, thus no cuts will be applied here, except the
loose removal of rings withNACals > 40 for the reasons described in section 4.9.

To summarize, only electrons with a total momentum of pe− > 100MeV/c are
taken into account which also have an opening angle α < 40.0◦ to theΛ candidate
pointing vector. The selection on the amount of reconstructed Cherenkov pho-
tons in the RICH is only used very soft by removing all rings with more than 40
reconstructed Cherenkov photons in vicinity of the ring, to remove blobs which
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Figure 6.10: Number of reconstructed Cherenkov photons in the RICH around the
ring of the reconstructed lepton in the Λe pair for different sources, extracted from
simulated Σ0 embedded in experimental data. Additional information is written in
the text.

were mentioned in chapter 4.9. Even with separation power available in the
amount of reconstructed Cherenkov photons around the ring in the RICH, the
loose cut is chosen, due to the already small statistics to optimize the significance.

In figure 6.11 the resulting invariant mass spectra for same events, mixed
events and the remaining signal spectrum after background subtraction are
shown. Again, the side band method is utilized, normalizing to the invariant
mass ranges of 1200MeV/c2 < Minv(Λe) < 1250MeV/c2. An enhancement in the
Σ0 mass region is clearly visible. Figure 6.13 shows the signal spectrum only.

The signal can be fitted with a Gaussian to extract the measured Σ0, alterna-
tively the yield can be extracted summing the entries in the 2σ region around
the center. About 420 Σ0 are measured, however with large statistical uncertain-
ties. The agreement of counting the entries of the histogram and integrating the
Gaussian of 3% is surprisingly good, even though we would not expect a sym-
metric Gaussian. The statistical uncertainty of the signal is 28.8% and therefore
the resulting significance is only 2.8. Thus, the conversion results are finally only
taken into account for a validation of the Σ0 production yield extracted after full
efficiency and acceptance correction in the Λγ analysis. The shape of the signal
distribution in experimental data is similar to the results which are obtained in
simulation (see figure 6.13). No strong asymmetry of the peak is observed, which
could be induced as bias from only analyzing Λe pairs instead of the full decay
mode Λe+e−.
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Figure 6.11: Invariant mass of all Λe− pairs after cuts as described in the text
from the same events in black, the mixed events in blue and the remaining signal
spectrum after subtracting the background in red. Mixed events were scaled to the
same events using the sideband method.
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Figure 6.12: Invariant mass of all Λe− pairs after background subtraction. A
Gaussian distribution is fitted to the signal.
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In addition to the already low statistics, the signal extractionmethod in simu-
lation is highly systematically dependent from the choice of the side band region,
while onlyminor dependency exists in experimental data. In simulation, this be-
havior results in a reduced amount of reconstructed signal counts, compared to
the true yield which is extracted with Monte-Carlo information by almost 30%,
rather independent on the applied cuts. In the simulation with embedded Σ0,
the signal yield is rising by 62%with a simultaneous reduction of the background
by a factor of ≈ 3 when comparing the blue curves in figures 6.13 and 6.12. The
extracted signal structure is fittedwith aGaussianwhich delivers very similar dis-
tribution width σexp = 9.1±2.7MeV/c2 in experimental data and a corresponding
width of σsim = 10.4 ± 1.2MeV/c2 in simulation which is consistent within the
errors. The mean of the Gaussian distributions of µexp = 1188.3± 3.5MeV/c2 and
µsim = 1180.0±1.4MeV/c2 differ slightly larger than the expectedfit uncertainties,
which is explained by the large statistical uncertainties of the fit in experimental
data in addition to the fact of an asymmetric signal yield shape and a resulting
discrepancy in order of half of the bin width. Overall the statistical uncertainty
of 28.6% is in the same order as the systematic uncertainty of 50%, which is ex-
tracted by comparing the influence of the charge selection in simulations and
data as well as the induced signal yield extraction error compared to the MC true
yield A.9.

6.2.1 Test of Λe Analysis in p+p Data

In February 2022 HADES measured p+p collisions at kinetic beam energy of
Ekin = 4.5AGeV. As the Λe analysis for Σ0 reconstruction was newly developed
for this work, these p+p data were briefly analyzed as proof of concept for this
method. The p+p data offer the advantage of higher energy thus larger produc-
tion cross section and lower background. A sub sample of 15.4 · 109 events was
analyzed. The hadron and single lepton selection is exactly the same as for the
Ag+Agdata. The same loosepreselection for theΛ anddescribed in section 5. The
cut of the machine learning evaluation is neglected here, since its not required
for a good signal to background. No opening angle cut nor a minimal leptonmo-
mentum is required for the Λe pair selection. With less background and higher
energies, it is worthwhile checking the hits around the selected Cherenkov ring
again. The influence of this cut is thus easier to study here.

Figure 6.14 shows the amount of reconstructed Cherenkov photons versus the
Λe invariant mass for the measured p+p collisions from 2022. The horizontal
line represents the minimum between the two Gaussians, which is usually used
as separation for single leptons from conversion leptons (see section 4.9). The
vertical line represents the PDG mass of the Σ0 baryon. Two bands of detected
Cherenkov photons are seen, one for single, one for double rings at 16 and 28
hits, respectively. The maximum close below the PDGmass of the Σ0 indicates a
peak as also seen in figure 6.15. These data allow to selectΛe but also presumable
Λe+e− pairs by cutting on single or double rings.
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Figure 6.14: Representation of the amount of reconstructed Cherenkov photons
around the lepton ring against the invariant mass of the Λ lepton pair for the p+p
data from 2022.
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of Cherenkov photons in the RICH. Additional information is written in the text.
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While the blue distribution has a narrow peak close to the PDGmass, the red
distribution is shifted towards smaller masses and also broadened. The reason
of the narrow peak for selected singe rings is the following: Only e+ and e− with
pe > pThr

Che ≈ 10MeV/c produce Cherenkov photons under the assumption that the
partner lepton has a momentum below this threshold only a single ring is seen.
Neglecting the low energy leptons does influence the overall invariant mass cal-
culation only mildly. The opposite case arises for the red distribution, where the
partner lepton due to the double ring structure is assumed to have a non negligi-
ble pe > 10MeV/c and thus would change the invariant mass of the Λe+e− more
significantly. This glimpse into the p+p data clearly shows the great opportunity
for more detailed Σ0 studies even in view of a possible Dalitz decay. This topic is
currently investigated in more detail [206].

Applying a strict NACals cut of NACals > 18 to the Ag+Ag data is reducing the
significance, but show the expected change in the signal shape in data and simu-
lation as depicted in appendix A.12.

6.3 Systematic Uncertainty Estimation

An uncertainty estimation of the Σ0 yield is performed regarding statistical and
systematic uncertainties. Uncertainties in the raw signal count, which are from
statistical nature, arise from the limited amount of same events and mixed Σ0

candidates.
Possible systematic uncertainties can be introduced at various analysis steps:

• Systematic uncertainties in the raw signal count extraction are estimated by
using various event classifications during the event mixing, varying the bin
width, comparing the Gaussian fit yield to the counted signal sum, dividing
the sample in different sub-samples and the most crucial aspect, the size
and position of the side bands ( see sections 6.3.1 and 6.3.2).

• Comparing different cut sets for estimation of quality of the efficiency cor-
rection (see section 6.3.3).

• The additional data driven γ efficiency correction is handled separately by
correcting with leptons with different observables in the electromagnetic
calorimeter, namely the incoming angle, its energy resolution and path
length through the cell (see chapter 7.2).

• Due to the limited statistic of reconstructed Σ0, no differential analysis is
possible, and thus the extrapolation for a full phase space yield relies on
the multi differential Λmeasurement, performed in chapter 5.4. The same
phase space distribution is assumed for the Σ0.

Overall the mentioned uncertainties are uncorrelated. Thus, the quadratic
sum of the different uncertainty sources is calculated (equation 6.2) for the esti-
mation of the total uncertainty.
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∆Σ0 =
√
∆2

stat +∆2
sys (6.2)

The systematic uncertainty is calculated as in formula 6.3.

∆sysΣ
0 =

√
∆2

raw +∆2
Λ +∆2

extra. +∆2
γ,sim +∆2

γ,data (6.3)

The uncertainty of the raw signal is∆raw = 5%. No influence of the bin width
and event classification for the event mixing was found, however width and po-
sition of the side bands influence the raw signal due to the small signal to back-
ground ratio (see section 6.3.2). The uncertainty of the Λmultiplicity was calcu-
lated in chapter 5.4 to be 7%. Importantly, the phase space distribution in pt and
ywasmeasured and parameterized. The same distribution is assumed for theΣ0.

The efficiency correction in chapter 7 is performed as (ε×a)Σ0 = (ε×a)Λ ·(ε×
a)γ. A difference of the acceptance for the photon of the Σ0 decay in all events
compared to events with a Λ baryon being in acceptance, results in a systematic
deviation of∆extra. = 4.8% ≈ 5%.

The by far largest uncertainty results from the photon efficiency calculation.
The correction from simulation ∆γ,sim is calculated by a variation of the energy
cut value for the photons. On the other hand, all detector instabilities in over
the beamtime and timing calibration are calculated from a data driven efficiency
correction correction and calculated to be∆γ,data = 20%.

This is by far the largest uncertainty (see section 6.3.3) and estimated by small
variations of the data driven β-cut corrected Σ0 yield as well as variations of the
β-cut efficiency estimation method. Those estimations lead to an overall relative
systematic uncertainty of ∆sysΣ

0 = 22.0%, combined with the statistical uncer-
tainty, the total uncertainty amounts to∆totΣ

0 = 24%.

6.3.1 Subsample Analysis

The following plots display the signal after dividing the data sample in two sub-
samples. In the first case, the sample is divided into forward and backward ra-
pidity, which is always stated with respect to the mid-rapidity at y0 = 0.822.

The separation in terms of rapidity results in the plots in figure 6.16 and figure
6.17. The combined Σ0 yield of the sub-samples ofNraw = 4.58 · 103 + 3.66 · 103 =
8.24·103 is less than 1% larger than the yield extracted from the combined sample
in figure 6.4.

The same statement holds true for the separation in two randomsub-samples.
Those resulting spectra are shown in figure 6.18 and figure 6.19. In addition to the
total yield, also the parametrization of the Gaussian fit to the signal is compared
in table 6.1.

All parameters extracted from the sub-samples are consistent within uncer-
tainties to the spectrum using all events. Several random subsets were analyzed
without qualitative differences, while the plotted subsets are representative for
all studies.
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Figure 6.16: Signal extraction when only backward rapidity is taken into account.
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Figure 6.17: Signal extraction when only forward rapidity is taken into account.
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Figure 6.18: Signal extraction of random subset one.

Data sample Yield [103] µ [MeV/c2] σ [MeV/c2]
All events 8.15 1188.9±2.0 15.2±1.8
Backward rapidity 3.66 1191.4±2.8 12.6±2.8
Forward rapidity 4.58 1185.9±2.9 18.8±3.2
Subset 1 3.64 1189.3±2.8 13.8±2.4
Subset 2 4.50 1188.3±3.1 17.3±3.2

Table 6.1: Comparison of the Gaussian fit to the Σ0 signal for different sub-
samples.
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Figure 6.19: Signal extraction of random subset two.

6.3.2 Normalization Ranges

The most crucial aspect of the extraction of the raw signal yield is the choice of
the sideband width during the normalization procedure of the mixed event Λγ
spectrum.

Due to the small invariant mass range measurable below the Σ0 mass, the
left side band can not be varied and stays the same. The parameters of the left
sideband are SB1

L = 1130MeV/c2 and SB2
L = 1145MeV/c2. The right sideband is

variedwhere a summary plot showing relative changes is displayed in figure 6.20.
The error bars represent the statistical uncertainty, obviously deviations are

within the statistical uncertainty. The side band width is rising with each varia-
tion, including higher invariantmasses for the normalization. Variation six is the
same as the nominal sideband configuration with values of SB1

R = 1235MeV/c2
and SB2

R = 1290MeV/c2. The 10% rise starting at variation eight is correlated
with the statistically fluctuating bin aroundMinv(Λγ) = 1300MeV/c2. The same
behaviour is shown in more detail in figure A.18. The systematic uncertainty of
the raw counts is thus estimated to not exceed more than 300 counts (i.e. 3.7%),
compared to the standard value, displayed as horizontal line in figure 6.20. The
resulting relative uncertainty of∆NSB/N = 0.037 ≈ 4% is therefore used for the
total uncertainty estimation from background subtraction.

6.3.3 Variation of γ Selection Cuts

This section deals with the consistency of the γ selection and its influence on
the total Σ0 yield extraction after efficiency correction. As will be explained in
chapter 7.2, the uncertainty of the efficiency correction for the photon selection
criteria depends strongly on the timing calibration of the ECal cells, the corre-
sponding uncertainty is σexp

β = 20%.
In addition, variations of the energy and the calculated velocity cut are per-

formed in this section to estimate additional uncertainties, arising from these
values. Results of the Σ0 yield relative to the nominal conditions when varying
the minimum energy of the clusters are depicted in figure 6.21. All values were
calculated by keeping all other cuts the same, and only scanning the selection
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Figure 6.20: Σ0 raw yield relative to the one using standard values for a variation
of the ranges of the right sideband. This is dominating the influence on the total
yield. More details are written in the text.

criterion of the minimal energy in experimental data and the simulations which
were used to extract the efficiency correction. Around Eγ = 120MeV, only half
of the statistics in the signal is left, which leads to strongly increasing statisti-
cal uncertainty. When increasing the minimal energy cut, the signal extraction
gets more challenging due to the small statistics and large background. Thus,
the systematically decreasing values for Eγ > 100MeV lack on overall precision,
which leads to an overall estimation of the uncertainty by energy variation of
σsim
Eγ

= 10%.
The influence of the β cut on the γ candidate clusters is extracted in the same

way: The cut is changed in data and simulations accordingly, to correct proper
efficiencies, also from the data driven correction.

The systematic change of the total yield with respect to the standard cut set
of |βmeas − βexpected| < 1σ is displayed in figure 6.22. Only β-cut values up to 1.2σ
were taken into account, due to the strongly rising contribution of background,
i.e. neutrons and other undetected hadrons.

In fact, the total yield does not change systematically when varying the β-cut.
This underlines the stability of the β efficiency correction. In particular the data
driven correction is verified by these results. Estimated yield around the nominal
standard selection of 1σ are only very slightly reduced compared to the standard
selection set.
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Figure 6.21: Variation of the minimal energy of the cluster in the electromagnetic
calorimeter and the relative Σ0 resulting yield after efficiency correction. More details
are written in the text.

In particular for strict β-cuts the statistical uncertainties grow significantly
and the ratio of N corr

var /N
corr
org is fluctuating with increasing uncertainty. This eval-

uation of the β cut consistency is performed for ensuring the overall uncertainty
of the β cut to not exceed the systematic uncertaintieswhich arise by the different
lepton sample choice for the efficiency estimation, which lead to an uncertainty
of 20% and dominated the total uncertainty of this analysis as described in detail
in chapter 7.2.
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Figure 6.22: Variation of the timing of the cluster in the electromagnetic calorime-
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written in the text.
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CHAPTER 7
Efficiency Correction

7.1 Σ0 Efficiency Determination

For the correct multiplicity estimation, the acceptance and efficiency of the Σ0

reconstruction are estimated by Monte-Carlo simulation in the same way as for
the Λ baryon in chapter 5. In comparison to the Λ baryon, the statistics of the
reconstructed Σ0 baryon candidates is far below the Λ candidate statistics. Thus,
theΣ0multiplicity can only be determined integrated over thewhole phase space
region. The overall efficiency is defined as εΣ0

(pt, y) = εΣ
0

rec(pt, y) × accΣ
0
(pt, y) =

NΣ0

rec(pt, y)/N
Σ0

input(pt, y). The acceptance is defined as the product of the accep-
tance of theΛ and the γ: accΣ0

(pt, y) = accΛ(pt, y)×accγ(ϕ, θ). The reconstruction
efficiency εΣ0

rec(pt, y) is defined as εΣ
0

rec(pt, y) = NΣ0

rec(pt, y)/N
Σ0

acc(pt, y).
The following distributions show the response of the detector from embed-

ding thermal Σ0 into real data, as it was already used for the Λ baryon effi-
ciency correction with a temperature of T = 105MeV and vanishing blast, polar
anisotropies and flow. All selection criteria are included, besides the β- cut on
the γ selection due to the large deviations between experimental and simulated
response of low energy γ in the electromagnetic calorimeter. Therefore the fol-
lowing chapter is explaining the determination of additional correction factor εβ
which is extracted from leptons in a data driven approach.

7.2 ECal γ Efficiency Determination

The selection cuts for photons cluster size, polar angleϑ, energy and cluster-track
matching quality are corrected for using the same cuts in simulation. The β- cut
however, as it can be seen in section 4.7 is not well reproduced in the simulations.
Thus, a data driven correction is applied. In simulations, the timing resolution
of the ECal is independent on the deposited energy and does not suffer from any
instabilities within the beamtime and calibrations like the time walk correction.
Therefore extracted efficiency values are not reproducing reality. Thus, all fol-
lowing efficiency values are purely extracted from experimental data which also
has the advantage to include losses due tomissing hardware for certain periods of
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time. Two differentmethodswill be described to calculate the efficiency and esti-
mate the uncertainties. Bothmethods rely on additional information provided by
leptonswhich behave very similar to photons in the electromagnetic calorimeter.

Approach via Lepton Efficiency

Electrons are perfect probes for testing the response of the electromagnetic
calorimeter, since the signals of electrons, positrons and photons are indistin-
guishable in the ECal. For this reason, leptonswere used for the calibration of the
detector and thus can be utilized to determine the efficiency. Therefore a sample
of electrons was selected by the default lepton selection criteria (see section 4.8),
which take the response of the MDCs, the META detector and most importantly
the hadron blind RICH into account. Since the RPC is located directly in front of
theECal, only leptonswhich obtain their timing from theRPCwereused, neglect-
ing leptonswith time of flight,measured by the ToF. From this sample, only those
leptonswhich have amatched ECal clusterwithin a 2σ deviation from the Runge-
Kutta extrapolation are used further. For this data driven efficiency correction,
it is important to take the whole data set into account to avoid time dependent
fluctuations of the efficiency and really obtain the integrated value for the data
which was analyzed.

In addition, those ECal clusters have to fulfill all selection criteria which are
applied for the photons, besides obviously neglecting the track-matching and the
velocity selection.
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Figure 7.1: Reconstructed β of leptons in the electromagnetic calorimeter with
respect to their momentum, separately shown for electrons and positrons. The
lepton selection criteria are written in the text.

In figure 7.1 only leptons are plotted for which an additional Λ candidate was
reconstructed in the event, to be as independent from any angular emission as
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possible. The distribution was compared to a distribution where no additional Λ
was requested. No significant deviation from each other is seen.

Obviously, the distributions differ quite substantially for electrons compared
to positrons. Besides the different acceptance borders, which allow for positron
reconstruction down to p ≈ 70MeV/c but for electrons down to p ≈ 110MeV/c
only, the β distribution is looking rather flat. However, an increase of β with
momentum is visible for positrons.

This behavior is based on the timewalk calibration, whichwas used for the ex-
perimental data andwhich is still imperfect for the analyzed data set fromMarch
2019. Possible improvements which will be used for further collected data are
described in appendix B.6.
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Figure 7.2: Reconstructed β of photon candidates in the electromagnetic calorime-
ter with respect to their energy. Selection criteria as described in the text.

The increase of β with increasing deposited energy in the electromagnetic
calorimeter is also visible for γ candidates as displayed in figure 7.2. Here the
standard photon selection from chapter 4.7 applied, besides neglecting the en-
ergy cut. The distribution is looking similar to the distribution of positrons, but
due to the enhanced background in the γ sample compared to the lepton sample,
the widths represented as the error bars are slightly larger for the γ sample.

The distribution of positrons and photons which are extracted from experi-
mental data are overlayed in figure 7.3.

The deviations from β = 1 for photonswhich are caused by the imperfect time
walk correction are large for small energies below 100MeV. For large energies β
values for photons are rising linearly. Both distributions are in reasonably good
agreement for the energy regime of the γ which origin from Σ0 decays. Their re-
constructedmean energy is indicated as green line. Due to the larger background
contribution in the γ sample, the distribution widths are larger for photons com-
pared to the lepton sample. As the lepton sample is more pure, those β values,
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Figure 7.3: Comparison of the positron and photon energy dependency of β in
the ECal. The γ distribution in red is shifted by half a bin to smaller values for
visualization purposes of the width. The black arrow indicates the total region of
accepted photon candidates for the final Σ0 reconstruction.

mean and width are used for efficiency corrections. In both cases, the resolution
is decreasing with decreasing energy.

The efficiency is estimated by applying this β cut on the sample of selected
positrons and calculating the loss according to the width of the β distribution.
The resulting energy dependent efficiency is shown in figure 7.4, the β cut on data
from the electromagnetic calorimeter is applied on a lepton sample. Herby the
leptons have to fulfill all criteria as mentioned in chapter 4.8. While the black
distribution shows lepton efficiencies for those fulfilling the previously men-
tioned standard lepton selection criteria, the red distribution includes a more
strict lepton selection, requesting matching qualities to be on the highest level:
χ2
RICH < 1.5 ◦, χ2

RPC < 1.5σ and χ2
ECal < 1.5σ, which provides very clean lep-

ton sample while minimizing any contributions of mismatches. For both cases,
only leptonswhich obtain their time of flight information from the RPC are taken
into account. The distributions are fitted with a polynomial of fourth order.
The mean energy of the γ from Σ0 decays which pass all selection criteria, is
at Eγ = 125MeV and is represented as green vertical line. While at low energies
the distributions for the two scenarios are very similar, more strict cut on the lep-
ton sample results in a larger efficiency for high momenta. This hints to a back-
ground contamination for the lepton sample at larger energies starting around
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Figure 7.4: Efficiency estimation of the β selection of the photon candidates in
experimental data, extracted from leptons. More details are written in the text.

500MeV/c 1.
The β calculation itself is also subject to errors. In particular, the path is not

straight from the vertex, unlike the photons. Differentmethods of the path length
calculations for e+ and e− (see below) change β and thus change the efficiency of
the β-cut by 2%. A further uncertainty stems from the path calculation within
an ECal cell. In particular for the inner cells, leptons enter not perpendicular
to the outer surface but under an angle due to the bending from the magnetic
field. This thus might influence the response of the ECal cell. Detailed analysis
regarding the track length discrepancy were presented earlier [207].

The largest uncertainty, however is determined by the imperfection of the
background description of the β cut window using photons as described in chap-
ter 4.7 and thus possible shifts within the timing spectrum as well the differences
in total path length of leptons and photons. Those uncertainties can not be dis-
tinguished further and lead a relative combined uncertainty of 20% of the photon
β efficiency.

The removal of the path length differences of e+ and e− and thus also from
the photons are performed via comparison of the width of the beta distribution
σ which is extracted for different energies in figure 7.5.

Using the fact that leptons and photons behave the same in the ECal, we can
use well defined leptons to quantitatively describe the energy dependence of
the timing resolution. For a high purity, only leptons with a RICH matching of
RM < 1◦ are taken into account. In addition, only leptons are taken into account
where the extrapolated path length of the lepton within the ECal glass module is
larger than L > 100mm to avoid distortions from bended leptons contributing

1Traversing hadrons deliver an energy deposit of around 500MeV/c, independent on their
energy.
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Figure 7.5: Timing resolution of the ECal in percent expressed as (β − 1). Plots
are shown for e+ in dependence on their momentum.
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to several cells. As visible in figure 7.5, this selection combined with the lim-
ited ECal acceptance of only two sectors, features only limited statistics, but the
background suppression is outstanding. The purity of the positron sample ex-
ceeds 99% and is the main advantage for this method. Additionally, this method
is independent on the ECal energy calibration since the momentum of the lep-
tons is obtained by tracking provided by theMDCs. The agreement between ECal
and tracking is requested to be |pMDC

e −EECal
e |/pMDC

e <20%. Figure 7.5 shows the
dependence of the time resolution of the positrons on their momentum. The
picture in the top row on the left displays the correlation in 2 dimensions, while
the following figures are projections on the timing resolution axis in steps of
∆p=40MeV/c. The resulting energy dependent width of the timing resolution is
shown in figure 7.6.
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Figure 7.6: The timing resolution of the electromagnetic calorimeter for e+ and e−

in dependence on their momentum, which was measured by tracking in the MDCs.
The positron acceptance reaches to lower momenta.

In addition to the e+, also e− are fitted with the same procedure and deliver a
similar behaviour of the timing resolution. The major difference is the missing
acceptance for low energy electrons, which results in missing data below p =
165MeV/c.

The advantage of this method is the independence on any systematic shift in
the β calculation caused by imprecise calibration or track length calculations for
the distance of curved tracks in between the RPC and the ECal. For this reason,
the width of e+ and e− show the same trend and allow a comparison of the width
for the energy above 500MeV for e−, e+ and photons. Since the methods allows
charge independent time resolution evaluation, it is used to extract the resolution
at E= 125MeVwhich is the mean photon energy for the reconstructedΣ0 yields:
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R =
f e+

res(125MeV/c)

f e+
res(500MeV/c)

/
f e−
res(125MeV/c)

f e−
res(500MeV/c)

= 0.997 (7.1)

As this ratio is remarkably close to 1, this hints to a good understanding of
electrons and positrons, in particular of impact of the different track length of
them between RPC and ECal.

Figure 7.7: Theoretical prediction of the efficiency of 125MeV photons by calcula-
tion from the energy dependent β resolution which was extracted from the leptons.

In figure 7.7 the black points are a generated data sample showing the β dis-
tribution of leptons of p=500MeV using the timing resolution extracted before.
The red spectrum represents the β distribution at p=125MeV. The vertical dashed
lines represent the 0.5σ, 1.0σ and 1.5σ regions of the black distribution. Applying
those fixed criteria to the spectrum also at p = 125MeV delivers a β cut efficiency
of εβ = 0.40 for a 1σ cut which is the very close to the efficiency calculated from
figure 7.4.

7.3 Results

The superior aim of this analysis is the extraction of theΣ0 baryonmultiplicity at
themost central Ag+Ag collisions at a center of mass energy of√sNN = 2.55GeV,
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corresponding to a kinetic beam energy of 1.58AGeV. Due to the similarity of Σ0

and Λ, many systematic uncertainties of the Σ0 multiplicity estimation can be
neglected when the ratio RΛ/Σ0 = Λ/Σ0 is inspected. Several transport mod-
els expect the phase space distribution of Λ and Σ0 to be very similar. Thus, all
model dependent phase space distribution uncertainties of the Λ and Σ0 cancel
out which leads to the following equation for the efficiency and acceptance cor-
rected ratio of Λ/Σ0:

NΛ

NΣ0

=
NΛrec

NΣ0
rec

εΣ0

εΛ
(7.2)

The efficiency always consists of the reconstruction efficiency and the over-
all acceptance ε = εrec × acc. The Σ0 efficiency itself can be expressed as the
efficiency of the Λ baryon and the γ efficiency εγ which itself consists of the ac-
ceptance, the reconstruction efficiency from the simulation and the additional
efficiency of the β cut which is extracted from experimental data. Obviously the
main efficiency correction stems from the photon, since all other efficiencies
cancle out.

εγ = accγ × εrecγ × εβγ (7.3)

By this definition, the overall Σ0 efficiency can be expressed as

εΣ0 = εΛ × εγ = accΛ × εrecΛ × accγ × εrecγ × εβγ (7.4)

with the following relation
εγ =

εΣ0

εΛ
(7.5)

Including all this in equation 7.2, the finally used formula reads

NΛ

NΣ0

=
NΛrec

NΣ0
rec

εγ (7.6)

This assumption holds true with only small uncertainties of 4.7%when com-
paring the acceptance of photons with the acceptance of photons when the Λ is
required to bewithin the detector acceptance as well. In this work εΛacc

γ was used.
The nominator NΛ refers to the amount of Λ baryons which are used for Σ0 re-
construction. This excludes all Λ candidates with a reconstructed mass below
Minv(pπ

−) < 1110MeV/c2 as well as all candidates withMinv(pπ
−) > 1120MeV/c2

which corresponds to roughly 2σ of the Λ invariant mass distribution being
purely dominated by detector resolution. For the amount of reconstructed NΣ0,
the estimated signal in the Λγ spectrum within a 2σ region around the mean is
taken into account. This leads to an additional correction of 4.8% to correct from
2σ to a total integrated value.

As final calculation of the Λ to Σ0 ratio we end up with

NΛ

NΣ0

=
3.12 · 106

8.19 · 103 · 1.048 · 0.028 · 0.40 = 4.2± 0.9 (7.7)
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This number of course includes all Λ from Σ0. Being interested in a ratio
which distinguishes between Λ generated as such “at freeze out” and those from
Σ0 decays, the following is done:

After extracting theΣ0multiplicity and the integrated ratio ofNΛ/NΣ0, theΛ to
Σ0 ratio at freeze-out is calculated by subtracting all reconstructed Λ candidates
which originate from the Σ0. This is providing the largest Λ contribution from
feed-downcompared to other sources atHADES energies around theΛ threshold.
By this consideration the freeze-out ratio Rf.o.(Λ/Σ

0) is calculated by

Rf.o.(Λ/Σ
0) =

Λ− Σ0

Σ0
= R(Λ/Σ0)− 1 = 3.2± 0.7 (7.8)

This ratio is compared to theoretical model predictions from transport mod-
els and statistical model approaches in chapter 8. In combination of the Λ/Σ0

ratio and the precise multi differential Λ multiplicity extraction in chapter 5.4,
the Σ0 multiplicity can be extracted for the most central 0-40% Ag+Ag collisions
as

M(Σ0) =M(Λ)/R(Λ/Σ0) = (0.014± 0.002stat. ± 0.004sys.)/Event (7.9)

This method provides a multiplicity estimation, which is robust to model de-
pendent phase space distributions. As pointed out in section 6.3, the differences
induced by this phase space distribution is smaller 5%. This is evenmore impor-
tant since the generated PLUTO phase space distribution, e.g., differs substan-
tially from the transport models as shown in figure 7.8.

Those differences in rapidity clearly show the necessity of the multi differen-
tial phase space analysis of the Λwhich is taken into account for all Σ0 multiplic-
ity estimations 2. In addition, the extracted result is in good agreement with the
measurement in the Λe− channel, which due to the large statistical and system-
atic uncertainties delivers only a rough estimate ofM(Σ0) = (0.010 ± 0.003stat ±
0.006sys)/Event.

This analysis presents thefirstΣ0 production rate inheavy ion collisions at low
energies, in particular even below the corresponding nucleon-nucleon produc-
tion threshold. The measurement thus provides insight in additional medium
modifications and multi step processes in heavy ions collisions which differs
from the available measurements from Σ0 production in p+p collisions.

2The PLUTO Σ0 distribution was generated without additional blast, which results in a more
narrow rapidity distribution
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Figure 7.8: Rapidity distribution of the generated Σ0 from different simulation
models. The PLUTO distribution which is used for the embedding into real data
differs to the overall consistent transport models.
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CHAPTER 8
Comparison to Theory

8.1 Statistical Hadronization Model

As pointed out in chapter 1.7.1, the statistical hadronization approach is success-
fully used in a wide range of center of mass energies (√sNN ) in heavy ion col-
lisions. The simple consideration of all hadrons being produced in a thermally
equilibrated hadron gas thereby differs significantly frommicroscopically calcu-
lated transport approaches. The thermal model calculations in this thesis were
performed with Thermal-FIST [132], which includes a more accurate descrip-
tion of resonances, compared to THERMUS [208]. For strangeness production
at low energies, e.g. the SIS18 regime, the ensemble is chosen to be a strangeness
canonical one. This ansatz requires strangeness to be strictly conserved within a
small sub-volume of the collision, called the strangeness canonical volume of ra-
dius RC. This canonical ensemble thus describes the particle multiplicities with
exactly conserved quantum numbers in a locally determined region [209]. This
additional requirement suppresses strangeness production compared to the ex-
pected value from the full reaction volume V and leads to a better description of
the experimentally measured data.

Another option of the description of additionally reduced strangeness produc-
tion at small√sNN is the usage of a strangeness suppression factor [210]. This is
neglected in this thesis.

For the following calculations, Thermal-FIST was used which includes the
particle lists from the PDG data base 2020. This increases precision compared
to the previously available data sheets. The most naive assumption of an ideal
hadron resonance model without extended hadron volumina was applied. Breit-
Wigner resonance widths are fixed to be energy dependent. Constant branching
ratios without an additional energy dependence were used for the fitting proce-
dure. The overall ratio of electromagnetic charge to baryon charge is predeter-
mined by the Ag+Ag system and thus fixed to a value of Q/B = 0.44. The energy
dependent Breit-Wigner is used in this work. It is not capable of describing the
∆(1232)width and the influence of neglecting the∆ resonance width is analyzed
in great detail in reference [211]. The uncertainty in the∆(1232) resonancewidth
which is rising up by uncertainties by any kind of πN interaction is neglected by
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forcing itswidth to be zero. The influence on the uncertainty of the fit parameters
of this width is within the fit uncertainties as shown in [212].

Particle Multiplicity Uncertainty Reference

Npart 161 13 [213]

p 77.8 8.0 [214]

π0 11.85 1.1 [195]

π+ 9.6 0.7 [215]

π− 13.9 1.3 [215]

Λ 0.12 0.0041 this work

η 0.253 0.08062 [195]

K+ 0.086 0.014 [216]

K− 0.00137 0.0001533 [216]

K0
s 0.045 0.0015 [214]

Φ 0.000382 9.3e-05 [216]

Ξ 6e-5 2.5e-5 [214]

Σ0 0.028 0.006 this work

Table 8.1: Measured hadron multiplicities from the 0-10% most central HADES
Ag+Ag collisions with an up-scaled amount of protons to account for the unfitted
light nuclei. More details are written in the text.

For the fitting procedure of the 0-10% most central HADES Ag+Ag data
at 1.58AGeV beam energy, multiplicities stated as in table 8.1 are used. The
mixed-canonical ensemble is used, which as pointed out earlier, introduces the
strangeness-chemical potential to the grand canonical.

Values for the Λ and Σ0 hyperons are taken from this work. The Λ yield was
measured in the 0 − 10%most central events while for the Σ0 yield, a centrality
independent ratio ofΛ/Σ0 was assumed to scale theΣ0 yield whichwas extracted
in the 0−40%most central events. The amount of overall participants is provided
in [213]. The proton yield is taken from [214], as well as the amount ofK0

s and Ξ−.
Values for the rare hyper-nuclei Hypertrition and Hyperhydrogen-4 are not used
for the following fitting procedure at all, although being available [214]. Charged
pions and light nuclei are taken from [217] with minor optimizations [215]. The
yield for the charged kaons are taken from [216] while the estimation of π0 and η
mesons are taken from the 4-electron analysis in [195].

In general, handling of the light nuclei is treated in two separate ways: Either
the light nuclei are reconstructed and fitted, or the amount of measured protons
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has to be scaled up for the missing fraction of protons, which is bound in light
nuclei. Especially the lightest bound nuclei, the deuteron, is contributing the
most with containing roughly ≈ 20% of all protons. In table 8.1, the up-scaled
value for the protons is shown, accounting for the fraction of protons in light
nuclei. The unscaled values is stated in the appendix in table A.14.

partA p 0π
-π +π d H3 He3 η Λ

s
0K

+K
-

K Φ -Ξ 0Σ

4−10

3−10

2−10

1−10

1

10

210

A
bu

nd
an

cy
/E

ve
nt =2.55 GeV 0-10%NNsAg+Ag 

HADES work in progress
HADES data

Thermal Fist

 0.9 MeV±T = 67.3 
 2.6 MeV± = 751.0 

B
µ

/ndf = 2.092Χ
 0.28 fm±R = 9.62 

 0.16 fm± = 3.32 cR

partA p 0π
-π +π d H3 He3 η Λ

s
0K

+K
-

K Φ -Ξ 0Σ

0.5
1

1.5

2
2.5

D
at

a/
M

od
el

Figure 8.1: Fit with Thermal-FIST of the combined HADES data for the 0-10%
most central events of Ag+Ag collisions in the upper plot and the resulting ratio of
experimental data to the model predictions below. The K− is excluded from the
fitting procedure. The light nuclei are included in the fitting procedure. More details
are written in the text.

The values for the fitting procedurewithout light nuclei are summarized in ta-
ble 8.1while the light nucleimultiplicitywith unscaled amount of protons is listed
in table A.14 for completeness. In figure 8.1 the light nuclei are included in the
fit, while in figure 8.2 the they are excluded. The statistical model fits were done
without using the K− meson, since the K− has been proven to be not produced
in thermal equilibrium, but a large fraction ofK− of about 15-25% is produced by
feed-down from ϕmeson decays in heavy ion collisions at SIS energies [218][216].
The influence of the K− to those fits would be important for the description of
the overall strangeness production. Its inclusion to the fits is shown in appendix
A.15.

Including the Σ0 to the fit does not influence the resulting parameters, differ-
ing only in the order of 0.1%. With one additional free parameter the resulting
χ2/ndf is 2.33.
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Figure 8.2: Fit with Thermal-Fist of the combined HADES data for the 0-10%
most central events of Ag+Ag collisions in the upper plot and the resulting ratio of
experimental data to the model predictions below. The K− is excluded from the
fitting procedure. The light nuclei are not included in the fitting procedure. More
details are written in the text.

Instead of the strangeness-suppression radius RC, the strangeness-
suppression fugacity factor γs is tested as well. The factor γs describes the
production probability of γs = (2ss)/(uu + dd) which thus is in the range of
0 ≤ γs ≤ 1 [219]. In a collision with perfect strangeness equilibrium, γs = 1
is expected while the suppression factor decreases for small √sNN as for the
SIS18 energy regime [220]. For consistency, all previously extracted parameters
T, µB, R are fixed in Thermal-FIST and only γs is fitted, resulting in a γs = 0.13.
Even with a good χ2/ndf = 2.35, this value has to be handled carefully, since the
ϕ production is underestimated by 3.2σ while at the same time the K− yield is
overestimated by 4.2σ.

Whenall parameters are freelyfitted, the result is γs = 0.13with anonphysical
volume of 995 fm3 and χ2/ndf = 2.33. Thus the description in terms of γs is still
imperfect with uncertainties on the order of ∆γs = 0.1. This is still significantly
lower than the expectation of γs ≈ 0.5 from the parametrization in [221].
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8.2 Transport Model Calculations

In addition to fits with the statistical model, additional transport model predic-
tions were calculated. Besides the total particle production yield, these models
allow for differentiation in phase space. This allows to compare results also for
kinematic parameters and not only integrated values.
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Figure 8.3: Transport model predictions for the Λ to Σ0 ratio in dependence on
rapidity for 0-40% most central Ag+Ag collisions at

√
sNN = 2.55GeV. The rapidity

integrated value from data lies at 3.2± 0.7.

The ratio of Λ/Σ0 at freeze-out is plotted in figure 8.3 as function of rapidity.
In this plot, the results from SMASH (v3.0) [222], UrQMD (v3.4) [135] and GiBUU
(r2021_01) [140] are overlayed. Compared to the model predictions from SMASH
and UrQMD which are in good agreement to each other, there is a clear differ-
ence to the GiBUU which shows values larger by a factor of approx. 2. All three
models tend to a rather constant behavior ofΛ/Σ0 in terms of rapidity. Especially
aroundmid-rapiditywhich is visualized as vertical black line, all distributions are
flat. For distances of |∆y| = y−y0 > 0.5 frommid-rapidity, a slight increase is vis-
ible for UrQMD and SMASH which is not influencing the integrated result due to
the small contributions from those regions. Overall, the stability of Λ/Σ0 versus
rapidity is promising to not introduce errors in the extrapolation. This is impor-



CHAPTER 8. COMPARISON TO THEORY 144

tant, since the integrated Σ0 yield is extracted from Λ analysis assuming similar
phase space distributions.
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CHAPTER 9
Discussion

9.1 Strangeness Balance

Strangeness balance calculations utilize strangeness conservation within the
strong interaction, in order to predict particle multiplicities, even for unmea-
sured particle species 1. Heavy ion collisions start with a system without net
strangeness and thus also the final state has to have an equal amount of s and
s quarks. The baryonic matter asymmetry at SIS18 energies and thus themissing
energy for anti-baryon production leads to the fact, that nearly no baryons with
s-quarks are produced. This means that all s-quarks form mesons. Assuming
that due to the large net-baryon density most of the s-quarks end up in baryons,
K− production is neglected for this estimation. Summing up the most common
net-strangeness (s-quark) containing baryons thus provides a rough estimate of
the total strangeness production:

N(s) = N(Λ) +N(Σ+) +N(Σ0) +N(Σ−) (9.1)

As s-quarks are assumed to show up inmesons only, the number of produced
s-quarks is expressed as

N(s) = N(K0) +N(K+) (9.2)

Assuming identical production rates of N(K0
L) = N(K0

S), in equation 9.2, K0

can be expressed as 2K0
S, which is experimentally measured.

With production rates of the listed particles on the order 10−2 per event in
most central Ag+Ag collisions at √sNN = 2.55GeV, Λ, Σ as well as the positively
and neutrally charged kaons are still at least two orders of magnitudemore com-
mon than any other strangeness containing hadron, namely Ξ, Ω or K−. Hence
the latter are neglected. Since the reconstructed Λ-baryons naturally contain all
Σ0 baryons, all Σ states can be expressed by the measured Λmultiplicity.

Σ0, Σ+ and Σ− baryons are weighted accordingly with the isospin asymmetry
of the enhanced amount of down-quarks compared to up quarks due to the N/Z
ratio in Ag.

1This method has already been applied to previous HADES data [101].
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Centrality
Production rate [10−2]

Σ0/Λ
Λ Σ+ Σ0 Σ−

0-10% 10.09 2.20 2.39 2.60 0.24

10-20% 6.00 1.36 1.48 1.61 0.25

20-30% 3.47 0.90 0.98 1.06 0.28

Table 9.1: Summary of the strangeness balance consideration which was calculated
in [214] based on the measured Λ rates, including the isospin asymmetry existing in
Ag+Ag collision. The given Λ rate excludes Λ from Σ0 decays.

In table 9.1, the value for the reconstructed amount of Λ + Σ0 is consistent
within the stated errors to the multiplicity which is extracted in this thesis in
chapter 5.4. The values in table 9.1 are calculated from themeasured Λ+Σ0 mul-
tiplicity as well as theK0

s multiplicity only.
The averaged ratio of Λ/Σ0 = 4.0± 0.1 for the most central 0− 30% of the col-

lisions shows a small centrality dependency. This effect has already been seen in
the strangeness balance consideration of theK states [214]. The predicted Λ/Σ0

ratio is slightly larger than the ratio measured in this thesis (3.2±0.7), even with
consideration or the large errors in themeasured data. A possible explanation for
the difference of the measured ratio to the ratio estimated under isospin consid-
erations are additional nucleon-hyperon interaction within the created hot and
dense matter. Isospin exchange reactions can take place in the form of

Y1N → Y2N (9.3)
where Y1 is either a Σ0 or a Λ and Y2 the opposite particle while the parti-

cipating nucleus N in initial and final state is either a proton or a neutron. This
reactions could re-distribute Λ to Σ0 assuming that created Σ0 decay before an-
other interaction could take place. In addition, this simplified strangeness bal-
ance does not account for the different masses of the baryons, which especially
for Λ and Σ0 close to threshold may play a crucial role.

9.2 Comparison to Existing World Data and to
Theoretical Models

As mentioned in chapter 1.6, the simultaneous measurement of Λ and γ is chal-
lenging in order to reconstruct the Σ0. Thus, there are not many data points for
Σ0 multiplicities available. Especially heavy ions reactions which lead to large
combinatorial background are challenging. Thus, almost no data is available for
A+A collisions while there is more data from p+p, see figure 9.1.

Right now, only data from p+p collisions have been measured at COSY in the
energy regime below √

sNN = 3.2GeV [124][223][224]. Those data points repre-
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HADES (p+p)
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ALICE (p+p)
7 TeV
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Figure 9.1: Final freeze-out ratio of Λ/Σ0 baryons in comparison to available world
data and theoretical predictions for Ag+Ag collisions at 1.58 AGeV beam energy
from thermo-statistical model calculations as well as from several transport models.
Figure taken from [121] and the new, additional data points from this thesis as
well as data from the HADES [122] and the ALICE experiments [123] are added.
The data point from this work is shifted by 80 MeV to larger values for visualization
purposes. However, this places this measurement into perspective to the available
data. Further information is written in the text.

sent the ratio of the exclusive cross sections of pp → pY K+, where Y represents
either a Σ0 or Λ hyperon. Obviously, for the reconstructed data from this work,
the inclusive measurement NN → Y X is accessible and included in the plot. X
can contain any possible combination of particles. However, at Λ threshold not
much more than the mentioned exclusive channel should be open.

HADES already contributed to the world data with a measurement from pp
collisions at a kinetic energy of 3.5GeV and p+Nb collisions at the same energy
[121] [122]. Also here, the data point from pp collisions represents the exclusive
ratio of cross sections σ(pp → pΛK+/pp → pΣ0K+). The p+Nb data point de-
scribes an inclusive measurement.

Additional data from p+p collisions in the intermediate energy regime of ex-
cess energies of ϵΣ0 = 1 − 5GeV are collected in Landolt-Börnstein [225]. Data
from Alice [123] is from an inclusive measurement as well, but on much higher
energy. Their measurement underlines, that beyond threshold effects, reaching
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out to approximately 100MeV, the Λ/Σ0 ratio is rather energy independent.
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Figure 9.2: Zoom in of the Λ/Σ0 ratio at freeze-out into the region of small excess
energies. The HADES data point now is correctly placed. Additional information is
written in the text.

A detailed view of the same data points is seen in figure 9.2, where the x-
axis is shown as linear scale and reaches down below the Σ0 threshold energy
of εthr(Σ0) = 2.62GeV. The NN threshold values forΣ0 as well asΛ production are
indicated. The Λ threshold is tantamount to the general strangeness production
threshold. All experimentally measured data in this figure are displayed with
closed symbols, while the additionally added transport model calculations are
represented as open symbols. For better visualization, all points from p+p data
or simulation are depicted as squares while values from heavy ion collisions are
represented as circles. The additional p+Nb data point is presented as diamond.

MeasuredΛ/Σ0 ratios in p+p collisions show a strong rise towards the produc-
tion threshold of Σ0 which clearly is correlated to the latter and energy conser-
vation. An important result from this work is the observation that obviously the
NN-threshold is not relevant for themeasured Ag+Ag collisions. Similar observa-
tions are known from strangeness production below threshold, as e.g. measured
by HADES in Au+Au collisions at 1.23AGeV beam energy [226] as well as p+Nb at
3.5 GeV beam energy [227]. Interestingly the Λ/Σ0 ratio seems to be close to the
same value as observed for large energies. These features seem to be captured
well by the transport calculations, at least qualitatively. In detail, as shown in the
previous plot, the data point extracted in this thesis is located directly in between
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the transport model estimations of GiBUU 2 and SMASH. For the energy scan of
SMASH, only statistical errors are plotted. Strikingly the GiBUU transport simu-
lations of proton-proton collisions in yellow are in good agreement to the exper-
imentally measured p-p data from COSY in dark red, while SMASH overshoots
them quite significantly. This is the inverted behavior to the results of simula-
tions of heavy ion collisions. The Λ/Σ0 ratio which is extracted within this work
as first experimental data point of heavy ion collisions in figure 9.2 confirms the
qualitative behavior of the transport models, which predicted a rather constant
ratio of Λ/Σ0 in heavy ion collision compared to the steep rise in elementary p+p
collisions at high energies.

In addition to the thermal fits as discussed in chapter 8, a more simple con-
sideration assuming or testing thermal production can be made, based on Λ and
Σ0 multiplicities alone. Since all quantum numbers of the Λ and Σ0 baryons are
the same, the temperature of the created hot and dense matter can be estimated
by only taking the Λ/Σ0 ratio at freeze-out into account.

Assuming thermal production, the ratio of the partition function of Λ and Σ0

which is proportional to the ratio of multiplicities at freeze-out can be approxi-
mated as

Rf.o. = c · exp (∆m/T ) (9.4)

Thus, the temperature is calculated as

T =
∆m

ln(Rf.o.)
=

77MeV/c2

ln(3.2)
≈ 66MeV (9.5)

Even within the large uncertainties of the Λ/Σ0 ratio measurement, this tem-
perature estimation allows a comparison to the statisticalmodel approach inboth
possible ensembles, the strangeness-canonical and the grand-canonical ensem-
ble without strangeness containing particles [216].

In figure 9.3, results are shown in the µb vs. T plane of the phase diagram for
various thermal fits of HADES data. In addition, results from other A+A experi-
ments at low energies are added.

The black circle fits used the parametrization of [128], the empty triangles
stem from reference [228] while the HADES data of p+Nb and Ar+KCl [229] are
fitted with THERMUS [208]. The Ag+Ag data were fitted with Thermal-FIST [132]
as extensively described in chapter 8.

The uncertainties of the HADES data are averaged by different fitting ap-
proaches in- and excluding excited nuclei. The HADES Λ/Σ0 data point relies
on the uncertainties of the Σ0 only since the comparable small Λ uncertainties
cancel out in the ratio. The HADES Λ/Σ0 data point is located at a temperature
which is ≈ 10 MeV below the result from the full statistical model fit. This is
consistent within the errors stated for each method individually.

2The first GiBUU data point at√sNN = 2.55GeV represents an Ag+Ag simulation, not Au+Au
but the qualitative behavior is expected to be the same.
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Figure 9.3: Illustration of the location of the freeze-out of heavy ion collisions, as
determined by HADES in the T − µB plane of the QCD phase diagram. Modified
figure taken from [230] where it was modified from [229]. Further information is
written in the text.

In summary, the overall emerging picture is, that particle production in-
cluding strangeness at HADES energies can successfully be described in a ther-
mal picture. Results on (T,µB) values extracted without and with including
strangeness are consistent to each other and consistent with a temperature es-
timate based on the Λ/Σ0 ratio alone. These results are in line with the finding
that the extracted Λ/Σ0 ratio is within errors the same as in measured high en-
ergy p+p collisions and the thermal ansatz at high energies. Obviously, the (sub-)
threshold production of Σ0 baryons in Ag+Ag collisions is not influenced by the
NN production threshold.
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9.3 Outlook

The new electromagnetic calorimeter as well as the upgrade of the RICH detec-
tor in HADESwere utilized in this work to study theΣ0 baryon production. While
the upgrade of the RICH was finished for data taking of Ag+Ag collisions ana-
lyzed in this work, the electromagnetic calorimeter still only had two out of 6
sectors equipped. By now, all sectors are equipped with lead glass modules and
their readout, which will dramatically improve the acceptance for γ reconstruc-
tion without relying on conversion. Besides the acceptance, also the energy res-
olution of the new modules increased for even better performance of γ recon-
struction. On top of this improvement, the calibration of the electromagnetic
calorimeter timing will be improved as suggested in appendix B.6 for all newly
collected data. Even without being able to reconstruct a significant signal in the
Λ+lepton channel for this work, the feasibility of reconstructing Σ0 baryons in
this channel was proven. The teaser in chapter 6.2 shows the powerful RICH abil-
ity of separating leptons from conversion from leptons of any other source, lead-
ing to the opportunity to search for the Dalitz-decay of the Σ0. This would give
insight into the form factor, which has never been measured so far. In addition
to Σ0 baryons, various hyperons will be measured in the p+p data from Febru-
ary 2022 which will give additional insight in hyperon production [231] where the
fully equipped ECal is a crucial improvement compared to the existing p+p data
from 2007.

The reconstructed freeze-out ratio of Λ/Σ0 is well fitting to thermal model
approaches, while the transport models do show differences. Still, with these
new data and first measurement in A+A at low energies, they can constrain their
parametrization on hyperon production in (sub-)threshold heavy ion collisions.
With the optimized ECal acceptance new measurements will include reduced
systematic errors which will also lead to a more precise temperature estimation
from the Λ/Σ0 ratio. As soon as the FAIR facility is operational, the knowledge
about the hyperon production will grow when combining the complementary
acceptances of HADES and CBM, to understand nuclear matter at high densities
which is still an open question in astrophysical descriptions of neutron stars.
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APPENDIX A
Additional Figures

A.1 Center-of-Mass Energy

Inheavy ion collisions, the available energywithin the collision is oftendescribed
in two different quantities, namely the kinetic beam energy or the center ofmass
energy. Since all results are compared in terms of the more general center of
mass energy√sNN , the fundamental derivation is shortly summarized. The sum
of available 4-momenta of the participating nuclei leads to

s =

[ (
Elab

1

p⃗1

)
+

(
Elab

2

p⃗2

)]2
(A.1)

The total energy in the lab system is always calculated as E = Ekin +m. For
a fixed target experiment, the 4-vector properties of the target nuclei can be sim-
plified to

s =

[ (
Elab

1

p⃗1

)
+

(
m2

0⃗

)]2
(A.2)

= (Elab
1 )2 + 2Elab

1 m2 +m2
2 − p21 (A.3)

= 2Elab
1 m2 +m2

2 +m2
1 (A.4)

In the last calculation step, the relation E =
√
m2 + p2 is used. The general

result for
√
s is thus written as

√
s =

√
m2

1 +m2
2 + 2Elab

1 m2 (A.5)

For a collider system, the center of mass energy is given as

s = (E1 + E2)
2 − (p⃗1 + p⃗2)

2 (A.6)
= m2

1 +m2
2 + 2E1E2 − 2p⃗1p⃗2 (A.7)

For a symmetric collision systems with p⃗1 = −p⃗2 andm1 = m2, the final result
reads

√
s = 2E.
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In the SIS18 energy regime of Ekin ≈ 1 − 2AGeV, the collision of nuclei
are described as superposition of nucleon-nucleon reactions, where the nucleon
masses are used and

√
s is always referred to√sNN .

A.2 Rapidity/Transverse Momentum

The transverse momentum in HADES is always calculated with respect to beam
axis, if not stated differently. Thus, the following equation describes the calcula-
tion of the transverse momentum:

pt = p · sin θ (A.8)

Where p is the total particlemomentumand θ the polar angle to the beamaxis.
Many physical observables are related to the transversemomentum, which is not
dependent on the boost of the initial system. In heavy ion collisions, most of the
combinatorial background obtains a low transverse momentum since the spec-
tators of the collision still travel along vanishing pt = 0MeV/c. On the other hand,
rapidity quantifies the relative amount of the energy in longitudinal momentum
compared to the total energy of the particle. The rapidity is defined as:

y = ln
E + pz
E − pz

(A.9)

As result, the phase space for a particular particle of known mass m can
be transformed analytically from pt, y to θ, p which is shown as additional grid
in most phase space distributions in this thesis for visualization purpose. In
comparison to the phase space description in p/θ, the pt/y representation has
the huge advantage of a symmetric particle production rate around midrapidity,
which is used for a quality estimation. Nevertheless the transformation of the
representation from any distributionD(pt, y) toD(p, ϑ) is bijective and thus from
same quality.
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A.3 Target Layer Positions

Target layer zmin[mm] zmax[mm] ∆z[mm]

1 -70.0 -60.3 9.7

2 -60.3 -56.5 3.8

3 -56.5 -53.0 3.5

4 -53.0 -49.4 3.4

5 -49.4 -45.7 3.3

6 -45.7 -42.3 3.4

7 -42.3 -38.8 3.5

8 -38.8 -35.4 3.4

9 -35.4 -31.5 3.9

10 -31.5 -28.0 3.5

11 -28.0 -24.1 3.9

12 -24.1 -21.3 2.8

13 -21.3 -16.9 4.4

14 -16.9 -13.5 3.4

15 -13.5 0.0 13.5

Table A.1: Summary of the values of the target layer position determination which
is part of the event classification for the event mixing technique.
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A.4 Influence of Inner MDC Sharing
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Figure A.1: The amount of reconstructed e−/e+ tracks from the Σ0 → γ → e+e−

decay.

Theupper rowdisplays the standard trackfinding algorithm,while thefigures
in the bottom row the track sorting was rerun, allowing several reconstructed
track candidates to share hits from the inner MDCs. The plots in the left column
require only reasonable track quality. In the right column, also a RICH ring is
requested. All plots are extracted from Σ0 embedded in real data, and thus com-
bine efficiency, acceptance and branching ratio as well as conversion probability
in the detector. Since the RICHwas optimized to avoid conversion, many conver-
sions take place beyond the RICH, and thus do not produce rings. For those rare
cases, where the tracking could reconstruct both e+e− track, only in 8.6% of the
cases the tracks are matched to a ring for the setup with inner MDC sharing and
6.3% without this sharing. The single particle reconstruction efficiency for the
cases where only one lepton is reconstructed does not change at all. Even after
these loose pre selections, the efficiency to reconstruct both leptons with ring is
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ϵγconv = 6 · 10−6 with allowing MDC share and ϵγconv = 5 · 10−6 in the case without
sharing.
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A.5 Uncorrected Λ Spectra
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Figure A.2: Raw Λ counts differentiated in 10% centrality bins for the more strict
selection on the neural net evaluation of NNeval > 0.98.
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Figure A.3: Raw Λ counts differentiated in 10% centrality bins for the selection
on the neural net evaluation of NNeval > 0.95 which is used as base line for the final
extraction of the Λ multiplicity.
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A.6 Partial Acceptance of the Λ
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Figure A.4: Λ transverse momentum pt and rapidity y distribution, in the case
where at least the proton from the Λ decay is in the HADES acceptance.
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Figure A.5: Λ transverse momentum pt and rapidity y distribution, in the case
where at least the π− from the Λ decay is in the HADES acceptance.
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A.7 Transverse Momenta of the Λ
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Figure A.6: Λ transverse momentum pt distribution, for the 10−20% most central
events for the different rapidity bins.
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Figure A.7: Λ transverse momentum pt distribution, for the 20−30% most central
events for the different rapidity bins.
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Figure A.8: Λ transverse momentum pt distribution, for the 30−40% most central
events for the different rapidity bins.
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A.8 Photon Energy Variation - Background Shift

1100 1200 1300 1400 1500
)]2) [MeV/cγ Λ (invM

0

0.02

0.04

0.06

0.08

610×

)]
-1 )2

C
ou

nt
s 

[(
6 

M
eV

/c

HADES Ag+Ag New0-40 %
3 10⋅ 0.91) ±Integral: (7.61 

2 2.8) MeV/c±: (1189.0 µ
2 2.6) MeV/c±: (16.7 σ

S/BG: 1.1 %

Significance: 9.1

Same event
0ΣSignal 

Mixed event

1100 1200 1300 1400 1500

]2) [MeV/cγ Λ (inv M

0

1

310×

)]
-1 )2

C
ou

nt
s 

[(
6 

M
eV

/c

HADES Ag+Ag
=2.55 GeVNNs

0-40%

3 10⋅): 7.61 σIntegral (2
2 2.8) MeV/c±: (1189.0µ

2 2.6) MeV/c±: (16.7σ
S/BG: 1.1 %
Significance: 9.1

Figure A.9: The upper plot shows the invariant mass of all Λγ pairs as described
in chapter 6.1 for experimental data from the same events in black, the mixed events
in blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower
plot, the remaining signal spectrum is shown more precisely. In this case, a lower
cut on the γ energy of Eγ > 40MeV is applied. This shifts the maximum of the
background distribution to the left side of the extracted signal.
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Figure A.10: The upper plot shows the invariant mass of all Λγ pairs as described
in chapter 6.1 for experimental data from the same events in black, the mixed events
in blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower
plot, the remaining signal spectrum is shown more precisely. In this case, a lower
cut on the γ energy of Eγ > 120MeV is applied. This shifts the maximum of the
background distribution to the right side of the extracted signal.
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A.9 Conversion Method - Monte-Carlo-Simulation
Yield Comparison
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Figure A.11: Comparison of the reconstructed Λe− yield in simulation as black
points and the corresponding Gaussian fit in red. The blue line is the true MC result,
which is enhanced significantly.
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A.10 Conversion Method - Lepton Charge Depen-
dent Spectra
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Figure A.12: The upper plot shows the invariant mass of all Λe+ pairs as described
in chapter 6.2 for experimental data from the same events in black, the mixed events
in blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower plot,
the signal is shown more precisely.
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Figure A.13: The upper plot shows the invariant mass of all Λe− pairs as described
in chapter 6.2 for experimental data from the same events in black, the mixed events
in blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower plot,
the remaining signal spectrum is shown more precisely.
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A.11 Conversion Method - Lepton Charge Depen-
dent Spectra After Cut Optimization
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Figure A.14: The upper plot shows the invariant mass of all Λe+ pairs as described
in chapter 6.2 for experimental data from the same events in black, the mixed events
in blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower plot,
the remaining signal spectrum is shown more precisely.
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Figure A.15: The upper plot shows the invariant mass of all Λe− and Λe+ pairs
as described in chapter 6.2 for experimental data from the same events in black, the
mixed events in blue and the remaining signal spectrum after subtracting the back-
ground. Mixed events were scaled to the same events using the sideband method.
In the lower plot, the remaining signal spectrum is shown more precisely.
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A.12 Conversion Method - Influence of a Strict
Cut on Cherenkov Photons
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Figure A.16: The upper plot shows the invariant mass of all Λe− pairs as described
in chapter 6.2 for experimental data from the same events in black, the mixed events
in blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower plot,
the remaining signal spectrum is shown more precisely.
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Figure A.17: The upper plot shows the invariant mass of all Λe− pairs as described
in chapter 6.2 for simulations from the same events in black, the mixed events in
blue and the remaining signal spectrum after subtracting the background. Mixed
events were scaled to the same events using the sideband method. In the lower plot,
the signal is shown more precisely.



APPENDIX A. ADDITIONAL FIGURES 172

A.13 Side Band Variation
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Figure A.18: Variation of the side band ranges of the right side band, where the
left and the right border are varied simultaneously.

The more detailed version of the side band variation is displayed in figure
A.18 where the borders of the right side band are simultaneously varied. Also
here many fluctuations are seen, but as soon as the right border exceeds values
above Minv(Λγ) = 1300MeV/c2, the signal is systematically growing due to the
undershooting structure. Nevertheless, the standard choice of sidebands is cen-
tered within a plateau region, where the systematic deviations are covered from
the analysis in section 6.3.
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A.14 Particle Yield Collection

Particle Multiplicity Uncertainty Reference

Npart 161 13 [213]

p 54.3 4.3 [214]

π0 11.85 1.1 [195]

π+ 9.6 0.7 [215]

π− 13.9 1.3 [215]

Λ 0.12 0.0041 this work

η 0.253 0.08062 [195]

K+ 0.086 0.014 [216]

K− 0.00137 0.0001533 [216]

K0
s 0.045 0.0015 [214]

Φ 0.000382 9.3e-05 [216]

Ξ 6e-5 2.5e-5 [214]

Σ0 0.028 0.006 this work

d 15.23 1.35 [215]

H3 2.97 0.39 [215]

He3 2.0 0.3 [215]

Table A.2: Hadron multiplicities from the 0-10% most central HADES Ag+Ag
collisions including light nuclei.

The table of this appendix A.14 contains all particle multiplicities which were
used for producing the statistical hadronization model fits with Thermal-FIST
when considering the light nuclei d,H3,He3 instead of up-scaling the amount of
protons for the unmeasured amount of protons which are bound in these light
nuclei.
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A.15 Statistical Model Fits with Inclusion of K−
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Figure A.19: Fit with Thermal-Fist of the combined HADES data for the 0-10%
most central events of the Ag+Ag collisions in the upper plot and the resulting ratio
of experimental data to the model predictions below, where the K− is included in
the fitting procedure with light nuclei.

The inclusion of the K− to the statistical model fits, leads to significantly in-
creased χ2/n and especially for the case with light nuclei, neither strangeness
containing particle, nor non-strange hadron yields are described satisfyingly,
even when the estimation for temperature and baryochemical potential are the
same within errors.



175 APPENDIX A. ADDITIONAL FIGURES

partA p 0π
-π +π Λ η +K

-
K

s
0K Φ -Ξ 0Σ

4−10

3−10

2−10

1−10

1

10

210

A
bu

nd
an

cy
/E

ve
nt =2.55 GeV 0-10%NNsAg+Ag 

HADES work in progress
HADES data

Thermal Fist

 3.8 MeV±T = 65.7 
 17.9 MeV± = 789.5 

B
µ

/ndf = 3.752Χ
 1.47 fm±R = 9.31 

 0.81 fm± = 3.21 cR

partA p 0π
-π +π Λ η +K

-
K

s
0K Φ -Ξ 0Σ

0.5
1

1.5
2

2.5
3

3.5
4

D
at

a/
M

od
el

Figure A.20: Fit with Thermal-Fist of the combined HADES data for the 0-10%
most central events of the Ag+Ag collisions in the upper plot and the resulting ratio
of experimental data to the model predictions below, where the K− is included in
the fitting procedure without light nuclei.
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APPENDIX B
Electromagnetic Calorimeter

B.1 Photon Cluster Properties
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Figure B.1: Distribution of observables of the electromagnetic calorimeter
after application of all cuts which were discussed in chapter 4.7.
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B.2 Deactivation of ECal Cells with Reduced
Quality

During the calibration of the electromagnetic calorimeter, few cells showed re-
duced quality compared the expected performance, achieved by the remaining
cells.

Cell number (sec 2) Cell number (sec 4)

6 10

9 43

10 72

80 178

195 179

180

182

183

184

Table B.1: Cell numbers in the electromagnetic calorimeter which were neglected
in all analysis steps in data as well as in simulation due to reduced quality of the
response in the experimentally measured data.
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B.3 Photon Energy in Simulation
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Figure B.2: Additional energy correction applied only in simulation.

Standard correctionmap for the energyof clusters in theECal. This correction
factor is applied cell wise and is directly correlated to the different distances from
the cell to the target area.



APPENDIX B. ELECTROMAGNETIC CALORIMETER 180

B.4 Photon Efficiency
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Figure B.3: Fitted electrons and their momentum dependent timing resolution in
the ECal.

Projections of the electrons and their velocity resolution extractionwithin the
electromagnetic calorimeter. The selection of the electrons is the same like for
the positrons which are shown in chapter 7 where the comparability of electrons
and positrons is discussed.
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B.5 Cluster-Track Matching
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(a) p-track cluster matching, same event
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(b) p-track cluster matching, mixed event

Figure B.4: Representation of the track-cluster matching for protons terms of
the distance approximation parameter, here denoted as opening angle, and the Λγ
invariant mass.

In figure B.4, the invariant mass of theΛγ pair is shown in dependence on the
matching of the extrapolated proton from the Λ decay to the ECal cluster asso-
ciated to the γ. By eye same-event distribution on the left looks identical to the
distribution extracted from the event mixing, shown on the right. Nevertheless,
it elucidates the statistical distribution of the Λγ pairs and highlights the compa-
rably small opening angle in the range 15-50 ◦ in most cases which is determined
by the HADES geometry.
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B.6 Time Calibration Improvement

As shown in chapter 7, there is still some remaining time walk visible, which dif-
fers for electrons, positrons and photons. Since they all have to have the same
ECal response from physical argumentation, the path length from interaction
point within the target to the corresponding ECal cell is the remaining differ-
ence. While for the photons, the straight line approach is correct, the track length
of electrons and positrons differ by the orientation with respect to the magnetic
field lines in between the inner and outer MDCs. The overall track length up to
theMETA detector is calculated by the Runge-Kutta algorithm and stored in each
track candidate. While the distance from RPC and ECal was estimated to be a
constant of 156mm, those information can be recalculated by the parameter file,
which obtains the geometry. Thismethod is tested in simulated data andprovides
the correct timing information by including the correct path length between RPC
and ECal which is assumed to be be a straight line, since the ECal is far behind
the magnetic field region.
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(a) Experimental data
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(b) White lepton simulation

Figure B.5: Comparison of path length as function of the electromagnetic charge
and momentum from real data and simulation.

The path length of leptons from the RPC to the ECal is displayed in figures B.5
andB.6where the left side shows the lepton sample fromexperimental datawhile
the right side is extracted from simulation. The length behaves in the sameman-
ner, which is expected due to the dependency of only the Runge-Kutta algorithm
and the detector geometry.

Besides the acceptance difference for the different electromagnetic charges,
the electrons are already centered around β = 1 for low momenta, without cor-
recting for the additional path length which arises from the bending of the mag-
netic field in real data, while the simulation describes the correct behaviour,
where the influence of the bending is visible for both charges. Already this plot
shows the imperfection of the state of calibration of the timing of the ECal in the
Ag+Ag data set. Applying the correction of the individual path length addition
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(a) Experimental data
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Figure B.6: Comparison of path length as function of the electromagnetic charge
and polar angle from real data and simulation.
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Figure B.7: Comparison of calculated velocity from ECal information as function
of the electromagnetic charge and momentum from real data and simulation.

lead to an overall nice description of the particle velocity estimation of the ECal
which is displayed in figure B.8 for the simulation.

The application of the path length correction overshoots the calculated elec-
tron velocity for small momenta dramatically, which is also expected since the
uncorrected spectrum was centered around β = 1 already. These assumptions
will improve the ECal calibration in further beam times.



APPENDIX B. ELECTROMAGNETIC CALORIMETER 184

400− 200− 0 200 400
 p/q [MeV/c]

0.8

0.9

1

1.1

1.2β 

0

5

10

C
ou

nt
s

=2.55 AGeV DataNNsHADES Ag+Ag, 

(a) Experimental data

400− 200− 0 200 400
 p/q [MeV/c]

0.8

0.9

1

1.1

1.2β 

0

1

2

3

310×

C
ou

nt
s

=2.55 AGeV SimulationNNsHADES Ag+Ag, 

(b) White lepton simulation

Figure B.8: Comparison of calculated velocity from ECal information which is
corrected by the additional path length of the track bending as function of the
electromagnetic charge and momentum from real data and simulation.

B.7 List of Selection Criteria for the Analysis

Observable Unit Lower value Upper value

χtrack - 800.

mp MeV/c2 0.8·mpdg
p 1.2·mpdg

p

mπ− MeV/c2 0.7·mpdg
π− 1.3·mpdg

π−

(dE/dx)MDC
p MeV cm2/g 0.3(dE/dx)MDC

p (theo) -

Table B.2: Summary of the values which were used for the hadron selection, used
for π− and proton candidate selection from the Λ decay.
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Observable Unit Lower value Upper value

Eγ MeV 60. 250.

βpre 0.8 1.3

βexact -1σ +1σ

ϑ ◦ 16.5 -

Sector 2 and 4 2 and 4

χtrack 2.5σ -

SizeCluster 1 1

Table B.3: Summary of the values which were used for the γ reconstruction.

Observable Unit Lower value Upper value

mrec MeV/c2 - 97.7

ppre MeV/c - 250.

χring-track
◦ - 1.5

Ring radius mm 18. 30.

Ring Ncals 8 32

Table B.4: Summary of the values which were used for the lepton reconstruction.

Observable Unit Lower value Upper value

NNout 0.95 -

fS 1.4 1.4

MΛ MeV/c2 1110. 1120.

Table B.5: Summary of the values which were used for the Λ reconstruction in
the double differential Λ multiplicity determination.

Observable Unit Lower value Upper value

NNout 0.98 -

fS 1.4 1.4

MΛ MeV/c2 1105. 1125.

Table B.6: Summary of the values which were used for the Λ reconstruction, in
the Λγ as well as the Λe reconstruction for the Σ0 signal extraction.
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Observable Unit Lower value Upper value

OAγ−p
◦ 2.5 -

OAγ−π− ◦ 2.5 -

Table B.7: Summary of the values which were used for the Λγ pair formation
reconstruction.

Observable Unit Lower value Upper value

pe MeV/c 100. -

NCalsA - 40

OAe−Λ
◦ - 40.

OAe−p
◦ 2.5 -

OAe−π− ◦ 2.5 -

Charge e -1 -1

Table B.8: Summary of the values which were used for the Λe pair formation
reconstruction.
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