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Abstract 

The aims of this thesis project have been to determine the feasibility of hyperon reconstruction 

utilizing a newly developed and implemented vertex fitter based on the Lagrange multiplier 

method. This was achieved through simulation and subsequent analysis of the reaction 

specified below, detailing the production of Λ-hyperon and K+-meson pairs from proton-proton 

collisions.  

𝑝(4.5𝐺𝑒𝑉)𝑝 → ΛΛ𝐾+𝐾+ 

This reaction channel provides a more complicated topology than previous benchmark studies 

of the fitter performance and is of interest as it enables studies of the strong ΛΛ interaction via 

the femtoscopy method. For this reason, measurements of this reaction channel were among 

the physics goals of the HADES beam time taking place in February 2022. As such, this study 

has provided insight into the feasibility of performing a femtoscopy analysis on this data by 

reconstructing the Λ-pair using the fitter. The obtained results provide the Λ-pair reconstruction 

efficiency and purities based on the lower limit of expected events collected during this beam 

time. As for the fitter performance, it was found from the reconstructed kinematics of the Λ-pair 

that the fitter can effectively remove background over most of the kinematic region. However, 

for low relative momentum, combinatorial background becomes especially prominent. As this 

region is of interest in a femtoscopy study, it has been identified as especially challenging for 

the developed analysis procedure. 
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Populärvetenskaplig Sammanfattning

Som de allra flesta f̊att lära sig s̊a är vi själva och nästan allt runt omkring oss
uppbyggt av atomer som i sin tur best̊ar av de ännu mindre byggstenarna, protoner
och neutroner. De som studerat fysik eller är särskilt intresserade vet kanske ocks̊a
att dessa i sin tur best̊ar av ännu mindre, elementära partiklar. Dessa kallas för
kvarkar och att dom är elementära avser att de själva inte har n̊agon inre struktur
utan utgör n̊agon slags minsta byggsten. Alla protoner och neutroner är uppbyggda
av tv̊a olika typer av kvarkar vid namn upp och ner men faktum är att det finns
flera andra kvarkarter som kan kombineras till liknande sammansatta system. En
grupp av s̊adana alternativa partiklar som f̊att mycket uppmärksamhet av forskare
är hyperoner vilka utgörs av olika kombinationer av upp, ner och särkvarkar. An-
ledningen till denna uppmärksamhet är att hyperonerna är utmärkta försökskaniner
för att studera de tv̊a kärnkrafterna.

Dessa utgör tv̊a av de fyra typer av krafter som existerar i v̊art universum. Förutom
gravitation och den elektromagnetiska kraften finns d̊a även den starka och den svaga
kärnkraften. Den sistnämnda är ansvarig för diverse radioaktiva sönderfall men är
desto mer avgörande för v̊ar först̊aelse av universums uppkomst. Det är nämligen
den svaga kärnkraften som förtvinat den anti-materia som skapades under Big Bang,
vilket lett till att den ”vanliga” materian som vi best̊ar av finns kvar idag. Anti-
materia och materia förintar varandra vid kontakt s̊a just därför vet man att mycket
av denna anti-materia m̊aste ha försvunnit p̊a annan väg men exakt hur detta skett
är fortfarande okänt.

Den starka kärnkraften är desto viktigare för att först̊a strukturen av materian
eftersom det är denna som binder samman protoner och neutroner i atomkärnan
liksom deras inre kvarkar. Det är ocks̊a den starka kraften som ger upphov till
nästan all massa hos den materia som är känd för mänskligheten. Här är det inte
den sammansatta massan av de inre partiklarna som utgör helheten, utan 98% av
denna genereras dynamiskt via den starka kraften. Hur denna fungerar är dock
relativt okänt eftersom dess beteende beror p̊a vilken typ av sammansatt system
som betraktas.

För atomer, protoner och neutroner har den starka kraften flitigt studerats under
det senaste seklet men för att lära oss mer kan vi istället försöka först̊a hur den
p̊averkar hyperoner. Utöver vikten att komma underfund med den starka kraften
s̊a har dess inverkan p̊a hyperoner blivit särskilt intressant inom kärn- och astro-
fysik. Det är nämligen s̊a att neutronstjärnor som ibland bildas efter att de allra
största stjärnorna exploderat i supernovor kan inneh̊alla hyperoner. För att först̊a
sig p̊a hur dessa neutronstjärnor, som förutom svarta h̊al utgör de mest kompakta
föremålen i universum, fungerar s̊a har det blivit avgörande att först̊a sig p̊a den
starka kraften mellan hyperoner. P̊a en mycket mindre skala s̊a återfinns samma
intresse där kärnfysiker nu försöker bilda atomer best̊aende av sammansatta av pro-
toner, neutroner och hyperoner. För att först̊a strukturen av dessa krävs d̊a ocks̊a
först̊aelse för hur hyperoner p̊averkas av den starka kraften.
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Med detta intresse i åtanke har det här examensarbetet fokuserat p̊a just hyperoner,
den starka kärnkraften och hur deras samspel kan studeras. Mer specifikt s̊a har
arbetet utförts med syftet att utveckla och evaluera en metod för hur nyligen insam-
lad data fr̊an hyperoner kan analyseras för möjligheten att se hur dessa interagerat
med varandra. Denna data tillhör HADES, en forskargrupp vid partikelacceleratorn
hos GSI i Darmstadt, Tyskland och togs i samband med deras str̊altid i februari
2022.
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1 Introduction

1.1 Background

Over the past century vast efforts have been made regarding understanding the
atomic nucleus, its contents and the elementary building blocks that make them.
That is, protons, neutrons and their internal quarks have been studied under the
lenses of nuclear and hadron physics which revealed the existence of heavier, com-
posite particles besides those found in atoms. An example of this are hyperons,
which are similar to protons and neutrons except that they contain an additional
degree of freedom in terms of quark flavour, namely strangeness. As such, hyperons
consist of combinations of up, down and strange quarks, aside from just the up and
down flavours found in protons and neutrons.

With the accumulation of results and understanding gained from scattering and nu-
clear experiments, protons, neutrons, their properties and interactions with matter
have been mapped out and accounted for to a high degree [1]. The same, however,
can not be said for hyperons as remarkably little is known about the ways in which
they interact. This is, in part, due to the unstable nature of the hyperons which
makes it difficult to produce targets and beams for direct study of their interactions
[2]. Instead, one has relied on the creation and study of hypernuclei, denoting atomic
nuclei with hyperons inserted into them via various capture processes, and more re-
cently femtoscopy experiments [3]. The former allows for an environment in which
hyperons become stable enough for various nuclear reactions to take place before its
decay [4]. These can then be studied via spectroscopy and various decay processes in
order to constrain the nuclear model and thus determine the effect of the hyperon’s
interaction with the nucleons around it [2]. The latter alternative, femtoscopy, relies
on the production of particle pairs with small separations in space and momentum,
which enables them to interact via the short-range strong force.

The efforts put into these experiments eludes to the significant interest of studying
and understanding hyperons - the reason of which being that they represent a missing
puzzle piece that extends in its implications across particle, hadron and astrophysics
alike.

Understanding the former takes us to the very beginning of our universe. Based on
the collective understanding of physical principles, matter and anti-matter should
have been created with the same abundance during the Big Bang. However, it is
known with certainty that the universe holds a lot more of the former meaning that
the anti-matter must have been depleted. Such a mechanism appears in the standard
model of elementary particle physics and is known as charge conjugation and parity
(CP) violation [5]. This CP-violation describes a discrepancy between matter and
anti-matter in terms of interactions and decays. Many of these mechanisms are
unknown and could even require new theories and models as the current framework
of physics appears insufficient in its descriptions [6]. Studies of polarized hyperon
decays could be used to constrain CP-violation in theoretical models to a higher
degree than previous experiments, most often with mesons, have managed [7].

In an astrophysical context, the hyperon interaction with nucleons and other hyper-
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ons play in important role in understanding neutron stars. These are very small,
incredibly dense stellar objects created in the remnants of a supergiant star upon
its collapse. The interior of neutron stars consist of a fluid of free neutrons but
within its core, the density becomes so high that a state of strange matter, believed
to consist of hyperons, becomes energetically favorable [8]. This leads to an issue
where equation of state models can not be reconciled with experimental findings as
they predict upper mass limits well below observed masses for heavier neutron stars
[9]. The error in these models most likely stem from poor understanding of hyperon
interactions. In fact, if these interaction are sufficiently repulsive, the upper mass
limit in the equation of state models would increase [3]. As mentioned previously,
the experimental data available of hyperon interaction are insufficiently precise for
constraining these models and so the ”hyperon puzzle of neutron stars”, as this
problem is referred to, remains unsolved.

1.2 Purpose

With this in mind, the overall purpose of this project lies the interest of identifying
pairs of kinematically correlated Λ particles with the prospect to study the strong
interaction between them. For this to be possible, these need to be emitted with
separations within the range of the strong force and so the interest lies in the kine-
matic region where the relative momentum is low, < 200 MeV/c. Based on this,
two objectives seen in the bullet list below can be formulated.

Objectives:

� Determine how many Λ hyperons can be reconstructed and to what purity.

� Determine the relative momentum distribution of the Λ-pairs and the number
of reconstructions in the < 200 MeV/c region.

In the following, Chapters 2, 3 and 4 introduce the physics background as well as
the theoretical formalism at play when considering the strong interaction between
hyperons. These aim to provide a broader understanding of hyperons and their
interactions as well as how these can be studied with the femtosocpy method. In
Chapters 5 to 8, the focus is shifted from the theoretical aspects to the practical
realization of these physics goals. Here, the HADES experiment is introduced where
the processes of acquiring and analysing experimental data is described but also ex-
emplified by presenting previous studies relevant to this thesis. Finally, in Chapters
9 and 10, the analysis developed as part of this thesis will be presented along with
a discussion of its performance in relation to the objectives given above.
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2 The Standard Model

The standard model of particle physics encompasses the leading theories describing
elementary particles. These appear as a result of the quantum field theories that
form the foundation of the standard model - a framework that has been incredibly
successful in its models and predictions regarding the elementary particles and their
interactions [10]. These interactions, i.e the strong, weak and electromagnetic forces
arise from elementary particles known as force carriers. The same likely applies to
gravity, the fourth type of force in nature, but this is neglected from the standard
model due to its minuscule effect in the mass scales of particle physics. More impor-
tantly, constructing a theory of gravity that can be consolidated with both quantum
physics and general relativity has proven difficult and is an active area of research
[11].

2.1 Elementary Particles

The elementary particles described in the standard model can be categorized into
two groups, namely fermions and bosons. All particle members of the fermions
possess spins of 1/2 as opposed to the bosons, which carry integer spins. Among
the fermions, there are two distinct groups of elementary particles, namely quarks
and leptons. These are distinguished from each other as they differ in a number
of qualities, one example being that only quarks have the ability to interact via
the strong force and form composite particles [10]. An overview of the collection of
elementary particles in the standard model, along with their categorizations, can be
seen in Figure 1.

Figure 1: Elementary particles in the standard model of particle physics. Image
obtained from ref. [12]
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2.1.1 Fermions

As stated at the beginning of this section, fermions categorize the spin 1/2 elemen-
tary particles in the standard model, namely leptons and quarks. Among the former,
one finds the electron, e, muon µ and tau, τ , along with their respective neutrino
flavors appearing in three generations, as shown below in Eq. 2.1.

(
e
νe

)(
µ
νµ

)(
τ
ντ

)
(2.1)

Similarly, the quarks are categorized into six flavors, namely up, u, down, d, strange,
s, charm, c, bottom, b and top, t. As for the leptons, these appear in three genera-
tions as seen in Eq. 2.2.

(
u
d

)(
s
c

)(
b
t

)
(2.2)

Aside from their spin, fermions share a second, major characteristic. For each of
these particles, there is a corresponding anti-particle possessing the same mass but
opposite quantum numbers, e.g. electric charge. Also common among these is that
the particle masses increase for each generation. Particles in heavier generations
can undergo flavour changing weak decays, meaning that only members of the first
generation come into a stable existence throughout most of the known universe
[13]. This is not applicable, however, to the neutrinos as these undergo flavour
oscillations.

As mentioned previously in this section, quarks are subject to the strong interaction
which results in the formation of composite particles known as hadrons. The light
hadrons, consisting of up, down or strange quarks, will be discussed in greater
detail in Section 2.2. What categorizes a specific hadron, however, is not just the
flavour combination but rather the unique states that arise from the combination
of quantum numbers that the quarks are subject to. These quantum numbers are
crucial for describing the behaviours of all fermions, and so the remainder of this
section aims to introduce the most relevant among these. The respective lepton and
quark quantum numbers are summarized in Table 1 for the former and Table 2 for
the latter.

Perhaps the most familiar among the quantum numbers is the electric charge which
is an intrinsic property, similar to the spin. The electric charge does, however,
vary among the fermions. Among the leptons, the neutrinos are electrically neutral
whereas the e, µ and τ all possess negative elementary charge, or Q = −1 when
normalized to this value, i.e. 1.60217662 · 10−19 C [14]. The quarks, on the other
hand, carry fractions of the elementary charge where d, s, and b take on Q = −1/3
whereas u, c and t take on Q = 2/3.

The leptons carry another intrinsic charge, referred to as the lepton numbers, Le, Lµ

and Lτ . This charge is necessary to explain reactions and decays involving leptons, as
this quantity is conserved. For the members of each generation, the lepton numbers
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are Le, Lµ,, Lτ = 1 while these take on negative values for the respective anti-particles
[10].

Common to all quarks is the intrinsic baryon number, B. Similarly to the lepton
numbers, this quantity is conserved in all reactions and decays. For all quarks, the
baryon number takes on a value of B = 1/3 whereas the sign is reversed for all
anti-quarks [13].

Each of the quarks also possess intrinsic quantum numbers closely related to their
flavour. Starting with the first generation, u and d quarks possess half-integer
isospin, |I| = I = 1/2 where, by definition, the third vector component is I3 = 1/2
for the former and I3 = −1/2 for the latter. The s and c quarks carry their respective
charges strangeness, S = −1, and charm, C = 1. Similarly, the b and t quarks
carry the respective bottom, B̃ = −1 and top, T = 1, charges. The sign of all
flavour charges, as well as the third isospin components, becomes reversed for the
respective anti-quarks. These flavour specific quantum numbers became crucial for
understanding the conservation and behaviour laws of strong and electromagnetic
interactions [13]. It is only in charged current weak interactions proceeding via the
W±-bosons that these flavour charges are not conserved. This does not, however,
hold true for the isospin as this is only conserved in strong interactions.

Flavor Mass (MeV/c2) Q Le Lµ Lτ

e 0.512 -1 1 0 0
νe < 1.1 · 10−6 0 1 0 0
µ 105.8 -1 0 1 0
νµ < 1.1 · 10−6 0 0 1 0
τ 1178 -1 0 0 1
ντ < 1.1 · 10−6 0 0 0 1

Table 1: Overview of the leptons, their mass, electric charge and the respective
lepton quantum numbers. Values for lepton numbers as well as e, µ, τ and neutrino
masses obtained from ref. [10], [15] and [16], respectively.

Flavor Mass Q B S C B̃ T I I3
up 2.16+49

−0.26 MeV/c2 2/3 1/3 0 0 0 0 1/2 1/2
down 4.67+0.48

−0.17 MeV/c2 −1/3 1/3 0 0 0 0 1/2 −1/2
strange 93+11

−5 MeV/c2 −1/3 1/3 −1 0 0 0 0 0
charm 1.27+0.02

−0.02 GeV/c
2 2/3 1/3 0 1 0 0 0 0

bottom 4.18+0.03
−0.02 GeV/c

2 −1/3 1/3 0 0 −1 0 0 0
top 172.9+0.4

−0.4 GeV/c
2 2/3 1/3 0 0 0 1 0 0

Table 2: Overview of the quarks, their mass, electric charge, Q, as well as their
respective baryon, B, strangeness, S, charm, C, bottom, B̃, top, T , and isospin, I,
quantum numbers. All values were obtained from ref. [15].
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2.1.2 Bosons

The bosons contain the force carriers for the strong, weak and electromagnetic forces.
As previously stated, these are elementary particles that carry out the interactions
and their properties are what determines the behavior of the forces themselves. The
electromagnetic force is mediated by the photon, γ, the weak by the three bosons
Z0, W+ and W− whereas the strong interaction is carried out by gluons, g. These
are referred to as gauge bosons and in addition, there is the more recently discovered
Higgs boson, H0, which give rise to the masses of the elementary particles via the
Higgs mechanism [17].

An important feature of the gauge bosons, having significant implications for the
nature of these forces, is their range. The Z0 and W± bosons are massive and their
formation often violates the energy conservation in their corresponding systems.
This energy violation is physically allowed under the uncertainty principle but only
for a certain amount of time. This then leads to the definition of interaction range as
the maximum distance the particle can propagate, which is given in Eq. 2.3 where
M is the mass of the boson.

R ≡ ℏ
Mc

(2.3)

This gives the weak interaction a range of approximately 10−3 fm. Photons and
gluons are massless, meaning that the range of electromagnetic and strong force
carriers are infinite. For the latter, however, this does not hold true in practice as
the strong interaction is subject to a range approximated to 1 fm [18].

The finite range of the strong interaction originates from the coupling of the gluons to
color. This is analogous to the electromagnetic interaction, where the photon couples
to the electric charge as described by quantum electrodynamics . As a result, only
particles with intrinsic electrical charge can undergo electromagnetic interactions.
Quarks also posses an intrinsic color charge of red, green or blue (r,g,b) which allow
them to couple to gluons and undergo strong interactions. Colorless states are
formed from the combination of r,g and b or the combination of a color and its anti-
color (r̄,ḡ,b̄) which are the possible charges possessed by anti-quarks. The coupling
of the gluon to color is described under the formalism of quantum chromodynamics,
in which the law of color confinement [19] plays an important role.

This confinement necessitates that all observable states are colorless. Two especially
important consequences of this is that, firstly, unconfined quarks are not observable
- only certain composite quark states like baryons and mesons are. Secondly, com-
posite particles will be color neutral meaning that coupling to the gluon is only
possible on scales small enough where the internal quarks’ individual color becomes
distinguishable [10]. Therefore, despite the infinite range of its force carrier, strong
interactions only occur at short ranges.

While this holds true for low energies, the situation changes for shorter length scales,
or rather, larger energy transfers. This relates to the strength of the interaction
quantified by the coupling constant, αs for strong interactions. At larger distances,
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the strength of αs increases dramatically as the particle separation increases, which
causes the confinement. Similarly, for short distances and large energy transfers,
the interaction strength weakens. Asymptotically, this phenomena results in quarks
behaving as free particles, otherwise referred to as asymptotic freedom. The strength
of αs varying depending on the energy transfer is referred to as running of the
coupling constant and can be seen in Figure 2.

Figure 2: Running of the strong coupling constant αs over the energy scale Q. Graph
taken from ref. [15]

The strength of the weak and electromagnetic interactions is similarly described by
their coupling constants. These can be related to each other which follows from the
so-called unification condition, which unifies the electromagnetic and weak interac-
tions into a single kind under electroweak theory derived from gauge invariances.
This electroweak unification theory has proved successful in describing higher order
interactions [10].

The cumulative effects of the force carrier ranges and coupling strengths lead to
clear differences in the likelihood of either of these interactions taking place. In
particular, this is observed in the average lifetimes of particles which can undergo
strong, electromagnetic and weak decays. In general terms, decays occurring via
the former experience an average lifetime of 10−24 − 10−22 s. For particles under-
going electromagnetic interactions, the average lifetime increases to 10−21 − 10−16

s, whereas weakly interacting particles have lifetimes in the range of 10−13 − 10−7 s
[10].
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2.2 Hadrons

Hadrons are bound states of quarks formed via the strong interaction. Because
of the color confinement discussed in Section 2.1.2, hadrons can be categorized into
two groups, namely mesons representing qq̄ and baryons representing qqq states [10].
This section aims to introduce the light hadrons as well as the quantum numbers
that dictate their properties.

All elementary particles possess intrinsic spin, S, which for fermions is 1/2. For
systems of multiple quarks the individual spin vectors can be orientated in various
ways. For mesons, this results in possible spin combinations of S = 0, 1, whereas
a baryon can take on values of S = 1

2
, 3
2
[10]. Besides spin, fermions can possess

orbital angular momentum L, which takes on integer values.The combined effects of
these give rise to the total angular momentum, J as given in Eq. 2.4, below. From
this definition, the possible magnitudes for the total angular momentum is shown
in Eq. 2.5 [20].

J = L+ S (2.4)

|L− S| < J < |L+ S| (2.5)

Besides the spin, both fermions and bosons possess parity, a quantum number de-
noted by P . This quantum number reflects the symmetry of the particle’s spa-
tial wave function. More specifically, this property dictates how the wave function
changes when space is mirrored and the sign of all spatial coordinate vectors are
reversed. If the wave function remains unchanged under such a transformation, it
is said to carry even parity, denoted by P = +1, which is the case for all fermions.
If this is not the case, the wave function is said to be odd and P = −1 [10]. For
composite systems such as hadrons, this quantum number is influenced by the mul-
tiplicative contributions from its internal quarks as well as their combined orbital
angular momentum, L . This results in mesons and baryons having parities as given
in Eq. 2.6 and 2.7, respectively.

Pmeson = (−1)L+1 (2.6)

Pbaryon = (−1)L (2.7)

Another property that becomes especially important for mesons is the charge con-
jugation, C. This operator, when applied to a particle wave function, changes said
particle into its anti-particle, resulting in the sign reversal of its electric charge,
baryon number and flavor specific quantum numbers. Conceptually, this indicates
that particles that are their own anti-particles are eigenstates under the charge con-
jugation operator [11]. These are referred to as majorana particles, examples of
which being photons and mesons with neutral electric and flavor charges, such as
π0 or η. For such cases, this operator is associated with a quantum number referred
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to as charge-parity, defined as in Eq. 2.8, where L is the orbital angular momentum
of the system.

C = (−1)L (2.8)

As mentioned in the introductory Section 1.1, the combination of parity and charge
conjugation, or rather the violation of CP -conservation in weak interactions lead to
discrepancies in the behavior of matter and anti-matter, which would otherwise be
symmetrical.

As has been eluded to, the electric charge and the quark specific quantum numbers
discussed in Section 2.1.1 are just as relevant when considering hadrons. Among
these, the electric charge, the baryon number, all of the flavor charges and the third
isospin component are additive for composite systems. To account for these, one
often considers the hypercharge, Y , defined in Eq. 2.9, below.

Y = B + S + C + B̃ + T (2.9)

Conveniently, the hypercharge can be related to the electric charge and the third
isospin component according to Eq. 2.10 [10].

Y = 2 (Q− I3) (2.10)

As mentioned previously, hadrons exist as unique states formed from the combina-
tions of quantum numbers that its quarks are subject to. These are well illustrated
by considering the hypercharge and third isospin components, describing the flavour
contents of the hadrons. Besides the flavour combination itself, hadrons can take on
different values of total angular momentum, often referred to as total spin.

For a given total spin, the possible quark flavor combinations can be drawn into
a diagram of their hypercharge and third isospin component. This leads to the
depictions of light hadrons, consisting of u, d or s quarks, known as the meson
nonents as well as the baryon octet and decuplet. Ground state mesons carry no
orbital angular momentum, meaning that they can take on total spins of J = 0 or
J = 1, since L = 0. This results in two nonets for all possible flavor combinations
for light mesons, both of which can be seen in Figure 3. The same can be said for
ground state baryons, which can possess total spins of J = 1/2, represented by the
octet, or J = 3/2, represented by the decuplet, as seen in Figure 4 [13].

Within these diagrams, particles occurring along horizontal lines are grouped to-
gether in families referred to as isospin multiplets. As these particles contain the
same number of s-quarks and vary only in terms of u and d contents, their masses
become degenerate. In composite systems such as hadrons, the spin configuration of
the individual quarks lead to additional unique states. This is the reason as to why
several particles with the same hypercharge and isospin appear within the nonets
and octet [10].
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Figure 3: The light meson nonets for total spin J = 0 (left) and J = 1 (right).
Image obtained from ref. [10].

Figure 4: The light baryon total spin J = 1/2 octet (left) and the spin J = 3/2
decuplet (right). Image obtained from ref. [10].

2.2.1 Hyperons

As mentioned in the introductory section, hyperon is a collective name for baryons
consisting of u, d and at least one s-quark. These are illustrated in the baryon octet
and decuplet, shown in Figure 4, as the Λ, Σ, Ξ and Ω families of particles. The
ground state hyperons are listed in Table 3 along with their properties and quark
contents.

All flavour changing decay modes and reactions occur via the weak interaction which
are characterized by long lifetimes making these particles travel a measurable dis-
tance, in the order of centimetres, before they decay. As seen in Table 3, this occurs
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for the lighter hyperons as well as the Ω−. The exception to this is the Σ0, which
undergoes an electromagnetic decay. This decay mode becomes possible since the
Σ0 is heavy enough to decay into a Λ, and thus allowing for a reaction that conserves
quark flavor. Despite the flavor conservation, such a decay occurring via the strong
interaction is not possible as the Λ and Σ0 differ in isospin due to the spin configu-
rations of their quarks. This leaves the electromagnetic decay mode as the favoured
option, as the isospin must be conserved in strong interactions. Strong decay modes
are, however, possible for the J = 3/2 Ξ∗ and Σ∗ hyperons. These are heavy enough
to allow for isospin conservation by the production of pions, as opposed to the Σ0.
This is illustrated by their short lifetimes.

Particle Content M (MeV/c2) τ (s) cτ (cm) Decay Fraction (%)
Λ uds 1115.683± 0.006 (2.632± 0.020) · 10−10 7.89 pπ− 63.9± 0.5
Σ+ uus 1189.37± 0.07 (0.8018± 0.0026) · 10−10 2.404 pπ0 51.57± 0.30
Σ0 uds 1192.642± 0.024 (7.4± 0.7) · 10−20 2.22 · 10−8 Λγ 100
Σ− dds 1197.449± 0.030 (1.479± 0.011) · 10−10 4.434 nπ− 98.848± 0.005
Ξ0 uss 1314.86± 0.20 (2.90± 0.09) · 10−10 8.71 Λπ0 99.524± 0.012
Ξ− dss 1321.71± 0.07 (1.639± 0.015) · 10−10 4.91 Λπ− 99.887± 0.035
Σ∗+ uus 1382.80± 0.35 (1.83± 0.04) · 10−23 5.98 · 10−13 Λπ+ 87.0± 1.5
Σ∗0 uds 1383.7± 1.0 (1.83± 0.03) · 10−23 5.47 · 10−13 Λπ0 87.0± 1.5
Σ∗− dds 1287.2± 0.5 (1.67± 0.09) · 10−23 5.01 · 10−13 Λπ− 87.0± 1.5
Ξ∗0 uss 1531.80± 0.32 (7.2± 0.4) · 10−23 2.2 · 10−12 Ξπ 100
Ξ∗− dss 1535.0± 0.6 (6.7+1.1

−1.3) · 10−23 2.0 · 10−12 Ξπ 100
Ω− sss 1672.45± 0.29 (0.821± 0.011) · 10−10 2.461 ΛK− 67.8± 0.7

Table 3: Ground state hyperons along with their quark contents, mass, average
lifetimes, maximum average distance traveled, primary decay mode and fraction of
particles expected to undergo said decay. All values obtained from ref. [15].

3 The pp→ ΛΛKK Reaction

Section 1.1 briefly introduced some topics of physics in which hyperons are of inter-
est. Here, the scope will be narrowed to the specific reaction channel, seen below in
equation 3.1, chosen as the focus of this thesis project.

pp→ ΛΛK+K+ (3.1)

Starting from the initial state, the hyperons to be studied are produced as the result
of a proton-proton collision. This specific set-up has been chosen for comparability
to data collected at the HADES experiment during the Feburary 2022 beam time.
As is detailed in Chapter 5, dedicated to the HADES experiment, one of the goals
during this beam time was to collect data from the reaction above. More specifically,
the interest lies in probing the strong interaction between the two Λ particles using
femtoscopy [21]. As briefly mentioned in the introduction, this methodology is used
to study correlations between two particles from kinematic measurements of their
decay products. A description of femtoscopy, the theoretical formalism and its
implementation is detailed in Section 4.3 to provide an overview of how the strong
interaction potential can be extracted from these measurements.
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The ΛΛ interaction has been studied previously, not only with femtoscopy but also
from the creation of hypernuclei, introduced in the Section 1.1. Up until this point,
a handful of ΛΛ hypernuclei have been produced and studied [22], which revealed a
weakly attractive interaction between the two hyperons [23].

It is only in the past two decades that femtoscopy studies have been performed on
hyperons but during this period, this approach has been able to produce results con-
sistent with those from hypernuclear studies. The first femtoscopic measurements of
the ΛΛ interactions were made by the STAR collaboration at Brookhaven laboratory
[24]. These, however, indicated that the interaction between Λ hyperons is weakly
repulsive. Since then, reanalysis of the same data revealed an attractive potential, in
line with the results of hypernuclear studies and ΛΛ femtoscopy measurements later
performed by the ALICE collaboration at CERN [25]. Although these results no
longer contradict each other, this eludes to the overall problem that the femtoscopy
studies have been afflicted with, namely low precision and a limited amount of data.
This has made it difficult to constrain the strong interaction potential hyperons are
subject to, something which has not yet been achieved to a satisfactory degree [26].
For this reason, effort is being made at HADES and several other collaborations to
produce a larger set of femtoscopy data.

One of the ways in which HADES hopes to improve the reconstruction of hyperons
for such measurements has been the implementation of a vertex fitter [27]. This is a
software tool which can utilize the displacement of the Λ hyperon from the proton-
proton collision point before its decay to perform kinematic fitting based on the
Lagrange multiplier method, described in Section 8.1. The fitting process can then
performed under the geometric constraints of the Λ production and decay vertexes
as well as kinematic constraints from the conservation of energy and momentum.
The vertex fitter is described in more detail in Chapter 8 along a previous study of
a single-Λ reaction channel to benchmark its performance. As was demonstrated by
this study, the vertex fitter was able to improve the Λ reconstruction which ignited
further interest to determine its ability to reconstruct a Λ pair for femtoscopy studies.
The purpose of this thesis project has been to examine exactly that from simulations
and subsequent analysis in a feasibility study. A more detailed description of this the
scope, methodology and obtained results can be found in Chapters 9 and 10.

As described above, the produced Λ hyperons must be reconstructed in order to
study the strong interaction between them. More specifically, this refers to the
reconstruction of its momentum vector, energy and trajectory. For hyperons, these
properties can not be measured directly as their lifetimes, seen in Table 3, are short
enough to prevent them from being detected directly. Instead, these properties are
calculated from measurements of the kinematics of its daughter products and the
conservation of energy and momentum.
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Figure 5: Reaction topology

At HADES, Λ hyperons are reconstructed from protons and pions produced by
the Λ → pπ− decay mode [21]. This is reflected in the reaction topology of the
pp → ΛΛKK channel in Figure 5. As seen in Table 3, this decay mode has a
branching ratio of 64% whereas the second most prominent channel is the Λ → nπ0

decay. Although a significant number of Λ hyperons, about 36% [15], will undergo
this decay, this channel is not considered in this analysis since HADES has no means
of detecting neutral hadrons.

Although both the K+ and π− are unstable particles, their decay modes are not
considered in this analysis, either. Pions undergo weak decays into leptons, pre-
dominately π− → µ−ν̄µ. This occurs with an average lifetime long enough for most
pions to traverse the whole detector, meaning that they can be detected and re-
constructed directly. Therefore, pions are considered final state particles, just as
the protons. The kaons produced in the beam-target collision along with the Λ
hyperons are also unstable and undergo decays into leptons or pions, also with av-
erage lifetimes long enough to be considered final state particles. Table 4 displays
the lifetimes and average distance travelled by the final state particles discussed
above.

Particle Content M (MeV/c2) τ(s) cτ (m) Decay Fraction (%)
K+ us̄ 493.677± 0.016 (1.2380± 0.0020) · 10−8 3.711 µ+νµ 63.56± 0.11
p uud 938.272081± 0.000006 > 1038 - - -
π− dū 139.57039± 0.00018 (2.6033± 0.0005) · 10−8 7.8045 µ−ν̄µ 99.98771± 0.00004

Table 4: Quark content, mass, average lifetime, maximum average distance travelled,
primary decay mode and its branching ratio for each of the final state particles
considered. All values obtained from ref. [15].

Table 4 also displays the quark contents of the final state particles to provide insight
to the production mechanisms from which these are created. Eq. 3.2 displayed the
same reaction as that in Eq. 3.1 but here, in terms of the quark content. The
number of u and d quarks remains unchanged but the collision appears to spawn
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two ss̄ pairs and rearrange the quarks into new bound states, namely Λ hyperons
(uds) and K+ mesons (us̄).

uud+ uud→ uds+ uds+ us̄+ us̄ (3.2)

When describing hadron production mechanism, there are two models which have
been used with success, namely quark-gluon or hadron-meson exchanges. Unfortu-
nately, the hyperon production occurs at energy scales close to the cut-off between
perturbative and non-perturbative QCD. Therefore, it is still unclear whether the
degrees of freedom in this production constitutes quarks, hadrons or some mix of
both [28]. In the quark-gluon picture, the ss̄ pairs are created from gluons emitted
by the protons’ u or d quarks in the collision. In the hadron-meson exchange picture,
the quark conversion in equation 3.2 is instead balanced by the exchange of mesons
by the initial hadrons.

Figure 6 depicts the process in which the Λ hyperon decays via the exchange of a
W− boson. Eq. 3.3 describes this decay, Λ → pπ−, in terms of its quark contents
from which it appears that the initial s quark gives rise to the additional u, d and ū
quarks. As seen in Figure 6, the s quark decays to the u quark by the emission of
the W− boson which, in turn, decays into the d and ū quark.

uds→ uud+ dū (3.3)

In these reaction diagrams the time evolution occurs from left to right, as specified
by the arrows drawn between the quarks. For anti-quarks, it is conventional to
draw these arrows in the direction opposite to the evolution of time [10]. It is at the
vertexes here that the interactions take place and as such, these are subject to the
quantum number conservation laws discussed in Section 2.1.1.

Figure 6: Model describing the Λ decay for the considered reaction channel.
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4 Formalism

4.1 Relativistic Kinematics

When considering particles as small as hadrons one needs to approach their kine-
matics relativistically. In particle accelerators and experiments, these are often
accelerated close to the speed of light, well beyond the realm of classical mechanics.
As such, this section will introduce the formalisms of special relativity needed to
describe the kinematic properties of interest as described in ref. [29].

In special relativity, spatial and kinematic properties such as position, velocity and
momentum are generalized from their three-dimensional Euclidean counterparts into
a new, four-dimensional vector space representing the space-time. These kinematic
properties will be discussed but first, a more general description of this new vector
space will be presented.

Here, vectors are refereed to as four-vectors, reflecting the additional component
of time. A general example of a four-vector can be seen below in Eq. 4.1 and
4.2. In this vector space, these are commonly expressed with a time-component
followed by the three spatial components. The position of the index µ reflects
the transformational properties of the four-vector, such as when moving between
different reference frames. An upper index signals that the four-vector is covariant
whereas the alternative formulation with a lower index, seen in Eq. 4.2, represents
a contravariant vector. The sign change of the three spatial components in the
contravariant representation is entirely conventional; an equivalent description would
be to only change the sign of the time component under such a transformation.

Aµ = (a0, a1, a2, a3) (4.1)

Aµ = (a0,−a1,−a2,−a3) (4.2)

The transformation between covariant and contravariant four-vectors, as seen above,
is governed by the Minkowski metric, η, defined in Eq. 4.3. These transformation are
carried out as is shown in Eq. 4.4. By Einstein’s summation convention, whenever
a product contains two terms in which the superscript is of the same index as the
other’s subscript a summation over the four-vector components, as exemplified in
Eq. 4.5, is implied.

ηµν = ηµν =


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

 (4.3)

Aµ = ηµνA
ν Aµ = ηµνAν (4.4)
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One of the main ways in which the space-time sets itself apart from three-dimensional
space is that its geometry and transformations no longer remain Euclidean, which is
the main reason as to why the four-vectors are separated as contravariant or covari-
ant. For the same reason, the inner product of this vector space is defined as that in
Eq. 4.5, where the four-vectors Aµ = (a0, a1, a2, a3) and B

µ = (b0, b1, b2, b3).

AµB
µ =

3∑
µ=0

AµB
µ = a0b

0 + a1b
1 + a2b

2 + a3b
3 (4.5)

Just as its Euclidean counter-part, this inner product results in a scalar but the
importance of this operation lies in that this scalar remains the same for all reference
frames. As such, this inner product is unaffected by Lorentz transformations, the
operation with which one moves between reference frames. This property is referred
to as a Lorentz invariant, some useful examples of which will be considered later on
in this section.

This Lorenz transformation can be seen in Eq. 4.6, where µ and ν correspond to
the respective reference frames. The transformation here represents the expression
of the four-vector in the Aµ into the new frame, denoted by ν. The transformation
matrix in Cartesian coordinates, Λ, is shown below Eq. 4.7.

Aν = Λν
µA

µ (4.6)

Λ =


γ −γu 0 0

−γu γ 0 0
0 0 1 0
0 0 0 1

 (4.7)

The Lorentz factor, γ, can be seen in Eq. 4.8, where u is the relative velocity between
the reference frames.

γ ≡ 1√
1− u2/c2

(4.8)

The positional four-vector is defined as that in Eq. 4.9. As discussed previously,
the first four-vector component represents the time, which in this case, is scaled by
a factor of c such that its physical dimension remains the same as that of its spatial
components.

Xµ ≡ (ct, x, y, x) (4.9)

The four-velocity is defined similarly as its classical counterpart in that it is a time
derivative of the position. In relativity, however, special care must be taken in re-
gards to this derivation as the flow of time may differ between reference frames.
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Consider the position, Xµ, observed in the reference frame denoted by µ, the
displacement of which is measured over a time, dt. In another reference frame,
ν, moving with a speed u relative to µ, no spatial displacement is observed and
Xν = (cτ, 0, 0, 0). The time interval, dt, observed in µ is dilated compared to that
observed in ν, dτ according to Eq. 4.10.

dt = γdτ (4.10)

As there is no spatial displacement occurring in ν, this is referred to as the rest frame
and its time component, τ , the proper time. To avoid ambiguity, the four-velocity
is then defined as the partial derivative of the observed four-position with respect
to the proper time, as seen in Eq. 4.11. Here, ux, uy and uz corresponds to the
observed spatial velocity components of the rest frame.

Uµ ≡ ∂Xµ

∂τ
= γ

∂Xµ

∂t
= γ(c, ux, uy, uz) (4.11)

In the rest frame discussed above, the four-velocity becomes Uν = (c, 0, 0, 0) and
taking the inner product of this vector, according to Eq. 4.5, yields UνU

ν = c2.
Since the result of this inner product is Lorentz invariant, this result holds true for
all reference frames and as such, the inner product of the four-velocity is always
given as that in Eq. 4.12.

UµU
µ = c2 (4.12)

The relativistic four-momentum is also defined similarly to its classical counterpart
as the four-velocity scaled by the rest-mass, as seen below in Eq. 4.13. Here, the
first component is closely related to the relativistic energy, E = γm0c

2 whereas the
following three represent the relativistic spatial momentum, p = γm0u.

P µ ≡ m0U
µ = m0γ(c, ux, uy, uz) =

(
E

c
, px, py, pz

)
(4.13)

The inner product of the four-momentum, seen in Eq. 4.14, reveals an especially
useful Lorentz invariant commonly referred to as the invariant mass, which can be
seen in Eq. 4.15.

PµP
µ = m2

0UµU
µ = m2

0c
2 (4.14)

M2 =

(
N∑

n=1

En

)2

−

(
N∑

n=1

pn

)2

(4.15)

Here, the invariant mass is defined as the inner product of the total four-momentum
consisting ofN vector components, P µ

1 , P
µ
2 , ..., P

µ
N and normalized such that c = 1, in
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which case the inner product represents the combined invariant mass of the system.
This quantity is then related to the energy and the spatial momentum components
by the definition of the inner product, as seen in Eq. 4.5.

The reason as to why this quantity becomes so useful is that it remains constant
not only between reference frames, on account of being Lorentz invariant, but also
through conservation of the four-momentum. Thus, the invariant mass can be used
to relate the energy and momentum of a system before and after some event, such as
scattering or particle reactions. In addition, a more convenient view of such events
can often be obtained by viewing it from a difference reference frame, e.g. the center-
of-mass frame where the system’s center of mass is at rest. Here, the momentum of
the individual components cancel out and the invariant mass then provides a direct
link between the kinematics of this frame and the lab frame, corresponding to the
rest frame in which the energy or momentum can be measured.

4.2 Scattering

4.2.1 The Scattering Amplitude

In quantum mechanics, the scattering process is described as a time-dependant
perturbation of the incoming particle’s wave function. This perturbation is caused
by some potential, assumed to be finite. An example of such a potential could
be that of the strong interaction between hadrons - a coupling which only occurs
on scales for which the color charges of the internal quarks become distinguishable
from the colorless hadron, as discussed in Section 2.1.2. Although, in such a case,
a Coulomb interaction would certainly be present as well, due to the net-charge of
the hadron or its quarks.

With a finite range potential, the problem can be intuitively understood as an incom-
ing free particle which, following some interaction with this potential, is scattered off
into some new direction. The incoming wave-function, representing a free particle,
can be represented as a simple plane wave whereas the scattered wave-function can
be thought of as a superposition of spherical, outgoing waves from the center of the
potential.

With the assumption of a finite, short ranged potential the Schrödinger equation can
be reformulated into the Lippmann-Schwinger equation, seen in Eq. 4.16, by treating
the effect of the potential on the wave function as a time-dependant perturbation
[20]. Here, ϕ corresponds to the incoming plane wave, k its wave vector, V the
potential and x, some point within its range. The point of observation, x, is assumed
to be far beyond the potential range.

ψ(x) = ϕ(x)− 2m

ℏ2

∫
e±ik|x−x,|

4π|x− x,|
V (x,)ψ(x,)d3x, (4.16)

With this assumption, i.e. |x| >> |x,|, the Lippmann-Schwinger equation can be
approximated as that seen in Eq. 4.17. Here, the positional vector to the observation
point is r = x and k

,
= kr̂ .
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ψ(x) = ϕ(x)− 1

2π

m

ℏ2
eikr

r

∫
e−ik

, ·x,

V (x
,

)ψ(x
,

)d3x
,

(4.17)

The reformulation of this expression, as seen in Eq. 4.18, illustrates the contributions
from the incoming plane wave, ϕ(x) = eik·x/(2π)3/2, and the outgoing spherical wave
eikr/r, the amplitude of which is given by the scattering amplitude f(k,k

,
), seen in

Eq. 4.19. In spherical coordinates, it can be expressed in terms of the f(θ, φ), rather
than the coordinate-independent formulation f(k,k

,
), which better illustrates its

angular dependence.

ψ(x) =
1

(2π)3/2

(
eik·x +

eikr

r
f(k,k

,

)

)
(4.18)

f(k,k
,

) ≡ −(2π)3/2

2π

m

ℏ2

∫
e−ik

, ·x,

V (x
,

)ψ(x
,

)d3x
,

(4.19)

The scattering amplitude is a vital part in analysis of the scattering problem as it
relates to the spatial probability density of the scattered particle. Additionally, it
is directly related to the scattering potential responsible for the interaction between
the two particles. This eludes to the central part the scattering amplitude plays in
efforts of determining the strong interaction between hyperons.

The expression in Eq. 4.19 cannot be evaluated without knowledge of the potential
or the internal wave function. The scattering amplitude can, however, be evaluated
experimentally. Therefore, the coming sections 4.2.2 and 4.2.3 are dedicated to the
measurable parameters of a scattering experiment and their relation to the scattering
amplitude.

4.2.2 The Cross Section

In scattering experiments, one of the main parameters of interest is the cross section,
σ. This parameter is closely related to the reaction probability between the particle
beam and target, regardless of whether the final state particles are different than
the initial state, a scenario referred to as inelastic scattering. If the final state
particles are the same as the initial one, the process is then referred to as elastic
scattering.

What is measured in an experiment, on the other hand, is the differential cross
section, dσ/dΩ which describes the rate of particles scattered into a solid angle, dΩ.
The total cross section is simply obtained by integration over this solid angle, as
seen in Eq. 4.20.

σ =

∫
dσ

dΩ
dΩ (4.20)

A more rigours definition of the differential cross section, taking into account the
flux of the particle beam, the transition rate and the probability flux of the wave
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function reveals that this quantity is closely related to the scattering amplitude, as
seen in Eq. 4.21 [20].

dσ

dΩ
= |f(θ, φ)|2 (4.21)

Experimentally, the cross section is measured as counts over an areal cross section
in space. As such, it can be obtained as the number detector hits resulting from
a certain interaction or reaction chain. Therefore, the cross section can also be
used to estimate the reaction rate of a given channel or the overall beam-target
collision interaction. This can be seen in equation 4.22 [10], where W corresponds
to the number of reactions expected per unit time, σ its cross section and L the
luminosity. This is a parameter often used to quantize the performance of collider
experiments as it relates to the probability of achieving a beam-target collision given
the beam flux and target density.

W = Lσ (4.22)

Here, it is of importance to denote the difference between the actual cross section and
that measured as the number of detector hits since this depends on the acceptance of
the detector and the reconstruction efficiency. The former quantifies the regions over
the solid angle for which detection is possible whereas the latter denotes the fraction
of particles within this acceptance that can be identified, or reconstructed.

Both cross sections and luminosity are often expressed in the unit barn, for which 1
b = 10−28 m2. The former has the dimensions of an area and can therefore be given
in terms of b, whereas the latter can be expressed in units of b−1s−1.

4.2.3 Low Energy Scattering Parameters

The scattering amplitude can be reformulated using the effective range expansion.
This approximation is valid in the low energy limit where two parameters, appropri-
ately referred to as the low energy scattering parameters, can be used to characterize
the scattering potential. The first of these parameters is the scattering length, which
is closely related to the strength of the scattering potential and whether the inter-
action is attractive or repulsive. Additionally, the sign of this parameter reveals
whether the scattering results in a bound or unbound state. The second parameter
is referred to as the effective range and offers a qualitative description of scatter-
ing potential range. These parameters can be derived and defined following the
procedure described in this section [20].

This derivation follows from the partial wave method solution to the Schrödinger
equation with a spherically symmetric, central scattering potential. As is revealed
by the partial wave method, at large distances away from this potential the outgoing
wave-function will differ from the original only in that its phase has been shifted.
This outgoing wave-function, ψ, can be seen in Eq. 4.23 where δ0 corresponds to
the phase shift, r the spatial coordinate and k the wave vector.
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ψ(r⃗) → eiδ0

r

(
sin(kr)

k
cos(δ0) + cos(kr)

sin(δ0)

k

)
(4.23)

In the low energy limit as the wavelength approaches infinity, the wave vector k → 0.
Here, when considering ψ(r) = u(r)/r, the radial part of the Schrödinger equation
then simplifies to that seen in Eq. 4.24 at large distances from the central poten-
tial.

∂2u

∂r2
= 0 (4.24)

Evidently, the solution must be a linear function as shown in Eq. 4.25 where c and
a are constants under derivation with respect to r.

u(r) = c(r − a) (4.25)

From Eq. 4.23, however, it is evident that u(r) will vary as the expression in Eq.
4.26.

u(r) ∝ sin(kr)

k
cos(δ0) + cos(kr)

sin(δ0)

k
=

1

k
sin

(
k

(
r +

δ0
k

))
(4.26)

A useful way of equating the linear behaviour of u(r) in the low energy limit to the
expression in Eq. 4.26 is to derivate both with respect to r and divide by the original
function. The resulting relation can be seen in Eq. 4.27 where u

,
= du

dr
.

u
,

u
= lim

k→0
kcot

(
k

(
r +

δ0
k

))
=

1

r − a
(4.27)

Setting r = 0 then reveals the definition of the scattering length, a, as that in Eq.
4.28.

lim
k→0

kcot(δ0) = −1

a
(4.28)

Similarly, the effective range is also derived from the low energy limit of the Schrödinger
equation as originally described in ref. [30]. This derivation begins by considering
the four solutions to the radial Schrödinger equations 4.29-4.32 with and without
the central scattering potential: u, u0, v and v0. Here, u0 and v0 correspond to the
zero-energy solutions, E = 0, whereas u and v are solutions for E ̸= 0. The wave-
functions v and v0 are solutions in the absence of the scattering potential, V (r) = 0
whereas u and u0 solve the Schrödinger equation for V (r) ̸= 0.

∂2u

∂r2
+ u

(
k2 − mV (r)

ℏ2

)
= 0 (4.29)
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∂2u0
∂r2

− u0
mV (r)

ℏ2
= 0 (4.30)

∂2v

∂r2
+ vk2 = 0 (4.31)

∂2v0
∂r2

= 0 (4.32)

By multiplying Eq. 4.29 by u0 and Eq. 4.30 by u one obtains the results seen in Eq.
4.33. By following a similar procedure applied to Eq. 4.31 and 4.32, one obtains
that in Eq. 4.34.

∂

∂r

(
u
∂u0
∂r

− u0
∂u

∂r

)
= k2u0u (4.33)

∂

∂r

(
v
∂v0
∂r

− v0
∂v

∂r

)
= k2v0v (4.34)

Subtracting Eq. 4.34 from 4.33 and integrating with respect to the radial distance
yields the result in Eq. 4.35.

∫ ∞

0

∂

∂r

(
u
∂u0
∂r

− u0
∂u

∂r
− v

∂v0
∂r

+ v0
∂v

∂r

)
dr = k2

∫ ∞

0

(u0u− v0v) dr (4.35)

The left and right hand side expressions of this equations can be simplified by making
a few considerations. First to note is that far away from the scattering potential,
i.e. where r → ∞ and V (r) = 0, one obtains u = v and u0 = v0. The contribution
form the upper integration limit in the left hand side of Eq. 4.35 vanishes and the
expression is simplified to that in Eq. 4.36.

[
v
∂v0
∂r

− v0
∂v

∂r

]
r=0

= k2
∫ ∞

0

(u0u− v0v) dr (4.36)

This equation can then be simplified further by evaluating the expression on its left
hand side. Eq. 4.31 is solved by the wave-function v given in Eq. 4.37 for which
A is determined such that v is normalized to unity at r = 0. Eq. 4.32 is the same
equation as that given in Eq. 4.24 as the low energy limit of the Schrödinger equation
at large distances from the potential. The solution to v0 is the linear function given
in Eq. 4.25 where a is the scattering length and c is determined such that v0 also
becomes normalized to unity at the origin.

v = Asin(kr + δ0) (4.37)

v0 = c(r − a) (4.38)
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With the wave-functions given as those in Eq. 4.37 and 4.38, the left hand side of
Eq. 4.36 simplifies to that in Eq. 4.39.

[
v
∂v0
∂r

− v0
∂v

∂r

]
r=0

= −kcot(δ0)−
1

a
(4.39)

As a final remark, the right hand side of Eq. 4.36 can be simplified by noting that
the scattering potential should be the dominating feature in these wave-functions
since only the low energy limit is under consideration. This argument enables the
approximations u ≈ u0 and v ≈ v0, for which Eq. 4.36 finally simplifies to that
given in Eq. 4.40.

−kcot(δ0)−
1

a
≈ k2

∫ ∞

0

(
u20 − v20

)
dr (4.40)

As the left hand side of Eq. 4.40 is a constant, reason states that the right hand
side must be as well. As such, a second parameter, the effective range r0, has been
identified as that seen in Eq. 4.41.

r0 = 2

∫ ∞

0

(
u20 − v20

)
dr (4.41)

With this definition, Eq. 4.40 yields the effective range expansion, which can be
seen in Eq. 4.42.

kcot(δ0) = −1

a
+ r0

k2

2
(4.42)

As stated in the introduction to this section, this expansion can be used to express
scattering amplitudes in terms of the scattering length and the effective range as
shown in Eq. 4.43.

f(k) =
1

1
a
+ r0

k2

2
− ik

(4.43)

Thus, in the low energy limit, the scattering amplitude can be determined without
explicit knowledge of the scattering potential or the internal wave-function. As such,
the effective range expansion becomes a powerful tool as it enables modelling of the
scattering amplitude based on measurements of the cross section. In turn, this then
allows for modelling of the scattering potential giving rise to the forces in various
particle interactions. How this is achieved for unstable particles such as hyperons,
is detailed in Section 4.3 describing the femtoscopy method.
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4.3 Femtoscopy

The femotscopy method is an adaptation to scattering experiments which allows
for studies of the interaction between unstable particles such as hyperons. This
analysis hinges on the correlation function, the definition of which can be seen in
Eq. 4.44.

C(p1,p2) =
P (p1,p2)

P (p1)P (p2)
(4.44)

This function measures the degree to which two particles are correlated based on
the probability of a particle having the momentum p1 given that a second particle
was emitted with the momentum p2, denoted as P (p1,p2), and the probabilities of
single particle emission with the same momentum, P (p1) and P (p2). By this defi-
nition, uncorrelated events without any interaction will have a correlation function
evaluated to unity, as P (p1,p2) = P (p1)P (p2) [31].

Unsurprisingly, the emission probabilities are closely related to the particle wave-
function and thus, the correlation function can be expressed in terms of this as well as
the source function, SP (r

∗), following a number of approximations. This formulation
can be seen in Eq. 4.45 where P = p1+p2 is the combined momentum of the particle
pair whereas r∗ and q∗ = |p1

∗ − p2
∗|/2 corresponds to the spatial separation and

the reduced relative momentum in the center-of-mass frame, denoted by (∗) [26].
Figure 7 displays the correlated particle pair and quantities described.

C(P,q) =

∫
|ψ(q, r∗)|2SP (r

∗)d3r∗ (4.45)

Figure 7: Schematic of a correlated particle pair.

The source function is related to the emission probability profiles of the particles
and describes the likelihood of emitting a particle pair with a spatial separation
of r∗. The single particle emission profiles are often assumed follow a Gaussian
distribution which yields the source function shown in Eq. 4.46.

SP,Gauss(r
∗) =

e
− r∗2

4r20

(4πr20)
3/2

(4.46)
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Here the parameter r0 = (r0,1+r0,2)/2 combines the widths of the particle’s individ-
ual emission profiles, r0,1 and r0,2. Although the Gaussian emission profile is common
choice, other types of distributions could be used to model the source function. The
choice of distribution as well as its parameters will impact the correlation analysis
[32], an example of which is shown in Figure 8. Here, the correlation functions
obtained from Gaussian and Cauchy distributed emission profiles are compared to
illustrate the source functions impact on this analysis.

Figure 8: Comparison between correlation functions obtained for different models
of the particle emission source function. Image obtained from ref. [32].

As seen in Eq. 4.45, the correlation function contains a second term consisting of the
particle pair wave-function. This term introduces a dependence of the correlation
function on the interaction between the particle pair and constitutes the reason as to
why the femtoscopy method can be used to probe it. For hyperons, the potential of
interest is the one originating from the strong interaction but often, there are other
correlations also at play. For instance, if the pair consists of identical particles, the
Pauli exclusion principle dictates an anti-symmetrization of their wave-function. If
both particles carry electric charge, a long-ranged Coulomb interaction will introduce
additional correlation [32]. With correlations from several origins, the structure of
the correlation function becomes complicated, hence the strong interaction needs to
be extracted from models taking these correlations into account.

In addition, for a strong interaction to occur the particle pair must be emitted with
a sufficiently small spatial separation. This means that only particle pairs emitted
with a small relative momentum are under consideration, establishing an interest
limited to the low-energy regime. As such, the scattering amplitude and therefore
the relative wave-function can me modelled using the low energy scattering param-
eters via the effective range expansion, as described in section 4.2. The correlation
function with a Gaussian source function can be expressed as that in Eq. 4.47 [31]
where the sum over the spin, S, accounts for the various combinations of spin-states
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for the pair and ρS the fraction of pairs emitted with a certain spin-state.

C(q∗) = 1 +
∑
S

ρS

(
1

2

∣∣∣∣fS(q∗)

r0

∣∣∣∣2(1− dS0
2r0

√
π

)

+
2Re(fS(q∗))

r0
√
π

F1(Mr0)−
Im(fS(q∗))

r0
F2(Mr0)

) (4.47)

Here, f(q∗) is the scattering amplitude, r0 the width of the Gaussian emission profile,
d0 the effective range and the functions F1(Mr0) and F2(Mr0) given as in Eq. 4.48
and 4.49, with M as the invariant mass of the particle pair. These two functions
have been introduced as the analytical result of averaging the wave-function over
the source, which in this case is Gaussian.

F1(Mr0) =

∫ Mr0

0

e(x
Mr0−(Mr0)2)

Mr0
dx (4.48)

F2(Mr0) =
1− e−(Mr0)2

Mr0
(4.49)

The formulation of the correlation function given in Eq. 4.47 is able to relate that
formulated from experimental data to the interaction potential by fitting of the low
energy scattering parameters. As such, the final part of this section is dedicated
to the expression of the correlation function which it to be determined from this
experimental data, seen in Eq. 4.50. The definition, seen in Eq. 4.44, is only
applicable for a single emission event and to relate this to experimental data this
altered version is used.

C(q) = ξ
A(q)

B(q)
(4.50)

Here, A(q) denotes the relative momentum distribution of the detected, correlated
particle pairs. Ideally, B(q) then corresponds to the relative momentum distribution
of detected but uncorrelated pairs. In an experiment, it is difficult to completely
separate the correlated signal from its background and therefore, a correction factor,
ξ, is introduced to normalize the correlation function to unity for large relative
momenta where femtoscopic correlations should be absent [33].

For correlated pairs of unstable particles, such as hyperons, the relative momentum
distributions can be obtained from conservation of the total four-momentum of its
daughter products. Detection and reconstruction of the final state particle energy,
momentum and trajectories are complicated topics for which Chapters 5 and 6 hope
to provide a comprehensive overview of how this is achieved at HADES.
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5 The HADES Experiment

The HADES experiment [34] is part of the GSI Helmholtz Centre for Heavy Ion
Research which is located in Darmstadt, Germany. The experiment produced its
first measurements in 2001 after 6 years of planning and construction of its detector:
the High Acceptance DiElectron Spectrometer, from which the experiment gets its
name. A rendered image of the spectrometer is shown in Figure 9. Since then,
HADES has undergone several upgrades and adjustments to keep up with their
physics goals which focus on particle production in heavy-ion collisions and high-
precision spectroscopy in processes involving lepton pairs, or dileptons.

Figure 9: Render of the High Acceptance Di-Electron Spectrometer. GSI
Helmholtzzentrum für Schwerionenforschung GmbH

Since its foundation in 1969, the research conducted at GSI has been focused on
nuclear and atomic physics, conducted from their world-leading accelerator facil-
ity. Although this has remained its focus, GSI today contributes to several fields
branching off of the accelerator based research. Among these are hadron and plasma
physics as well as the more application-driven material, biophysics and medical sci-
ence research. As of today, GSI is expanding its ambition even further with the
ongoing construction of one of the world’s largest research projects: the Facility for
Antiproton and Ion Research, referred to as FAIR. Figure 10 provides a schematic
overview of the planned facility as well as a drone-shot over the GSI campus and
FAIR construction site.
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Figure 10: Top: schematic overview of the existing accelerator complex at GSI with
the addition of FAIR. Bottom: Drone shot of the GSI campus, visible in to the left,
and the FAIR construction site as of May 2022. Image obtained from ref. [35].

One of the outstanding features at FAIR will be its main accelerator ring, the SIS100,
which will have a circumference of 1100 m and the ability to accelerate ions and
antiprotons to 99% of the speed of light. In comparison, the current accelerator ring
at GSI, the SIS18, is 216 m in circumference and can produce ion beams up to 90%
of light speed. In conjunction to a number of storage rings, the SIS100 will enable
new research on compressed baryonic matter, nuclear astrophysics, the strong force
and several applied sciences such as medical and material research.

In the future, the HADES detector will be relocated and connected to the SIS100
accelerator ring at FAIR but as of today, HADES is taking part in the preparations of
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these upcoming projects and a part of this effort has been the beam time conducted
in February 2022. These preparations all fall under the FAIR Phase-0 program. At
the time of this thesis, the calibration and analysis of the collected data has not been
finalized but nevertheless, the physics goals and general performance during this
beam time is introduced in Section 5.4 whereas Sections 5.1 and 5.2 will provide an
overview of the accelerator and the HADES detector from which these goals can be
realized. The chapter thereafter aims to introduce the tools and analytic procedures
utilized by HADES to transform collected detector data into the physics it aims to
explore.

5.1 The SIS18 Synchrotron

The HADES detector system receives its ion or particle beam from the SIS18 syn-
chrotron, capable of producing hadron and heavy-ion beams accelerated close to
90% of light speed. For protons, this corresponds to a beam energy of 4.5 GeV
and in February 2022, as part of the FAIR Phase-0 program, HADES collected data
from proton-proton collisions at this energy for this first time.

In a synchrotron, particles are accelerated in a closed loop by a varying magnetic
field such that their path circumference of 216 m, in the case if the SIS18, is kept
constant as their energy is increased. Once the beam is injected into the synchrotron,
however, it has already been accelerated to energies up to 11.4 MeV by the UNILAC,
acronym for the UNIversal Linear ACcelerator.

5.2 High Acceptance Di-Electron Spectrometer

HADES is a fixed-target experiment with an external detector, meaning that the
beam leaves the SIS18 accelerator ring to be injected into the HADES set-up and
collide with its target. The HADES detector system is divided into six sectors
which combined give almost full coverage in the azimuthal angle around the beam.
In the polar angle relative to the beam, the main detector system has coverage
between 18◦ < θ < 85◦. For the FAIR Phase-0 set-up, the spectrometer has been
complemented by two straw tube detectors in the forward direction, covering angles
between 0.5◦ < θ < 7◦. In the azimuthal angle, the detector has coverage between
−180◦ < φ < 180◦ where the acceptance is 90%, the losses being attributed to the
gaps between the six sectors of the detector.

In the following, the detector set-up for the February 2022 proton beam time will
be described, as the simulation study to be presented has been made to be compat-
ible with data collected during this experiment. An overview of the subdetectors
mentioned can be seen in Figure 11.
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Figure 11: A schematic overview of the HADES detector system. Image obtained
from ref. [21]

5.2.1 START detector

The START and VETO detectors consists of two chemical vapour deposition dia-
mond detectors placed in front and behind the target. This detector system aids
in both beam monitoring and particle identification, which can be determined from
velocity and momentum measurements. The latter is determined based on the par-
ticle time-of-flight where this detector system acts as a reference for the starting
time, i.e. the beam-target interaction, a measurement which can be made with a
resolution of 50 ps [27].

5.2.2 Ring Imaging Cherenkov Detector

The innermost sub-detector in the spectrometer is the Ring Imaging CHerenkov
detector, from here denoted by RICH. The purpose of this sub-detector detector
lies in its excellent dilepton identification via emitted Cherenkov radiation. This
emission occurs when the particle velocity exceeds the speed of light of the medium
it travels though, which in this case is perflourbutan (C4F10) gas encapsuled in a
thin carbon fiber shell in the field-free region of the spectrometer.

The perfluorobutan gas has a Cherenkov threshold above the velocity of produced
muons or hadrons such that only relativistic dielectrons may be detected. The
photons emitted from these are reflected against a spherical mirror placed in the
forward direction onto a photon detector placed just ahead of the target, as to avoid
coupling to charged particles travelling through the detector [34].

The photon detector consists of CsI multi-wire chambers sensitive to the position of
the incoming photon. These are constructed out of six modules placed around the
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beam in a hexagonal pyramid such that it matches the focal plane of the spherical
mirror. The Cherenkov photons are reflected from this mirror into rings on the pho-
todetector, the size, shape and center of which can be used for dielectron recognition
by implemented ring finding algorithms.

5.2.3 Mini-Drift Chambers

The tracking system in the spectrometer consists of 24 Mini-Drift Chambers, from
here on referred to as MDCs. These are placed in six sectors symmetrically around
the beam axis, each of which containing four trapezoidal planes of varying sizes. The
smaller modules, referred to as planes I and II, are placed in front of the magnet,
whereas the larger planes III and IV are placed behind it.

This detector system is used to detect particle trajectories and are therefore used
to reconstruct tracks through the spectrometer. Besides the tracking, the MDCs
also play a vital part in the momentum reconstruction together with the magnet,
introduced in Section 5.2.4. The hits in MDC I and II, placed in front of the magnetic
field, is used to calculate the initial, inner particle tracks. As the charged particles
traverse the magnetic field the trajectory is altered and the new, outer track is
measured by hits in MDC III and IV. Based on these measurements, the deflection
angle caused by the magnetic field can be obtained and used to calculate the particle
momentum, as the angle is characteristic of the particle charge and velocity.

Drift chamber detectors operate based on the ionization of an internal gas as charged
particles travel through it. This ionization releases electrons which further ionizes
the gas, creating an avalanche effect. These electrons are then collected on a cathode
wire by an applied electric field, resulting in a measurable electric current. Each of
the MDC modules contain roughly 1100 drift cells which vary in size from 5×5 mm2

for the smallest plane to 14× 10 mm2 in the largest. As such, the tracking surfaces
cover between 0.35 m2 to 3.2 m2 in each sector over 18◦ to 85◦ of the polar angle
relative the beam axis [27]. The planar surfaces consist of low mass, 12 µm thick
window foils of aluminized Mylar as to reduce signal background from scattering.
Each module is filled with a helium and isobutane gas which becomes ionized as
the charged particles travel through it. The produced electrons are then collected
on gold-plated tungsten sense wires by an electric field generated by annealed alu-
minium field wires. The recorded electric signal can be related to the ionization
position as the electron drift velocity depends the electric field within the chamber
[34].

The MDC system is also capable of producing energy loss measurements, dE/dx,
extracted from the width of the drift time signal. Subsequently, the energy loss
measurement can be used to aid particle identification as this is dependent on the
particle mass and charge.
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Figure 12: Depiction of the the MDC planes and superconducting coils within the
HADES detector. Image obtained from ref. [34]

5.2.4 Magnet

As already mentioned in Section 5.2.3, the MDC tracking detectors are used in
conjunction with a magnetic field to detect the deflection angle of charged particles.
This deflection is characteristic of the particle momentum and is therefore used in
its reconstruction, a process that is described in Section 6.4.3.

The magnetic field is generated by a set of six superconducting coils, allowing for
tight winding and a compact structure [34]. Each coil is encapsulated in a vacuum
chamber and surrounded by a cooling shield supplied with a stream of liquid nitrogen
at 85 K. The connections supplying the coils with current, on the other hand, are
cooled by helium gas and kept between 4.7 K and 270 K.

To ensure that the region around the beam and RICH remains remains field-free,
the magnetic field is generated with a toroidal geometry and placed between the
MDC planes where its strength varies rapidly over the spatial region, between 0.8
T and 3.6 T. It is the presence of the magnetic field that allows for momentum
estimations of the particles in the spectrometer as the deflection caused by the
field can be measured in the MDC planes. To optimize these measurements, the
superconducting coils are placed with either 40◦ or 45◦ tilts relative to the beam
axis as this minimizes deflection in the azimuthal angle relative to the beam.

5.2.5 Time-Of-Flight Detector

The Time-Of-Flight detector, hereby referred to as TOF, is placed behind the MDC
tracking system and is mainly used for triggering, a protocol to determine whether
a given detector event should be recorded or discarded, as well as particle identi-
fication. For the latter, a time measurement is taken relative that of the START
detector, discussed in Section 5.2.1, in order to reconstruct the particle velocity.
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This measurement can then be used in conjunction to the momentum to identify
the particle species.

This measurement utilizes a scintillation detector, the principle of which relies on
the luminescent properties of its material. When traversed by charged particles, the
resulting excitations within this material are cause the emission of photons which, in
turn, can be detected photo-multiplier tubes. Within these, the photoelectric effect
releases electrons which results in a measurable electric signal.

The TOF consists of 384 BC408 plastic scintillator rods divided over the six sectors
in the spectrometer, each of which contains eight modules of eight rods. These cover
the polar angles of 40◦ < θ < 88◦ relative to the beam axis. These vary in length
from 1 m, closest to the beam, to 2 m furthest away from it with corss sections
of either 20 × 20 mm2 or 30 × 30 mm2 [34]. Within each scintillator rod, charged
particles induce the emission of photons which are collected in photo-multiplier tubes
connected to the ends of each rod. Each scintillator is encased in a carbon fibre shell
and fitted with light guides to collect the photons at the silicone discs connecting
the end of each rod to the photo-multiplier tube.

This set-up allows for measurements of the particle hit position on the rod, its time
of flight and the deposited energy. The former two can be deduced from the time
intervals between the beam-target collision, as measured by the START detector and
the arrival of light pulses at each end of the rod. The latter can then be deduced
by the respective signal amplitudes produced by said pulses.

These measurements enable determination of the hadron multiplicity, i.e. the aver-
age number of hadron produced in the beam-target collision, which can be used in
triggers. It also aids in discrimination between electrons and hadrons as the electron
time of flight typically is lower than that of the heavier hadrons. The time-of-flight
measurements performed by hits in the START and TOF detectors also provides
information of the particle velocity, which enables the computation of the particle
momenta via MDC and the magnet.

5.2.6 Inner Time-Of-Flight Detector

The inner time-of-flight detector, referred to as iTOF, is one of the recent instal-
lations to the main detector. The main purpose for this sub-detector has been
to aid in triggering in low multiplicity events from light hadron collisions, such as
the pp events used during the Febuary 2022 beam time. The iTOF consists of six
trapezoidal modules, one in each sector, consisting three paddles of a scintillator
detector. Although not shown in Figure 11 the iTOF is placed between the RICH
and MDC detectors. A more detailed description of how the iTOF signals were used
to discriminate unwanted events can be found in Section 5.3.
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5.2.7 Resistive Plate Chambers

The Resistive Plate Chambers, referred to as the RPCs, are part of the time of flight
detection system and are crucial for accurate measurements for high multiplicity
events such as heavy ion collisions [36]. This inner TOF wall consists six trapezoidal
RPCs placed symmetrically around the beam in the six sectors of the spectrometer.
The RPC covers a total area of 8 m2 in the spectrometer.

Each of the RPCs contains rows with a total of 1116 counter cells of two partially
overlapping layers. These cells consist of two glass and three aluminium electrodes
contained within aluminium shells and surrounded by a counting gas, consisting of
SF6 and C2H2F4. As charged particles enter the cells, this gas mixture is ionized
and the subsequent electron avalanche is collected by the inner aluminium elec-
trodes, supplied with high voltage. The double layer set-up allows for precise timing
measurements of particles with a resolution of 100ps.

5.2.8 Electromagnetic Calorimeter

An electromagnetic calorimeter, referred to as ECAL, was added to the HADES
detector set-up in 2019 in preparation of future experiments performed in FAIR.
This detector, located behind the RPC, aims to improve the photon reconstruction
which enables studies of electromagnetic hyperon decays produced by the Σ0 and
various hyperon resonances. Additionally, this will aid in the discrimination between
high energy electrons and pions expected from the increased beam momentum at
FAIR [37].

Here, electromagnetically interacting particles such as dielectrons and photons will
interact with the material, initiating electromagnetic showers, the measurements of
which allow for energy measurements. This avalanche effect is created as an interplay
of charged particles emitting photons from bremsstrahlung as they de-accelerate in
the material which, in turn, produces more charged particles as these undergo pair
production.

The ECAL has an angular coverage of 16◦ < θ < 45◦ relative to the beam axis and
is similarly divided into six modules to cover each sector. As a whole, the ECAL
consists of 978 lead glass Cherenkov counters and is equipped with photomultipliers,
high-voltage dividers and optical fibers. In addition to the electromagnetic shower,
the lead glass modules also enables measurements of Cherenkov photons as these
are transported to the photomultipliers.

5.2.9 Straw Tracking Stations

Also part of the FAIR Phase-0 program was the addition of a forward detector to the
spectrometer geometry. This detector system consists of two Straw Tracking Sta-
tions, denoted by STS1 and STS2, as well as a forward RPC module described in
Section 5.2.10. The forward detector plays a significant role in hyperon reconstruc-
tion as their decay products are often emitted into this region, i.e. 0.5◦ < θ < 7◦,
which was not covered by the main detector prior to this installation [27].
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The STS modules are placed further downstream the beam direction, 3.1 m and 4.6
m respectively, and covers forward angles between 0.5◦ < θ < 7◦ relative to this
axis [21]. The straw tubes operate on similar principles as the MDC, described in
Section 5.2.3. In this kind of tracker, however, the particle path is tracked as it
traverses and ionizes individual straws. The particle trajectories are identified by
the ionization of the ArCo2 gas mixture within the tubes. The avalanche of electrons
is collected on a aluminized Mylar cathode from the electric field supplemented by
the the gold-plated tungsten-rhenium anode. The electrical signal pulses produced
yield a spatial resolution of 0.13 mm for protons at the ionization threshold.

STS1 contains a total of 704 individual straw tube detectors assembled into modules
containing 32 of them. This construction is similar in STS2, except that the larger
geometry fits 1024 individual straw tubes. The straws are placed in double layers
which are rotated by 90◦ relative to each other. This alignment configuration allows
for unambiguous three-dimensional tracking in the forward detector. In the STS1,
the straw tubes each have a length of 76 cm whereas the larger tubes in STS2
are 125 cm long. However, the straw tube length in the center of the STSs have
been reduced as to allow a hole through which the beam can pass without causing
interference. An image of the STS1 apparatus prior to its installation can be seen
in Figure 13.

Figure 13: Picture of the STS1 apparatus. Image obtained from ref. [21]
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5.2.10 Forward Resistive Plate Chambers

Similarly to the RPC detectors in the main spectrometer discussed in Section 5.2.7,
the forward RPC, referred to as fRPC, provides time of flight measurements in the
forward detector. This detector is part of the newly installed forward detector,
expanding the acceptance into the forward angles to improve the hyperon recon-
struction.

The resistive plate chambers in the fRPC, placed 7.5 m from the target, consists
of aluminium and glass electrodes, similarly to the RPC sub-detector in the main
spectrometer [21]. These electrodes are housed within aluminium-shielded tubes
along with the counting gas which is ionized as charged particles traverse through the
fRPC cells. These are arranged into two partially overlapping layers of 16 counters
over four sectors. The counter cells were manufactured with two variations of their
spatial dimensions, the larger variant measuring 750 mm long and 42 mm wide
whereas the smaller cells have a width of 22 mm. This design has been implemented
to compensate for the spatial variation of the beam flux.

5.3 Triggering and Data Acquisition

The signals recorded from the detectors by their respective electronic read-out units
are collected and stored by the Data AcQuisition system, referred to as DAQ. These
read-out signals can then be refined and used to reconstruct the physical measure-
ments of interest, such as the particle trajectory and momentum. These procedures
and the required tools are introduced in Chapter 6, whereas this one aims to provide
a qualitative overview of how the detector signals themselves are selected.

Performing a selection of these signals is indeed required in order to ensure that that
it corresponds to a physical event but also that it is of interest. At HADES, one
can expect millions of detected events each second [38] and so an early reduction
process becomes highly relevant to reduce the data storage requirements and the
computational speed and accuracy of the subsequent analysis. For this purpose,
triggers on the detected multiplicity are utilized.

Among these is a so-called minimum bias trigger which selects events that are not
necessarily of interest but nevertheless important for a comprehensive understanding
and quality assurance of the detector. This trigger will store events with at least
one hit in the same sector of the iTOF and either of the TOF and RPC detectors.
In order to reduce the needed data capacity, this selection is downscaled such that
every 64th triggered event is saved.

The main reaction trigger is responsible for selecting the events of interest based
on the beam-target reaction and relies on hit information from the iTOF, TOF and
RPC detectors. More specifically, this trigger will discard events that produced less
than three hits in the spectrometer - a condition that requires at least three hits in
the iTOF paddles and at least two hits in the same sector of the iTOF and either of
the TOF or RPC detectors. If an event produced three or more events in the same
sector of the iTOF and either of the TOF or RPC it will be accepted regardless of
the hit multiplicity in the TOF paddles.
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5.4 February 2022 Beam Time

As part of the preparations for the upcoming FAIR projects, HADES and several
other collaborations at GSI are in the midst of conducting several upgrades and
experiments. These efforts are part of the Fair Phase-0 program which aims to
construct and test new equipment while bridging the gaps to the physics goals of
this new facility.

For this purpose, the HADES detector system has been equipped with three new
components: the iTOF, ECAL and forward detector [39]. These sub-detectors,
although introduced here in relation to the physics goals of the beam time, are
described in greater detail in Section 5.2.

The former is a scintillator detector which will aid in triggering of low multiplicity
events from pp collisions whereas the electromagnetic calorimeter, or ECAL, intro-
duces the ability of photon detection at HADES. This upgrade will allow the study
of electromagnetic hyperon reactions, including the aforementioned Dalitz decay,
measured in pp-reactions for the first time during the Febuary 2022 beam time. The
forward detector has been built and implemented as a collaborative effort with the
PANDA collaboration, one of the upcoming experiments at FAIR, as this technology
was originally developed for the PANDA detector system. At HADES, this addition
has been a crucial element for the FAIR Phase-0 physics goals since it enables track-
ing in the forward region where hadronic decay products from hyperons, especially
protons, tend to be emitted. Thus, detection of these final states is vital for hyperon
reconstruction.

The main goal of the beam time has been measurements of radiative hyperon de-
cays where an excited hyperon transitions to its ground state via the emission of a
photon. This observable has been established as an ideal measurement for making
distinctions between various strange baryon structure models. Unfortunately, there
has been very few measurements of such processes where HADES hopes to make
first observations of radiative decays in the time-like region [21].

The dileptonic Dalitz decay of hyperons, also of significant interest at HADES, pro-
vide an alternative way of probing the structure and production of strange baryons.
As suggested by its name, the HADES detector is especially suitable for reconstruc-
tion dielectrons, or electron-positron pairs, which has set expectations of pioneering
measurements of electromagnetic decays of hyperons. Among these, the rare Dalitz
decays can shed light on the hyperon form factors and with it, their structure. The
February 2022 beam time will provide data that enables studies of hyperon produc-
tion with pp reactions in greater detail than preceding experiments. Additionally, it
is expected of these measurements to become a valuable reference for future exper-
iments at FAIR that aim to explore high baryon-density QCD phases [21].

Another goal during this beam time has been the study and production of doubly
strange systems. Among these is the ΛΛ production which has been the focus of the
simulation study performed in this thesis project. Measurements of such Λ-pairs can
be used in a femtoscopy study, as described in 4.3, which aims to recover the rather
poorly constrained strong interaction occuring between them. The interactions be-
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tween hyperons themselves, as well as with nuclear matter, provides an additional
avenue of studying the strong interaction potential and besides the interest of under-
standing the strong force, the implication of its mechanics carries over to other fields.
As was discussed in Section 1.1, a greater understanding of hyperon interactions will
be crucial for solving the hyperon puzzle of neutron stars and also highly relevant
to study the expansion of the periodic table into the strangeness degree of freedom
with hypernuclei - A field which will be further pursued at PANDA [40].

Hyperon femtoscopy studies have previously been performed by HADES which pro-
duced first measurements the Λp interaction from p + Nb collisions [41]. Similar
studies have also been conducted by other collaborations, e.g. ALICE at CERN
and the STAR collaboration at Brookhaven, which were mentioned previously in
Chapter 3. Although these experiments have been able to conclude the promising
feasibility of this method, the collected data has been lacking in abundance and
precision which has made it difficult to determine the accuracy of interaction mod-
els. With the addition of the forward detector, HADES hopes to counter these
shortcomings as this particular upgrade provides a significant improvement for the
reconstruction efficiency of hyperons.

To achieve these physics goals, a 4.5 GeV proton beam was used in conjunction to a
liquid hydrogen (LH2) target. Over the four week beam time, over 3.7 · 1010 events
were collected, which comes to an average of 1.6 · 109 collected events per day. As
mentioned in Section 4.2.2, the likelihood of achieving a beam-target collision event
is given by the luminosity. The time-integrated luminosity over the full beam time
has been estimated to 5.36 · 1012 b−1. It is of importance to note, however, that
at the time of this thesis project this value has yet to be settled and is currently
being estimated from measurements of proton-proton elastic scattering [42]. As
such, this luminosity value may differ from that presented in future works and
publications.

6 Data Analysis Tools and Procedures

The data collected during an experiment consists of the various signals recorded by
the electronic read-out modules connected to the sub-detectors in the spectrometer.
At this stage, the treatment of this data becomes dependant on software analysis
tools. These are applied in multiple stages to translate the signals into physical
units, identify particles by reconstructing their track parameters and to use these
for interpretation for whatever physics goal is under consideration in a high-level
analysis.

Figure 14 displays the general analysis procedure used at HADES. Here, the left
branch represents that of real data recorded by the spectrometer during an exper-
iment, i.e. the electronic read-out signals stored by the DAQ. On the right hand
side, the production of equivalent, simulated data is described.

Simulations are a vital part of collision experiments as they enable feasibility studies,
performance evaluation of software tools as well as luminosity and error estimations
prior to the experiment. For such purposes, sophisticated software is needed to
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simulate the particle kinematics, the detector geometry, materials and sub-systems,
particle-matter interactions and production of secondary particles. This is achieved
with the software packages PLUTO and HGeant, employed as part of the HADES
simulation chain, the goal of which is to produce output reminiscent of a data sample
from the spectrometer. This then enables the development of subsequent analysis
structures that work for simulated and real data with minor modifications.

Figure 14: Schematic of the analysis procedure used at HADES.

The analysis of real and simulated data coincides in the production of Data Summary
Tapes, or DST files. These files contain the recorded track parameters such as
particle momentum, charge and energy loss obtained through the detector response,
either real or simulated [43]. The DST files can be be produced by calibration of
the detector response, referring to the translation between the recorded signal and
physical units for position, momentum, energy etc [44]. As such, a major part of the
DST production is the reconstruction of these track parameters from the detector
hits. Once these have been reconstructed in the DST files, what remains is the high-
level analysis in which the physics goals and results are obtained. This step, as well
as the DST produciton, relies on the software packages ROOT and HYDRA.

As seen in Figure 14, ROOT appears in multiple of these steps which eludes to
the central part this framework plays in the analysis. As such, this framework is
introduced in the first part of this chapter, Section 6.1. In the following section,
the simulation software packages for event generation and particle transport are
introduced. Next, in Section 6.3, the framework in which the event reconstruction is
realized is discussed. Finally, this chapter is concluded by presenting the procedures
governing this very reconstruction, as seen in Section 6.4.
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6.1 ROOT

ROOT is an object oriented data analysis framework developed by CERN to accom-
modate the data-handling needs of the Large Hadron Collider. Since its first launch
in 1995 [45], it has grown to be a standard tool for high energy and nuclear physics
experiments [34]. At HADES, a substantial part of the simulation and analysis
software relies on ROOT for both inheritance and execution.

This framework is written in C++ and contains object oriented and hierarchical data
structure for object and container classes, advanced statistical analysis and data
visualization tools for multidimensional graphing and fitting. The architechture and
structure of ROOT has been optimized for efficient handling and analysis of data
sets in the order of Petabytes [46].

Another significant advantage of ROOT is its embedded C and C++ interpreter,
CINT. This allows for a streamlined user work-flow as C or C++ programs can be
run through the ROOT command line without prior compilation. This is achieved
by ROOT macros, consisting of C++ functions which are run by CINT.

6.2 Simulation Software

6.2.1 PLUTO

PLUTO itself is a C++ framework built on ROOT made for easy model customiza-
tion for the ever-changing requirements of the HADES experiment. The frameworks
is used via ROOT-macros and employs Monte Carlo algorithms to simulate the kine-
matic properties of the particles it generates [47].

This framework constitutes an event generator developed for the HADES experi-
ment. Here, event generations refers to the generation of momentum and angular
distributions for a user-specified set of particles. These parameters are contained
in Lorentz vectors, generated isotropically over the available phase space in the
given reaction. It is, however, possible to specify parametrizations of these angular
distributions, if necessary.

PLUTO also allows event generation with user-specified decay modes where different
sets of daughter particles and branching ratios are given as inputs. To achieve
realistic simulations of decays, resonances and excitations, several theoretical and
empirical models have been integrated into customized classes.

6.2.2 HGeant

The simulation package HGeant handles the transport of the particles generated in
PLUTO through the detector geometry. This package is written in FORTRAN and
built upon GEANT3 [48], a software framework developed by CERN to simulate
particle-matter interactions such as scattering and energy loss.

Although the particle-matter interaction is handled by GEANT, HGeant reads the
input data from the event generator and, if so specified, simulates the decay of
unstable particles based on its internal database and embedded event generators.
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Thus, HGeants tracks the particle transport and the required input parameters and
GEANT configurations [44].

HGeant also specifies the detector geometry and material composition, which GEANT
then uses in its interaction and particle transport computational algorithms. Based
on these, HGeant employs various digitization routines which simulates the detector
response as if a real particle had passed through it.

6.3 HYDRA

The Hades sYstem for Data Reduction and Analysis, referred to as HYDRA, is
a C++ software framework developed for event reconstruction at HADES. This
framework contains the algorithms, parameters and data structures developed to
transform input from various data levels into an output format suitable for the
high-level physics analysis. This input data could be the raw, electrical signals
recorded from the spectrometer, calibrated data as well as partially reconstructed
or simulated events [44].

The detector set-up, alignment, beam properties and a multitude of other parame-
ters will vary between experimental runs and for this reason, HYDRA needs to be
initialized with the correct detector geometry and parameters. Therefore, object
oriented programming was implemented for HYDRA, allowing a highly modular
environment which enables flexibility and straightforward expansion of detector de-
pendent classes.

The abundance of collected data to be analysed at HADES calls for high perfor-
mance programming. As such, HYDRA was written in C++, which is also an over-
all popular option in particle and nuclear physics. Most importantly, this enables
compatibility with ROOT, which HYDRA is built upon.

HYDRA’s final task is then to allow the user to loop over recorded particle tracks in
each event and extract the particle candidate kinematic properties and parameters to
be used in particle identification, reconstruction and analysis. This level of analysis
is performed by the user with ROOT macros.

6.4 Track Reconstruction

6.4.1 Track Candidate Finding

As described in Section 5.2.3, the MDC sub-detectors are responsible for the track-
ing of particles in the main HADES detector. The charged tracks produce hits in
the MDC drift cells and based on their geometrical positions, these tracks can be
identified and reconstructed. The track identification relies on the track segments
obtained through hits in the MDC drift cells defined by wire clusters corresponding
to the geometrical positions of the fired drift cells. Two track segments are then
identified, the first one from the hits in MDC I and II and the second one from hits
in MDC III and IV located behind the HADES magnet [34].

In either case, the wire clusters of the MDCs are projected onto a plane from which
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the track segment is identified as the point of maximum drift cell overlap [49]. For
the inner MDCs, this plane is chosen as that for which the size of the drift cell
projections from MDC I and II becomes equal along the line from the target mid-
point and the active detector segment. For the outer MDCs, the projection plane
is simply the mid-point between MDC III and IV oriented along the line from the
inner track segment and the kick plane.

The inner and outer MDC planes are located in a near-filed free region of the spec-
trometer and as such, the particle tracks can be modeled as straight lines. The
region between the MDC pairs is occupied by the magnet which causes a deflec-
tion of charged particles, curving their tracks. This curvature is approximated as
a single-point deflection on a virtual momentum kick plane illustrated in Figure 16
along with a visual representation of the procedure described above. The inner and
outer MDC track segments are then matched into a track candidate, also illustrated
in said Figure 16.

Figure 15: Visual schematic of the track candidate finding algorithm. Image ob-
tained from ref. [34]

6.4.2 Track Segment Fitting

The purpose of the track fitting is to improve the spatial resolution, a task which is
achieved using time of flight measurements and fitting of the track candidate’s spatial
coordinates to a track model, assuming straight line particle trajectories. Here, the
precision of the track can be improved by one order of magnitude, usually from a
scale of mm to 10−1 mm [34] and the estimate is improved based on corrections of
the energy loss.

As described in Section 5.2.3, the operating principle of the MDC drift chambers
rely on measurements of the electron drift time to identify the ionization position
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as the distance to the sense wire. The correlation between the recorded drift time
and the ionization position has been determined for the MDC using GARFIELD
[50], a simulation software developed by CERN for the purpose of drift chamber
modeling. However, the measured drift time will differ from this value as it also
includes the propagation time of the sense wire signal to the read-out electronics
and the particle’s time of flight to the drift chamber.

Therefore, to improve the reconstruction of the particle position, one needs to opti-
mize the resolution of these time measurements. This is achieved with an iterative
least-square minimization algorithm of the function, F , given in Eq. 6.1 [27].

F =
∑
i

(tidrift + tshift − T i)2

(∆T i)2
wi (6.1)

Here, tdrift is the drift time obtained from GARFIELD, T the measured drift time,
∆T the deviation between the simulated and measured drift times and wi, a weight-
ing constant to minimize influence from noise and measurements belonging to other
tracks, dynamically estimated for each cell. The index i corresponds to the individ-
ual drift sells over the track segment and the shift time, tshift, to their time shift.
At the start of the iteration, tshift is set as the mean deviation of the drift time mea-
surements and the MDC time-position correlations obtained from GARFIELD over
all cells in the track segment. This deviation is a collective result of errors in MDC
calibration coefficients, the GARFIELD time-position correlations and variations in
the MDC operating conditions. Thus, the least-square minimization of the function
in Eq. 6.1 can be used to optimize the resolution under its limiting factors, being
the errors mentioned.

6.4.3 Momentum Reconstruction

The momentum reconstruction relies on MDC measurements of the particle deflec-
tion as it traverses the magnetic field, which can be obtained once its track has been
reconstructed. Here, the momentum is estimated by the implementation of three
different reconstruction algorithms referred to as kick plane, spline and Runge-Kutta
[27].

Starting with the former, the kick plane method is utilized to estimate an initial
momentum value which is done directly from the aforementioned deflection angle.
In Section 6.4.1 the virtual kick plane was introduced as an approximation of the
deflection as a single-point occurrence as opposed to the curving of the trajectory
due to the magnetic field. The position and orientation of this plane is determined by
ray tracing simulations using GEANT [34], a particle transport software described
in Section 6.2.2.

The particle momentum is estimated from Eq. 6.2, where parameters pk0, pk1 and
pk2 are referenced from pre-calculated look-up tables as to improve the computa-
tional speed. Here, ∆θk corresponds to the angular deflection from the kick plane
[51].
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p =
1

2

pk0
sin(∆θk/2)

+ pk1 + 2pk2sin(∆θk/2) (6.2)

The kick plane momentum estimation is used as a starting value in the second
reconstruction method which utilizes a cubic spline to model the curved particle
trajectory through the magnetic field in the plane spanned by the longitudinal beam
direction and its transverse axis.

The cubic spline is fitted against several points throughout the geometry, all of which
are given by the MDC hit positions from the respective track segments, marked with
red in Figure 16. From here, 50 equally spaced points are selected along the spline
on which the momentum is estimated [34]. These points are represented by the
black dots along the cubic spline in Figure 16.

The momentum estimations at these points are aided by GEANT simulations of the
particle track curvature as this is highly momentum dependent. At each selected
point, the magnetic field strength is determined using the HADES magnetic filed
map, which is also shown in Figure 16, from which the transverse track coordinate
r =

√
x2 + y2, is calculated by GEANT. Here, the z-axis is is defined such that it

coincides with the beam direction.

The particle momentum can be related to its position through the equation of motion
shown in Eq. 6.3, where r is the spatial coordinate vector, s the path length through
the magnetic filed, B, q the particle charge and K a scaling coefficient [51].

p
d2r

ds2
= Kq

(
dr

ds
×B(r)

)
(6.3)

The equation of motion can then be solved numerically by minimizing the square of
the spline and GEANT model deviation, shown in Eq. 6.4 [38].

d2 = (rspline − rmodel)
2 (6.4)

As such, the particle momentum can finally be obtained. This procedure is repeated
over all 50 spatial points along the assumed trajectory, from which the final momen-
tum value is chosen as the mean of these results and scaled by a correction parameter
determined by GEANT simulations [34]. This additional step further improves the
momentum resolution as it accounts for the systematic errors that arise from the
assumption of the particle track following that of the cubic spline.
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Figure 16: Cubic-spline track model of the curved particle path through the mag-
netic field. Image obtained from ref. [34]

Although the spline method improves the initial momentum estimation from the
kick plane, it lacks quality parameters to judge the validity of its produced values.
For this reason, the momentum estimate is further refined by utilizing a Runge-
Kutta algorithm to produce numerical solutions to the equation of motion. Here,
the particle trajectory is reconstructed by recursive extrapolation starting from the
track segment identified in the MDCs. This extrapolation is recovered from the
numerical solution of the equation of motion using the estimated momentum from
the spline method as an initial value.

The extrapolation of the trajectory is further improved by testing of different vari-
ations of MDC hit points allowed under the uncertainties of the recorded track
segment. It was previously stated in Section 6.4.1 that this is modelled as a straight
line but due to the trace magnetic fields, such an assumption may not coincide with
reality. To an extent, this introduced error is then compensated by adjusting the
hit point position. A quality parameter can then be produced by comparing the
measured hit positions to the reconstructed ones, which is obtained by the imple-
mentation of a least-square fit. Finally, the the improved track reconstruction allows
for a highly accurate estimate of the particle momentum at an improved resolution
[51].

6.4.4 Track Reconstruction in the Forward Detector

As the forward detector is separated from the main spectrometer the track and
momentum reconstruction of recorded events needs to be performed separately as
well. This procedure differs significantly from that previously described in this
section since there can be no direct measurement of the particle momentum due to
the lack of magnetic field. Instead, one can measure the velocity by the time-of-flight
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recorded in the fRPC-detector. The momentum reconstruction is further inhibited
as there currently is no energy loss parameter to perform particle identification and
mass estimates through other means [21].

Thus, the momentum is reconstructed from the fRPC time-of-flight measurements
from which the particle velocity can be obtained. The momentum is then estimated
based on the assumption that the particle is a proton, and as such, a mass hypothesis
is set. Although there are certainly other types of particles recorded in the forward
detector, the assumption is viable for the purpose of hyperon reconstruction as these
often emit protons into this region.

The track reconstruction is conducted based on recorded hits in the STS detectors.
The procedure described here is currently implemented in HADES’ data analysis
framework, HYDRA, described in Section 6.3. It is, however, undergoing further
development and adjustments for improved accuracy and performance.

As a first step, a low resolution tracking procedure initializes the reconstruction.
Here, the STS hits are approximated to the center of the tube, rather than the
ionization point, and then matched with a subsequent hit in the fRPC. Once the
time-of-flight information has been obtained, it is used to calculate the proper ion-
ization position in the straw tube based on its drift time.

As a second step, a high resolution tracking procedure is employed, utilizing the
reconstructed hit positions. Subsequently, clusters of fired straw tubes in each STS
layer are identified, a schematic of which can be seen in Figure 17 where fired straw
tubes are shaded in grey and possible clusters are marked in dashed lines.

Figure 17: Schematic of a single layer of STS tubes where fired straws are shaded in
grey and possible track clusters marked marked dashed lines. Image obtained from
ref. [21]

A straight line is then fitted through all possible cluster combinations separately
within STS1 and STS2. The best matching track candidates from the two sections
are then combined into a single line and match to the closest fRPC hit. Nonviable
combinations are then rejected based on the spatial resolution, assumed to be σ = 3
mm. The spatial resolution can be improved to σ = 200 µm after a track fitting
procedure: a Minuit minimization of the error-dependent χ2-function. As a final
step, the most probable track candidates are selected based on these χ2-values.
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7 The HADES pp→ ΛΛKK Feasibility Study

In preparation of the February 2022 beam time, HADES produced a feasibility study
to determine the reconstruction efficiency of the pp→ ΛΛKK reaction channel. The
relevant results of this study, published as Production and electromagnetic decay of
hyperons: a feasibility study with HADES as a phase-0 experiment at FAIR (ref.
[21]), will be presented in this section to serve as reference and comparison to those
produced in this project.

Besides the detector acceptance and the reconstruction efficiency, an estimation of
the number of produced pp → ΛΛKK events over a given beam time was carried
out. Here, the luminosity and the channel’s cross section are of interest. The former
was estimated by the expected beam intensity, DAQ readout frequency and the
LH2 target density to a maximum average of L = 1.5 · 107 b−1s−1, or L = 3.6 · 1013
b−1 over a four week long beam time. As there was no published data of the
pp → ΛΛKK cross section at 4.5 GeV beam energy, this too was estimated using
previous HADES measurements of the pp → pK+K+Ξ− cross section at 3.5 GeV
beam energy. Since this channel contains an equal number of strange quarks as the
pp→ ΛΛKK reaction, the cross sections of one can be approximated as that of the
other. As such, the pp → ΛΛKK cross section was estimated by the extrapolation
of the pp → Ξ−pK+K+ measurements to a beam energy of 4.5 GeV, resulting in a
range of 0.35 µb to 3.6 µb.

The reconstruction of a Λ hyperon requires a number of selection cuts to exclude
background such as misidentified particles, false combinations of daughter particles,
other reaction channels involving Λ hyperons or similar final states. An effective
way of excluding these background sources is to utilize the reaction topology, which
can be seen in Figure 5.

As the Λ decay vertex will likely be measurably displaced from the proton-proton
collision point, the minimum distance between the reconstructed proton and pion
tracks can be used to determine whether these could originate from the same de-
cay. Ideally, this distance would be zero but due to the uncertainties associated
with the track reconstruction, even correct tracks could have non-zero separations.
Regardless, imposing a selection cut based on this separation is an effective method
to decrease combinatorial background of protons and pions from different vertexes.
Therefore, the minimum distance allowed between the proton and pion tracks was
set to 20 mm.

To further decrease the background from false proton-pion combinations, the missing
mass of the combined system including the beam, target and the reconstructed Λ
pair was evaluated. These reconstructions were then rejected if the missing mass
of the ΛΛ system was below 980 MeV/c2 as this is close to the mass of two kaons,
i.e. 2MK+ = 988 MeV/c2. Thus, this cut is able to reject reconstructed Λ hyperons
that were not part of the ΛΛKK event.

An additional track constraint is then applied to the reconstructed Λ pair, which
selects events for which the minimum track distance is less than 20 mm, similarly
to the selection constraint of the proton and pion tracks.
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Following this, a fourth selection is performed to ensure that the angle between the
reconstructed Λ momentum vector and the line connecting its decay and production
vertexes is less than 1.0 radian.

The result of these selection criteria can be seen in Figure 18, which also demon-
strates the combinatorial and misidentification background, marked CB and MB,
as well as the multi-pion background from events such as pp → ppπ+π−π0 and
pp → ppπ+π−π0π0, both of which have significantly larger cross sections than the
pp→ ΛΛKK channel.

Figure 18: (a):the pπ− minimum track distance (MTD). (b): the ΛΛ minimum
track distance. (c): the squared missing mass of the pbeam, ptarget,Λ,Λ system. (d):
the pointing vector angle (PVA) between the reconstruced Λ momentum vector and
the line passing through its production and decay vertexes. Each case marks the
accepted (A) and rejected (R) ranges as well as the combinatorial, misidentification
and multi-pion background. Image obtained from ref. [21]

.
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Following these selections, two additional criteria were imposed. Firstly, accepted
events required two separate Λ candidates and, secondly, that their respective in-
variant masses do not differ by more than 20 MeV/c2. Figure 19 shows the sum of
the invariant masses of the Λ pairs which fulfilled all of the conditions mentioned
above for the minimum and maximum values of the estimated cross section, as well
as background from other reaction channels. Depending on the assumed cross sec-
tions, this feasibility study estimated a yield of 315−1350 reconstructed Λ pairs per
day, using a LH2 target.

Figure 19: Distribution of the total invariant mass of the reconstructed ΛΛ pair.
Image obtained from ref. [21]

.

To recover information about the ΛΛ interaction, however, it is required that these
were emitted with a small enough spatial separation. As the strong interaction
only occurs at short ranges, the primary interest lies in events where the relative
momentum of the ΛΛ pair is below 200 MeV/c. Therefore, the size of the ΛΛ sample
in this region determines the feasibility of a femtoscopy analysis of this reaction
channel. The obtained errors for the lower and upper bounds of the cross section
as a function of the center-of-mass relative momentum, k∗, is shown in Figure 20.
A comparison is made to the uncertainties obtained by the ALICE collaborations,
where the expected precision of HADES exceeds these result in the k∗ < 200 MeV/c
region.

55



Figure 20: Relative statistical error of the yielded ΛΛ pair over the relative momen-
tum in the center of mass frame, k∗. Image obtained from ref. [21]

8 The Vertex Fitter

The fitting procedure has been developed as a software tool for HADES to improve
the reconstruction of neutral, long lived particles such as the Λ hyperon based on
measured kinematic properties of its decay products. The fitter is implemented in
the KinFit 1 library as part of HADES’ analysis framework HYDRA, detailed in
Section 6.3.

The vertex fitter has been developed by Waleed Esmail, Jana Rieger and Jenny
Regina, who presented the fitter in her PhD thesis, Time For Hyperons: Develope-
ment of Software Tools for Reconstructing Hyperons at PANDA and HADES. [27],
serving as the primary source for this section.

The vertex fitting procedure as a whole can be divided into two stages. Firstly, a
vertex finding algorithm is applied to locate the primary vertex, where the neutral
mother was created as well as the secondary vertex, where it decays. Once these
points have been obtained, the direction of travel of the neutral mother can be
calculated and used as a kinematic constraint in the second stage, namely the kine-
matic fitting. This procedure utilizes the Lagrange multiplier method to optimize
the four-momenta of the neutral mother and its decay products given constraints
by the conservation of said four-momenta. As will be detailed in Section 8.4, imple-
mentations of this vertex fitter has increased the reconstruction efficiency and data
purity while reducing background events compared to previous analyses, making it
a promising tool for future hyperon studies.

1The KinFit library and its documentation can be accessed from the following GitHub reposi-
tory: https://github.com/JennyRegina/VertexFitter_HYDRA
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8.1 The Method of Lagrange Multipliers

The method of Lagrange multipliers is a mathematical optimization procedure for
solving minimization problems subject to a number of equality constraints. The
method was developed by Joseph Louis Lagrange in 1788, building on previous works
by Leonard Euler. The objective of the method lies in formulating the minimization
problem such that it is solved by finding the stationary point of the Lagrange func-
tion, L. This reformulation introduces additional parameters, namely the Lagrange
multipliers, λ. Both of these can be derived and defined according to the following
procedure [52]:

Firstly, consider the objective function, f(x), with x ∈ Rn, for which the minimum
should be found. The problem is then confined by the equality constraint, cm(x) = 0
(m = 1, ...,M) where cm denotes the constraint functions, assumed to be differen-
tiable close to the solution. This solution, denoted by x∗, satisfies all of the equality
constraints while corresponding to the minimum of the objective function, meaning
that cm(x

∗) = 0 and f(x∗) ≤ f(x).

Next, consider the Taylor expansion of the constraint and objective functions around
the solution, as seen in Eq. 8.1 and 8.3, respectively, from which Eq. 8.2 and 8.4
follow.

cm(x
∗ + ϵd) = cm(x

∗) + ϵdT∇cm(x∗) +O(ϵ2) → (8.1)

→ dT∇cm(x∗) = 0 (8.2)

f(x∗) ≤ f(x∗ + ϵd) = f(x∗) + ϵdT∇f(x∗) +O(ϵ2) → (8.3)

→ dT∇f(x∗) = 0 (8.4)

Here, the feasible direction considered in the expansions is defined as a vector d ∈ Rn

of length |d| = 1, pointing along a direction relative to x∗ in Rn for which all equality
conditions are fulfilled. This implies that cm(x

∗ + ϵd) = 0, as all x close to the
solution x∗ in Rn that satisfy cm(x) = 0 ∀m can be approximated as x∗ + ϵd, which
leads to the result in Eq. 8.2.

All x that satisfy the equality conditions, i.e cm(x) = 0 ∀m, are said to be part
of the feasible set, Ω = {x|cm(x) = 0}. In Rn, the feasible set Ω may form a line,
surface or a hypersurface on which the solution x∗ lies. Thus, the feasible direction
points from x∗ in a direction such that one remains on the feasible set Ω in Rn.

Eq. 8.4 implies that all feasible directions must be perpendicular to ∇f(x∗). Since
the feasible direction always points along the line, surface or hypersurface Ω in Rn

and since dT∇f(x∗) corresponds to a level set of the objective function, i.e where
f(x) is constant [53], it follows that Ω is tangential to the level surface of the
objective function in the vicinity of the solution, x∗.
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Similarly, Eq. 8.2 implies that the all condition function gradients are orthogonal
to the surface Ω since this set, by definition, corresponds to a level surface for all
condition functions cm(x) = 0.

All condition function gradients are orthogonal to Ω at all points but it is only at the
solution point, x∗, that the object function gradient also becomes orthogonal to this
geometry. As these gradient vectors are then orthogonal to the same line, surface
or hypersurface, this, in turn, implies that the gradient of the objective function at
the solution, ∇f(x∗), can be written a linear combination of the gradients of the
condition functions, ∇cm(x∗), the coefficients of which are defined as the Lagrange
multipliers, λm as in Eq. 8.5.

∇f(x∗) = −
M∑

m=1

λm∇cm(x∗) (8.5)

The Lagrange multipliers can then be uniquely defined if all the condition function
gradients ∇cm(x∗) are linearly independent and non-zero. Eq. 8.5 can also be
expressed as in Eq. 8.6.

0 = ∇f(x∗) +
M∑

m=1

λm∇cm(x∗) (8.6)

Following the reasoning presented thus far, this linear combination is only valid for
the solution, x∗, meaning that Eq. 8.6 becomes a necessary condition that must be
fulfilled if x∗ is to be a stationary point of the objective function given the equality
constraints.

On this basis, the Lagrange function L(x, λ) is defined as that in Eq. 8.7, where λ
and c(x∗) areM -dimensional vectors holding their respective components, (λ1, ..., λM)
and (c1(x

∗), ..., cM(x∗)).

L(x, λ) = f(x) + λTc(x) (8.7)

Evidently, the condition in Eq. 8.6 is satisfied at the stationary point of the Lagrange
function, given by the conditions in Eq. 8.8. However, these conditions do not
require the solution, x∗, to be a local minimum of the objective function.

∂L
∂xn

=
∂f

∂xn
+

M∑
m=1

λm
∂cm
∂xn

= 0

∂L
∂λm

= cm = 0

(8.8)

To ensure that a minimum has been found, a second condition must be formulated.
For this, consider the Taylor expansion of the Lagrange function at (x, λ∗) around
the solution x∗, seen in Eq. 8.9. The first of the conditions listed in Eq. 8.8 leads
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to the vanishing of the middle term in Eq. 8.9 since ∇xL(x∗, λ∗) = 0. Thus, the
expansion is simplified to that in Eq. 8.10.

L(x, λ∗) = L(x∗, λ∗)+ (x−x∗)T∇xL(x∗, λ∗)+
1

2
(x−x∗)T∇2

xxL(x∗, λ∗)(x−x∗)+ ...

(8.9)

→ L(x, λ∗) = L(x∗, λ∗) +
1

2
(x− x∗)T∇2

xxL(x∗, λ∗)(x− x∗) + ... (8.10)

When considering points part of the feasible set, Ω, a few remarks can be made.
Firstly, if x ∈ Ω, then L(x, λ) = f(x) as per the definition in Eq. 8.7. This then
implies that L(x, λ∗) ≥ L(x∗, λ∗), since the solution, by its definition, fulfills f(x∗) ≤
f(x). Additionally, when considering x ∈ Ω the vector terms in the expansion,
(x − x∗), will be of the same directions as that of the feasible direction vector, d.
This leads to the final minimization condition, shown in Eq. 8.11.

0 < dT∇2
xxL(x∗, λ∗)d (8.11)

Strictly speaking, applying the simplifications above to the expansion in Eq. 8.10
leads to a second condition of 0 ≤ dT∇2

xxL(x∗, λ∗)d. However, the formulation in
Eq. 8.11 becomes a sufficient condition for a local minimum.

In practice, it may be cumbersome or even impossible to find an analytic solution
to such a minimization problem as there may be many measurable variables and
constraints. For this reason, iterative approaches can be used to find the stationary
point of the Lagrange function. An example of such an approach is described in
Section 8.3.

8.2 Vertex Finding

The first step of the vertex fitting procedure is to locate the primary vertex, where
the neutral mother particle was created, as well as the secondary vertex, where it
decays. This introduces an immediate requirement, namely that two charged particle
tracks, either from a real or simulated detector response, have been identified. The
respective vertexes can then be located using a point-of-closest-approach finding
algorithm, already implemented in HYDRA by the HGeomVertexFit class, on the
respective charged particle tracks. The vertex finding procedure is executed by
HVertexFinder class, where charged particle tracks are added and processed using
HGeomVertexFit.

The direction of travel for the neutral mother particle is then calculated from the
vertex coordinates obtained in the previous step. The direction is described by
the polar, θ and azimuth angle, φ, both of which are calculated as those of the
vector pointing from the primary vertex to the decay vertex. This calculation is
performed by the HNeutralCandFinder class, which also estimates the momentum
of the neutral mother based on the momentum of its decay products.
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As input, the user must then provide the uncertainties of the reconstructed track
parameters of the daughter particles. These are necessary for later estimations of the
covariance matrix of the neutral mother, which describes its positional uncertainties
in each direction. The estimate for the neutral mother’s momentum, is then used as
a starting value for the iterative kinematic fitting, detailed in Section 8.3. For this,
input containing the measured momenta of its decay products are also required. The
starting estimate follows simply from the energy conservation of the decay, which
for a two-body decay of the neutral mother, m into daughters d1 and d2 is given as
in Eq. 8.12, following from the relativistic kinematics described in Section 4.1.

pm,start =
√
E2

d1 + 2Ed1Ed2 + E2
d2 −M2

m (8.12)

8.3 Kinematic fitting

The kinematic fitting is handled by the HKinFitter class included in the KinFit

library. Here, the method of Lagrange multipliers, described in Section 8.1, is utilized
to adjust the kinematic parameters of the neutral mother and its decay products in
order to decrease their respective uncertainties and improve the reconstruction.

For this approach, the objective function to minimize is set as the χ2-function,
quantifying the differences between measured values, x, assumed to be Gaussian
distributed around their respective true values, y, defined in Eq. 8.13 [52].

χ2 = (x− y)TV −1(x− y) (8.13)

Here, V corresponds to the covariance matrix, describing the covariance between
the measured variables in terms of their respective uncertainties. This information
is contained in the object class, HRefitCand.

The measured variables corresponds to the momentum of the daughters, denoted
by d1 and d2, from the neutral mother and its direction, obtained from the vertex
finding, seen in Eq. 8.14. Not included, is the unmeasured momentum of the mother,
pm, contained in its own variable vector, ξ as in Eq. 8.15. The purpose of separating
measured and unmeasured quantities is simply that the objective function, χ2, does
not depend on the latter.

x = (θd1, φd1, pd1, θd2, φd2, pd2, θm, φm)
T (8.14)

ξ = (pm) (8.15)

Listed in Eq. 8.16-8.19 below are the constraint functions. These correspond to
the conservation of momentum during the mother particle’s decay in the x, y and z
directions, described by the respective constraint functions g1, g2 and g3. The fourth
constraint function corresponds to the conservation of energy. Here, it is assumed
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that the mass of the neutral mother as well as that of the daughter particles are
known.

g1 = −pmsin(θm)cos(φm) + pd1sin(θd1)cos(φd1) + pd2sin(θd2)cos(φd2) = 0 (8.16)

g2 = −pmsin(θm)sin(φm) + pd1sin(θd1)sin(φd1) + pd2sin(θd2)sin(φd2) = 0 (8.17)

g3 = −pmcos(θm) + pd1cos(θd1) + pd2cos(θd2) = 0 (8.18)

g4 = −
√
p2m +m2

m +
√
p2d1 +m2

d1 +
√
p2d2 +m2

d2 = 0 (8.19)

With these definitions, the Lagrange function can be defined as in Eq. 8.20, for
which a stationary point satisfies the conditions in Eq. 8.21. Here, (Gx)ki =

∂gk
∂xi

and

(Gξ)kj =
∂gk
∂ξj

correspond to the derivative matrices for the measured and unmeasured

variables, respectively.

L(x, ξ, λ) = (x− y)TV −1(x− y) + 2λTg(x, ξ) (8.20)


∇xL = −2V −1(x− y) + 2GT

xλ = 0

∇ξL = 2GT
ξ λ = 0

∇λL = 2g(x, ξ) = 0

(8.21)

An iterative procedure can then be implemented where, as a first step, a Taylor
expansion of the constraint functions are made as to allow for solutions where these
are close to zero. The result of this expansion, neglecting higher order terms, can
be seen in Eq. 8.22 where ν corresponds to the number of iterations.

gν +Gν
x(x

ν+1 − xν) +Gν
ξ (ξ

ν+1 − ξν) = 0 (8.22)

With this, an iterative solution to the system of equations, Eq. 8.21, is given by Eq.
8.23. The iterations are then repeated until the Lagrange function converges to a
stationary point.


xν+1 = y − V GT

xλ
ν+1

ξν+1 = ξν − (GT
ξ (G

ν
xV (Gν

x)
T )−1Gξ)

−1GT
ξ (G

ν
xV (Gν

x)
T )−1(gν +Gν

x(x
ν − y))

λν+1 = (Gν
xV (Gν

x)
T )−1(gν +Gν

x(x
ν − y) +Gξ(ξ

ν+1 − ξν))

(8.23)
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8.4 Previous Studies

The performance of the vertex fitter has been bench-marked by Dr. Regina, for both
simulated and real data collected by HADES, the procedure and results of which
are presented in her PhD thesis [27]. These will be summarized in this section to
serve as reference and comparison to the vertex fitter performance in the analysis
of this thesis.

Both the simulated and real data considered in this bench-marking consisted of
events from the pp→ pK+Λ reaction with the Λ reconstructed based on its Λ → pπ−

decay.

The analysis procedure employed in the simulation study includes a number of
conditions and selection cuts based on the recorded events. Firstly, only correctly
identified particles were chosen for the analysis as to reduce errors unrelated to the
vertex fitting in the analysis. Secondly, as the vertex finder requires two charged
particle tracks to reconstruct a vertex, only events where all final state particles
had been identified by the simulated detector response were chosen for the analysis.
In the following steps, proton and pion candidates are recombined into the neutral
mother particle, Λ, for which the kinematic parameters are reconstructed and fitted
based on the procedures described in sections 8.2 and 8.3.

Following, two event selections were made based on the vertex fit parameters.
Firstly, events where the fit did not converge after ten iterations were discarded.
Here, a converged fit was defined as two consecutive iterations where the χ2 value
did not change by more than 1.0. Secondly, events where the final fit had a prob-
ability of less than 10−4 were discarded. During the analysis it was found that
events that converge within the first few iterations passed the probability cut more
frequently than events that passed through a higher number of iterations.

As part of a quality assurance of the analysis procedure, the proton selection effi-
ciency was examined. As two protons were produced from two different vertexes,
the vertex fit performance crucially hinges on its ability to select the correct proton
for the correct vertex. It was concluded that the number of protons assigned to
the incorrect vertex was very low, even for very small separations between the pri-
mary and secondary vertexes. For separations larger than 300mm, this value rapidly
dropped to zero, as can bee seen in Figure 21. Additionally, the deviations between
the reconstructed and the generated primary and decay vertexes. In the direction
along the beam axis, these deviations could reach up to 2 cm for the former and 4
cm for the latter and in the transverse directions, these varied up to 1 cm and 2 cm,
respectively.
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Figure 21: The number of protons correctly or incorrectly assigned to the correct
vertex as a function of the vertex separation in Dr. Regina’s bench-mark simulation
analysis [27]

The promising performance for the vertex fitter was demonstrated in the simulation
study, as the reconstruction efficiency of the Λ in events with fully reconstructed
final states reached 75%. A comparison was made to an analysis without use of the
vertex fitter, based on a previous simulation study of the same reaction, where the
Λ reconstruction efficiency reached 22%.

9 Analysis Methodology and Performance

The purpose of this thesis has been to study the pp→ ΛΛK+K+ reaction. In Chap-
ter 3, the interest of this particular reaction was introduced given that it enables
femtoscopy studies of the ΛΛ interaction. Chapter 4.3 developed this further by
detailing the theoretical foundation and the general approach in femtoscopy exper-
iments whereas Chapters 5 and 6 provided an overview of how such measurements
are realized at HADES. The final chapters of this thesis then dedicated to the sim-
ulations conducted as part of this thesis, its scope, methodology and the obtained
results.

9.1 Scope

As stated previously in Chapter 3, the main objective for this thesis project has been
to determine the reconstruction efficiency for the pp→ ΛΛK+K+ reaction when the
Λ hyperons are reconstructed using the kinematic fitter described in Chapter 8. To
determine this, the reaction chain must first be simulated and then subjected to a
high level analysis, the development of which constituted one of the main aspects of
the project.

As seen in Section 1.2, this project aimed to determine the purity and reconstruction
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efficiency of Λ hyperons as well as Λ-pairs with low relative momenta. Here, purity
denotes the fraction between the true and the total number of reconstructions, as
seen in equation 9.1. A true Λ reconstruction then identifies those where the correct
proton was combined with the correct pion.

Purity =
N true

reco

N tot
reco

(9.1)

The reconstruction efficiency is similarly defined as the fraction between the number
of reconstructed and generated particles which are of interest, i.e. the signal, as in
Eq. 9.2.

η =
N tot

reco

N signal
gen

(9.2)

In a real experiment, there is no guarantee that all of the particle produced by
some collision event are detected and therefore, the analysis is extended to account
for these outcomes. Three inclusive channels, seen in Eq. 9.3-9.5 are considered.
Here, inclusive refers to an ambiguity , denoted by X, of what precisely is detected,
i.e. the complete absence or presence of any number of unspecified particles. The
inclusive selection in Eq. 9.3, without any reconstruction criteria, is considered
as to determine the kinematic properties of all generated and detected particles of
interest.

pp→ X (9.3)

The selection in Eq. 9.4 requires the presence of a Λ-pair, i.e. a final state where
at least two protons and two pions have been detected, whereas the selection in Eq.
9.5 also requires the detection of one kaon.

pp→ pπ−pπ− +X (9.4)

pp→ pπ−pπ−K+ +X (9.5)

The final selection considered, seen in Eq. 9.6 considered only events with simul-
taneous detection of all final states from the reaction chain, a selection which is
referred to as an exclusive selection.

pp→ pπ−pπ−K+K+ (9.6)

Although not explicitly required to reconstruct the Λ-pair, the two latter selections
are considered to determine how the inclusion of K+ affects the performance of the
fitter. Additionally, the exclusive selection is examined as it enables further kine-
matic constraints from the conservation of the initial beam-target four-momentum.
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This could then be applied to the optimization of the reconstructed momentum of
daughter particles. This was not implemented as part of this analysis but the re-
construction efficiency of this channel can reveal whether this could improve the
reconstructions of Λ-pairs.

As a simplification, this feasibility study does not consider background from other
beam-target reactions, which there will be plenty of in real data. Instead, the
background stems from secondary reactions with the detector material, misidentified
particles and the combinatorial difficulty of reconstructing a Λ hyperon from the
correct set of daughter particles.

9.2 Event Generation

As described in Section 6, the simulation chain begins with the generation and
transport of events. The former as achieved with Pluto 5.44 from which the pp →
ΛΛK+K+ reaction was generated based on a phase-space model after adaptations
of a preexisting ROOT macro. Similarly, the particle transport and decays were
simulated using HGeant 2. Here, the Λ decay is, as mentioned in Section 6.2.2,
simulated for all possible decay channels and their respective branching ratios as
these traverse the detector, all of which are included in the internal database of the
framework. As the geometry of the 2022 beam time detector set-up had not been
fully implemented in HGeant, the particle transport was simulated with that from
that of an earlier beam time in April 2017, supplemented with the geometry of the
forward detector. Thus, this geometry lacks the iTOF and the ECAL sub-detectors.
As the interests of this study are entirely hadronic and no photon detection is needed,
the missing ECAL poses no issue. However, without the iTOF, this simulation study
could not replicate the same triggering as that in the February 2022 beam time and
therefore, there are no trigger conditions implemented in this analysis. Similarly to
the event generation, the particle transport was implemented by performing minor
adaptations to preexisting HGeant scripts. The same can be said for the final stage
of the simulation chain, the DST production, implemented in HYDRA 2.

At this point, the simulation chain has been completed and what remains is the
high-level analysis, the development of which has been the focus of this project as
the stage where the Λ hyperons can be reconstructed. The data produced during the
DST production contains reconstructed detector tracks, parametrized by the inverse
momentum, the polar angle θ relative to the beam axis, the azimuthal angle φ, the
minimum distance from the beam axis, R, and the beam-axis coordinate at this
point, z. Additionally, the velocity is known from the time-of-flight detectors, which
plays an important role in particle identification - the first step of the high-level
analysis.

This analysis was performed with 1.8 ·106 events, which is based on a lower estimate
of expected pp → ΛΛK+K+ events produced during the beam time. To estimate
this, the integrated luminosity, L = 5.36 ·1012 b−1, and the lower end of the reaction
cross section estimated in the feasibility study discussed in Chapter 7, σ = 0.35 µb
were used as seen in Eq. 9.7.
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Lσ = 1.876 · 106 ≈ 1.8 · 106 (9.7)

As this is a feasibility study, the is an inherent interest in the lower bounds of these
estimates and so the number of events required to replicate those produced in the
beam time was approximated with that in mind. As such, the estimated value above,
1.876 · 106, was rounded down to produce a more modest estimate and hopefully
account for any changes in the luminosity, as this has not yet been settled and is
currently being estimated from measurements of pp elastic scattering [42], which
was stated previously in Section 5.4.

9.3 Particle Identification

The particle identification (PID) is performed based on these velocity measurements.
When plotted against the momentum multiplied by the electric charge, the particle
species becomes distinguishable as these appear in distinct bands. This is shown in
Figure 22, where the velocity is given in fractions of light speed, β = v/c, along with
the PID selection cuts for each of the final state particles. That is, all candidates
within these selections are identified as p, π− or K+ and the reconstructed four-
momentum is adjusted as the mass is set as that of the respective particle species.
The top of this figure displays all detected particles, i.e. the results of the pp → X
selection, for 50 · 103 simulated pp events. Here, the bands are more distinguishable
than for the bottom graph, displaying the result of 1.8 ·106 simulated pp events used
in this analysis.

Both of the distributions shown in Figure 22 indicate particles for which β > 1, a
result which is clearly unphysical. This anomaly is likely attributed to secondary
particles generated from reactions with the detector material, as the velocity recon-
struction is based on time-of-flight measurements. If a particle is created far from
the beam-target interaction point, the assigned time-of-flight will measurement will
not be accurate, as this assumes flight from the target. In addition, uncertainties
and errors appearing in track reconstruction would also contribute to these discrep-
ancies.
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Figure 22: β versus momentum and electric charge for 50 · 103 (top) and 1.8 · 106
(bottom) events along with the PID selection cuts.

9.4 Event Selection

Once the PID has been assigned, an event selection can be performed for the various
cases depicted in Eq. 9.3-9.6. The selection of an inclusive or exclusive channel is
determined by the number of identified p, π− or K+, the requirements of which can
be seen in Table 5. Here, protons are reconstructed from both the main and forward
detectors. For the latter, however, there is no PID and so all tracks are assumed
to be from protons. Also shown here are the number of events which pass each
selection cut as well as the reconstruction efficiency, η, determined as the fraction
of selected events out of the 1.8 · 106 that were generated.

Upon each selection there is a rapid decrease of accepted events, however, the ob-
tained reconstruction efficiencies are within the expected range at HADES. In the
benchmark study [27] discussed in Section 8.4, the simultaneous reconstruction of
four particles, 2p, 1π− and 1K+, constituted 0.5% of those generated and therefore
within the same order of magnitude as the equivalent in Table 5.
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Selection Condition Events η (%)
pp→ X none 1 800 000 100
pp→ pπ−pπ− +X at least 2p and 2π− 9 727 0.54
pp→ pπ−pπ−K+ +X at least 2p, 2π− and 1K+ 2 580 0.14
pp→ pπ−pπ−K+K+ at least 2p, 2π− and 2K+ 349 0.02

Table 5: Conditions for each of the considered event selections, the number of se-
lected events and the overall reconstruction efficiency, η.

Table 6 displays the effects of the event selection on the reconstruction of the final
state particles where generated signal refers to generated particles originating from
the primary pp→ ΛΛK+K+ reaction chain. Generated, on the other hand, refers to
all p, π− and K+ from both the primary and secondary reactions as the generated
signal interacts with the detector material. As seen in Table 6, there is a signif-
icant number of particles generated in secondary reactions, especially for protons.
However, a portion of these are likely the result of signal K+ and π− emitted into
the forward detector and thus misidentified as protons, which will be discussed in
further detail later on in this section.

As for the pp→ X selection, the generated signal of p and π− correspond to 63% of
the 3.6 · 106 generated Λ hyperons, which is in agreement with the branching ratio
seen in Table 3. As for the remaining selections, the conditions dictate simultaneous
reconstruction of 2p and 2π which seems to be an efficient method of selecting events
where both of the generated signal Λ hyperons decay into the pπ− channel. For all
of these selections, about 97% of the generated signal Λ must have decayed into this
channel to produce the obtained generated signals of p and π−.

Out of the reconstructed particles, true refers to those with the correct PID and
origin such that p and π− originate from a Λ whereas K+ must originate from the
beam-target interaction point. The purity then refers to the fraction of true versus
the total number of reconstructed particles for each species. Unsurprisingly, the lack
of PID in the forward detector results in significantly lower purities for reconstructed
protons. However, with each selection cut the proton purity improves which seems
to indicate that there are indeed a significant number of generated signal π− but
mainlyK+ emitted into the forward detector and then misidentified as protons. This
would then explain the significant improvement in purity for the event selections
demanding simultaneous detection of π− and K+ in the main detector but also low
reconstruction efficiency for the exclusive selection. Despite the improvement, the
proton purity remains lower than that for π− and K+ reconstruction even for the
pp → pπ−pπ−K+K+ selection, which can most likely be attributed to background
from secondary reactions. This background is certainty present in the main detector
as well but, as seen in Figure 22, the PID selections are able to filter out large
portions of it, thus yielding a higher purities.

In the rightmost column in Table 6, the individual reconstruction efficiencies, η,
can be seen. This is defined as the fraction of reconstructed particles over the total
generated signal, i.e. 2.25 · 106 for p as well as π− and 3.60 · 106 for K+. As is
exemplified here, the K+ reconstruction efficiencies tend to be lower than that for p
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and π−, whereas the purity remains similar to that of the latter. Again, this could be
explained given that K+ to large extents are emitted outside the range of the main
detector such that they enter the forward detector and are misidentified as protons
or into the blind spot and therefore not tracked at all. The proton reconstruction
efficiency is often higher which, just as the lower purity, is likely a result of the
increased background.

pp→ X Gen. Signal (prim) Gen. (prim + sec) Reconstructed True Purity (%) η (%)
π− 2 251 383 3 575 216 597 141 541 030 90.6 26.5
p 2 251 383 26 166 370 1 250 600 675 589 54.0 55.5
K+ 3 600 000 4 450 748 625 832 593 153 94.8 17.4

pp→ pπ−pπ− +X
π− 18 866 26 920 19 509 17 377 89.1 0.87
p 18 866 128 242 20 897 12 942 61.9 0.93
K+ 19 454 23 694 3 005 2 795 93.0 0.08

pp→ ΛΛK+ +X
π− 5 022 7 189 5 177 4 644 89.7 0.23
p 5 022 32 930 5 428 3 762 69.3 0.24
K+ 5 160 6 565 3 005 2 795 93.0 0.08

pp→ ΛΛK+K+

π− 682 974 700 628 89.7 0.03
p 682 4 513 727 541 74.4 0.03
K+ 698 926 774 684 88.4 0.02

Table 6: Generated signal from the primary reaction, total generated particles from
primary and secondary reactions as well as the obtained reconstruction efficiency
and purity for all final state particles in each event selection.

To further exemplify both the reasoning above and the necessity of the forward
detector, Table 7 displays the reconstruction, purity and efficiency of respective pro-
tons tracked in the main and forward detectors. As is evident, the reconstruction
efficiency remains much larger in the forward detector, regardless of the event selec-
tion, making it evident that most of the generated signal protons must be emitted
into this region. In the pp → X selection, the proton purity is higher in the main
detector but for all other selections, the opposite becomes true. Rather, it appears
that stricter selections decrease the purity in the main detector while these instead
increase in the forward detector. Following the reasoning above, this is likely a re-
sult of additional π− and K+ reconstructions in the main detector. As most protons
are emitted into the forward detector, the additional background of protons gener-
ated from secondary reactions by π− and K+ becomes much more prevalent, which
drastically affects the purity in the main detector. In these cases, there is then less
secondary background generated in the forward detector, which in turn increases
the purities.
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pp→ X Reconstructed True Purity (%) η (%)
Main 136 752 82 161 60.0 6.07
FwDet 1 113 848 593 428 48.4 49.4

pp→ pπ−pπ− +X
Main 2 861 1 477 51.6 0.13
FwDet 18 036 11 465 63.5 0.80

pp→ pπ−pπ−K+ +X
Main 638 238 37.3 0.02
FwDet 4 790 3 524 73.6 0.21

pp→ pπ−pπ−K+K+

Main 89 35 39.3 3.6e-3
FwDet 638 506 79.3 0.03

Table 7: Reconstruction efficiency and purity for protons reconstructed in the main
and forward detectors for each event selection.

9.5 Particle Kinematics

The kinematic properties of both the generated and reconstructed particles need to
be considered to understand the detector acceptance. In Figure 23, the distribution
of the generated signals with respect to the total momentum, P , and the polar angle,
θ, is shown. Here, θ refers to the angle of deviation from the beam axis, which can
be used to determine in which detector the generated signal is emitted. As stated
in Section 5.2, the main detector covers angles between 18◦ < θ < 88◦ whereas the
forward detector covers angles between 0.5◦ < θ < 7◦, creating a blind spot for
angles between 7◦ < θ < 18◦.

As can be seen in this figure, the protons are predominately emitted into the forward
direction which, as discussed in the previous section, indicates that most of the
genereated signal protons are tracked in the forward detector. Quite notably, the
generated distribution of protons is similar to that of the Λ hyperons, which confirms
the assumption that most of its momentum is carried over to the protons during the
decay. The much lighter π−, on the other hand, experience a larger spread in terms
of their angular distribution but also lower momentum. The statistical nature of
the Λ decay also results in less compact kinematic distributions for its daughters,
where outliers occur.

This figure also confirms the reasoning regarding the K+ reconstruction efficiencies
presented in the previous section, as most of the generated signal is emitted into the
detector blind spot. It is also clear that a significant number of K+ are also emitted
into the forward detector.
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Figure 23: Distribution of the generated signal over total momentum and polar
angle.

Figure 24 shows the distribution over the total momentum and the polar angle
for all generated particles. The distributions for the generated signal is clearly
shown along with the background of particles generated in secondary reactions.
Worst afflicted are the protons, where the generated signal barely remains visible.
As for the generated Λ hyperons, the background is clearly separated from the
generated signal and clustered at lower momentum, which is likely attributed to
its heavier mass. Although not attempted in this analysis, this distinction likely
enables effective background reduction by implementing cuts on the reconstructed
Λ momentum, such as that performed in the feasibility study discussed in Chapter
7.
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Figure 24: Distribution of all generated particles over total momentum and polar
angle.

Figure 25 depicts the same distributions over the reconstructed total momentum
and polar angle. Here, the reconstructed proton distributions from both the main
and forward detector is shown. As for the latter, the background may be recon-
structed with polar angles outside its acceptance range of 0.5◦ < θ < 7◦ as these
are produced in closer proximity to the detector. As expected, the proton back-
ground remains more abundant in both the forward and main detectors compared
to the reconstructed π− and K+. The true reconstructions in the forward detector
displays almost no background, however, the same can not be said for those in the
main detector. This is likely the result of Λ hyperons created in secondary reactions,
visible in Figure 24, as the condition for true proton reconstructions only specifies
that these must originate from a Λ. The same effect can also be seen in the true π−

reconstructions.
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Figure 25: Distribution of all true (right) and reconstructed (left) particles over
total momentum and polar angle.
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Figure 26 shows the generated signal distributions over the transverse and longi-
tudinal momentum where the latter direction is defined as that of the beam axis
and the former its orthogonal. As expected, the comparatively high longitudinal
momentum for the generated signal p and Λ translate to emittance in lower polar
angles. This is likely a result of the Λ hyperon carrying over a larger part of the
longitudinal momentum of the beam due to their larger mass.

Figure 26: Transverse and longitudinal momentum distributions of the generated
signal.

Figure 27: Transverse and longitudinal momentum distributions of all generated
particles.
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The same distribution for all generated particles can be seen in Figure 27 whereas
Figure 28 shows the reconstructed distributions for both the forward and main
detectors. As expected, the latter distributions indicate that particles carrying larger
portions of their momentum in the longitudinal direction are likely emitted outside
the admittance of the main detector. Additionally, the majority of the background
seems to be emitted with larger portions of transverse momentum than the generated
signal.

Figure 28: Reconstructed transverse and longitudinal momentum of true (right) as
well as all (left) reconstructed particles

Figures 29 and 30 show all generated and signal distributions over the azimuthal
angle φ relative to the beam axis. As expected, these are all uniform except for that
of generated protons, which seem to be more abundantly emitted around 270◦. Most
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likely, this effect originates from the detector geometry as most of these particles
must originate from background events judging by the number of particles and
the uniform distribution of the generated signal. Additionally, this effect likely
appears only for the generated proton distributions as there is much less background
generated for the other particle species.

Figure 29: Distribution of the generated signal over the azimuthal angle φ.

Figure 30: Distribution of all generated particles over the azimuthal angle φ.

In Figure 31 the reconstructed azimuthal angles, φ, can be seen. These features
are, as expected, dominated by the detector acceptance of the forward and main
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detectors. This is clearly illustrated for the latter, where the division into its six
main sectors is clearly visible in these distributions.

Figure 31: Distribution of all true (right) and all (left) reconstructed particles over
the azimuthal angle φ.

Figures 32 and 33 shows the vertexes from which generated signal and particles were
created. As for the former, the creation vertexes of the signalK+ and Λ particles are,
naturally, within the target which extends from −62 mm to −15 mm along the beam
axis, here denoted by z. As for the p and π−, these vertex distributions correspond
to the spatial position the Λ decay which exemplifies its statistical nature in terms
of its life time. Additionally, it is clear that many Λ hyperons travel a distance
in the order of a few centimetres, which is expected based on the average distance
shown in Table 3 and a characteristic length of travel from weak decays.
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As for all generated particles, these vertex distributions also indicate the positions
in space where the background from secondary reactions are generated. The albeit
abstract patterns appearing in these distributions appear distinct, which is expected
as this background is created from interactions with the detector material.

Figure 32: Creation vertex distributions of the generated signal

Figure 33: Creation vertex distributions of all generated particles
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The kinematic properties of these particles are reconstructed to a certain precision
governed by the uncertainties related to the track and momentum reconstructions.
These are, however, dependant on the particle momentum. To accurately determine
these errors, which are necessary to produce the covariance matrix required in the
vertex fitting procedure (see Section 8.3), a momentum dependant error function
is fitted to the uncertainties of each track parameter. The error functions used
to estimate the kinematic uncertainties in this analysis were generated based on
adaptations to a pre-existing HYDRA scripts 2.

As stated previously in this section, tracks are parametrized by the inverse momen-
tum 1/P , the polar angle θ, the azimuthal angle φ, the closest distance to the beam
axis R and coordinate of this point on the beam axis, Z. To estimate the respective
uncertainties, a smaller simulation of 50 ·103 pp→ ΛΛK+K+ events were used, from
which the track parameter errors were calculated for each reconstructed p, π− and
K+ as the difference between the generated and reconstructed parameter. For each
reconstructed particle species, the errors in 1/P , θ, φ, R and Z can be seen on the
left hand side of Figures 34-38, where the lateral line depicts the deviation of these
errors over the interval of generated momentum as indicated by the horizontal line.
On the right hand side of Figures 34-38, the center of the these generated momentum
intervals is plotted against the error deviations. A polynomial fit is then applied to
this points, indicated by (∗), which is shown in red for Figures 34-38. In the analysis,
the track parameter uncertainties for each reconstructed p, π− and K+ can then be
estimated by evaluating these functions at the a given particle momentum

This approach was originally implemented to make the analysis compatible with
real data. In this case, the track parameters need to be estimated by this kind
of procedure as comparison between the real and reconstructed parameter is not
possible. However, a simplification was adopted to avoid run-time errors as the
reconstructed momentum may fall outside the function domain, the estimate was
performed by evaluating the the fitted function for the generated momentum of the
particle.

As clearly seen in Figures 34-38, the quality of the fitted functions are often sub-
standard with errors are introduced from over-fitting. Additionally, the fitted trend
deviates significantly for lower and higher regions of the momentum. The errors
introduced in the latter case are not expected to be significant as comparatively few
signal particles are generated with momentum in these regions. In particular, the
region of low generated momentum will be dominated by background whereas the
particles generated with high momentum are less likely to even enter the main de-
tector. This, however, makes them more likely to enter the forward detector where
the large-scale deviation between the fit and uncertainties for the reconstructed pro-
tons, pfwdet is not as significant in the high momentum region. Regardless, these
fits introduce errors in the uncertainty estimates over the entire kinematic region
which illustrates that improvements of this procedure are of importance if one aims
to apply it for real data.

2The scripts adapted to generate the kinematic error functions were written and provided by
Jana Rieger, Uppsala University
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Figure 34: Uncertainties of the reconstructed momentum for all final state particles

80



Figure 35: Uncertainties of the reconstructed polar angle θ for all final state particles
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Figure 36: Uncertainties of the reconstructed azimuthal angle φ for all final state
particles
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Figure 37: Uncertainties of the reconstructed vertex distance,R, from the beam axis
for final state particles
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Figure 38: Uncertainties of the reconstructed vertex projected on the beam axis, z,
for final state particles
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9.6 ΛΛ Reconstruction

The Λ hyperons can be reconstructed once the PID and event selection has been
performed. Here, this reconstruction is attempted for the pp → pπ−pπ− + X,
pp → pπ−pπ−K+ + X and pp → pπ−pπ−K+K+ selections and utilizes the vertex
fitter described in Chapter 8. No Λ reconstruction is performed for the pp → X
channel as these events may not enable simultaneous reconstruction of at least two
p and two π−, which prevents the reconstruction of two Λ candidates.

Although the approach differs for each event selection, the reconstructions begins
by creating Λ candidates from all possible combinations of reconstructed p and
π−. Here, the protons may originate from either the main or forward detector. As a
second step, a cut is applied to the pπ− invariant mass as to reduce the combinatorial
background by omitting combinations which fall outside of 3σ of the Λ nominal
mass seen in Table 3. Here, σ = 2.8 MeV/c2 refers to the standard deviation of
the Gaussian distribution fitted to the peak in the invariant mass spectrum, seen in
Figure 39 as these combinations are less likely to originate from a common mother
particle.

For viable pπ− combinations, the Λ candidate decay vertex is identified using the
vertex finder, HVertexFinder, included in the kinematic fitting library KinFit, de-
tailed in Section 8.2. For this, as well as the following steps of the fitting procedure,
the reconstructed particles are represented as the object type HReFitCand, created
for the KinFit library to hold their respective covariance matrices. These are then
constructed from the track parameter uncertainties obtained and evaluated as spec-
ified at the end of Section 9.5.

For the inclusive selections, pp→ pπ−pπ−+X and pp→ pπ−pπ−K++X, the vertex
finder may not be applicable for estimation of the primary vertex as it requires two
charged particle tracks. However, if there happens to be two reconstructed K+ in
the event, the vertex finder is used to identify the primary vertex. If not, this is
estimated as the point-of-closest-approach between the Λ candidate trajectory and
the beam axis or the Λ, beam axis and the reconstructed trajectory of a K+, if
one is present in the event. This estimation utilises a similar approach as that of
the vertex finder as it relies on HYDRA’s HGeomVertexFit in which the point-of-
closest-approach finder is implemented.

Ideally, the estimated primary and decay vertexes would then be used as constraints
in a vertex fit of the p and π− four-momentum. However, for the KinFit version
used for this analysis, there are known performance issues for this type of fit. This,
most likely in combination to the crude estimate of the primary vertexes, impaired
the reconstruction to such a degree that the Λ purities were worsened compared
to that prior to the fit. For this reason, this step was omitted from the analysis
altogether.

To further reduce combinatorial background, a selection cut could be imposed on
the primary vertex as the target position is known. However, such a selection cut
reduced the Λ reconstruction efficiency without improving its purity. Similarly to
the vertex fit, the lacking performance of this selection cut is likely attributed the
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uncertainties introduced in the estimation of the primary vertex as this is most often
performed using trajectories that were not directly reconstructed. Therefore, such
a selection cut was not included in the ΛΛ reconstruction procedure.

Instead, the kinematic 3c fit, described in Section 8.3, was used to optimise the p
and π− four-momentum. For this fitter, a convergence criterion was set such that
fit was considered converged if the Lagrange function did not differ by more than
1.0 between two consecutive iterations. However, if the fit did not converge within
10 iterations, the Λ candidate and the corresponding pπ− combination was deemed
unviable and discarded. As seen in Section 8.4, this is the same convergence criterion
as that in the benchmark study of this fitter.

The vertex fitter probability, based on its χ2-function, is used to make a final se-
lection cut on the Λ candidates. Here, any pπ− combinations for which the fit
probability reached less than 75% were discarded. Events for which two Λ candi-
dates survived the invariant mass, convergence and probability cuts, the respective
pπ− combinations were selected to finally reconstruct the Λ-pair, the results of which
can be seen in Chapter 10.

In Algorithm 1, the implementation developed to realize the procedure discussed
above is shown for the pp→ pπ−pπ−+X selection whereas Algorithms 2 and 3 show
that for the pp→ pπ−pπ−K+ +X and pp→ pπ−pπ−K+K+ selections. Besides the
the event selection cuts, the analysis methodology utilize different estimates of the
primary vertex, depending on the availability of reconstructed K+ tracks.

Figure 39: Invariant mass distribution of all pπ− combinations and, shown in red,
a Gaussian fit over the peak around the Λ nominal mass from which the standard
deviation σ is obtained and used for candidate selection.
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Algorithm 1 ΛΛ reconstruction for the pp→ ΛΛ +X selection.

for all p do
for all π− do

if pπ− outside invariant mass cut then
skip to next π−

end if
find pπ− vertex with HVertexFinder (the decay vertex)
if there are two K+ then

find the primary vertex from K+K+ with HVertexFinder

else if there is one K+ then
Estimate the primary vertex as the point-of-closest-approach between
the pπ trajectory, the K+ trajectory and the beam axis

else:
Estimate the primary vertex as the point-of-closest-approach between
the pπ trajectory and the beam axis

end if
perform HKinFitter fit to p and π− four-momentum
if the fit did not converge after 10 iterations then

skip to next π−

end if
save pπ− combination as a Λ candidate

end for
end for
if there are ≥ 2Λ candidates with fit probabilities > 0.75 then

Select the two candidates with the highest fit probability
Save these candidates as the reconstructed Λ pair

end if
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Algorithm 2 ΛΛ reconstruction for the pp→ ΛΛK+ +X selection.

for all p do
for all π− do

if pπ− outside invariant mass cut then
skip to next π−

end if
find pπ− vertex with HVertexFinder (the decay vertex)
if there are two K+ then

find the primary vertex from K+K+ with HVertexFinder

else:
Estimate the primary vertex as the point-of-closest-approach between
the pπ trajectory, the K+ trajectory and the beam axis

end if
perform HKinFitter fit to p and π− four-momentum
if the fit did not converge after 10 iterations then

skip to next π−

end if
save pπ− combination as a Λ candidate

end for
end for
if there are ≥ 2Λ candidates with fit probabilities > 0.75 then

Select the two candidates with the highest fit probability
Save these candidates as the reconstructed Λ pair

end if

Algorithm 3 ΛΛ reconstruction for the pp→ ΛΛK+K+ selection.

for all p do
for all π− do

if pπ− outside invariant mass cut then
skip to next π−

end if
find pπ− vertex with HVertexFinder (the decay vertex)
find the primary vertex from K+K+ with HVertexFinder

perform HKinFitter fit to p and π− four-momentum
if the fit did not converge after 10 iterations then

skip to next π−

end if
save pπ− combination as a Λ candidate

end for
end for
if there are ≥ 2Λ candidates with fit probabilities > 0.75 then

Select the two candidates with the highest fit probability
Save these candidates as the reconstructed Λ pair

end if
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Thus far, the selection cuts used to distinguish the pπ− combinatorial background
have been presented but not properly motivated. The convergence cut and criterion
were chosen to be same as those in the benchmark study detailed in Section 8.4 for
comparability. The invariant mass and fit probability cuts, however, were optimized
in regards to the Λ reconstruction efficiency and purity as seen in Figure 40. In the
upper plot of this figure, the vertex fit probability cut is varied as indicated for an
invariant mass cut held at Mcutoff = 6σ. The bottom plot instead shows the mass
cut varied, as indicated, with a probability cut of Pcutoff = 10−5.

The probability cut was selected as that which provided the highest purity, i.e.
Pcutoff = 0.75. Although, the increased purity is made at the expense of the recon-
struction efficiency, this parameter was prioritized in this consideration, firstly due
to the importance that the Λ-pair reconstruction is correct if one hopes to study
their strong interaction in a femtoscopy study. Secondly, the conditions in which
this reconstruction takes place are close to ideal as there is no background from
other beam-target reaction channels. Therefore, the purity obtained in this feasi-
bility study is surely higher compared to that of an analysis with real data. The
same reasoning was also applied for the selection of the invariant mass cut, however,
Mcutoff = 3σ was chosen despite of it not yielding the highest purity. Stricter mass
cuts do indeed increase the purity, as seen in Figure 40, however, the finite resolution
of the reconstructed momentum infringes on how strict this cut can be made.

Figure 40: Optimization of the selection cuts on the pπ− invariant mass and the fit
probability in regards to the Λ reconstruction purity and efficiency.
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10 Results and Discussion

In this section, the results of the Λ reconstruction, the procedure of which is detailed
in Section 9.6, is presented. In Table 8, the generated signal as well as total number
of generated Λ hyperons are displayed, along with the number of total and true
reconstructions. In this case, a true reconstruction refers to one in which the selected
pπ− combination was indeed the decay product of a common mother particle. The
two rightmost columns then depicts the purity as well as the reconstruction efficiency,
here defined as fraction of the reconstructed particles and the total generated signal,
i.e. 3.6 · 106 Λ hyperons.

In the pp→ ΛΛKK feasibility study discussed in Chapter 7, the expected Λ recon-
struction for the lower limit of the estimated cross section, σ = 0.35 µb, reached 315
per day [21], or 8820 in total over a four-week beam time. However, the luminosity
assumed in this study is significantly larger than the current estimate of that during
the beam time. By scaling the number of reconstructed Λ hyperons by the fraction
between the beam time luminosity and that of the feasibility study, a crude estimate
is obtained for the number of reconstructions that would have been achieved had
the beam time luminosity been used. With this assumption, one would expect the
feasibility study to have obtained 1302 reconstructed Λ particles had they used the
same luminosity as that in this project. This illustrates a similar, if not slightly
improved Λ reconstruction efficiency when this is performed using the kinematic
fitter.

Comparison to the reconstruction efficiency obtained in the benchmark study dis-
cussed in Section 8.4, reveals a stark difference as this reached 75% of the generated
signal Λ in the chosen event selection [27]. In this analysis, the best result managed
to reconstruct 7.7% of the the generated signal, which occurred for the exclusive
event selection. A significant difference in these results were, however, expected
as this study deals with a more complicated reaction topology while the bench-
mark simulation study was performed using ideal PID, i.e. a complete negation of
misidentification background.

As seen in Table 8, the reconstruction purity is higher for the pp→ pπ−pπ−K++X
and pp → pπ−pπ−K+K+ event selection than it is for pp → pπ−pπ− + X. This
discrepancy is most likely attributed to the reconstruction purity in the forward
detector. As discussed in Section 9.4, there is less background from misidentified
signal K+ and π− when the event selection requires that these were reconstructed
in the main detector. Therefore, it is reasonable that the reconstructed Λ purity
increases along with the proton purity the forward detector.

When comparing the Λ hyperon reconstruction purities to those of the protons,
which can be seen in Table 6, it becomes evident that these have been improved
upon. This indicates that the reconstruction strategy developed for this analy-
sis is able to distinguish and discard some of the pπ combinations in which the
protons are misidentified, despite also being subject to additional combinatorial
background.

90



Λ Gen. Signal (prim) Gen. (prim + sec) Reconstructed True Purity (%) η (o/oo)
pp→ pπ−pπ− +X 19 454 19 769 1 404 1 094 77.9 0.78
pp→ pπ−pπ−K+ +X 5 160 5246 68 59 86.8 0.04
pp→ pπ−pπ−K+K+ 698 709 54 47 87.0 0.03

Table 8: Generated signal from the primary reaction, total generated particles from
primary and secondary reactions as well as the obtained efficiency and purity for all
reconstructed Λ hyperons

As mentioned in Chapter 7, in order to determine the feasibility of a femtoscopy
study one is interested in ΛΛ pairs with relative momentum q, defined in equation
10.1, of less than 200 MeV/c. Here, a true reconstruction refers to that in which
both Λ are reconstructed from a pπ− combination where both are daughters from
the same decay. The number of Λ pairs reconstructed in this kinematic regime can
be seen in Table 9 along with their purity. Evidently, these are significantly lower
than the overall purities - an important result which will be elaborated on in the
coming sections. The main reason for this, however, appears to be the difficulties in
reconstructing Λ pairs with small spatial separations of their decay vertexes.

q = |pΛ1 − pΛ2| (10.1)

Indeed, by discarding Λ pairs for which the reconstructed decay vertex separation
d > 30 mm the purity increased from 11.6% to 17.3% in the pp → pπ−pπ− + X
selection. However, this selection impairs the reconstruction efficiency in this region
quite significantly - more so than it improves the purity. Also, as there are so
few reconstructed events in this region, the purities presented can not accurately
determine the analysis performance. For this, a larger simulation would be required
such that the Λ pairs can be reconstructed with sufficient statistics.

ΛΛ q < 200MeV/c Reconstructed True Purity (%)
pp→ pπ−pπ− +X 112 13 11.6
pp→ pπ−pπ− +X, d > 30 mm 52 9 17.3
pp→ pπ−pπ−K+ +X 3 0 0
pp→ pπ−pπ−K+K+ 3 0 0

Table 9: ΛΛ reconstructions with relative momentum < 200 MeV/c.

91



10.1 pp→ pπ−pπ− +X

As mentioned in the previous section, the χ2-function of the kinematic fit performed
on the pπ− four-momentum can be used to determine the fit probability, which in
turn is used as a selection cut to remove false combinations. As such, Figure 41
displays the distributions over the χ2 and probability for all fits applied to the pπ−

combinations within the mass cut in the pp→ pπ−pπ− +X event selection.

Figure 41: χ2 (left) and probability (right) distributions for the kinematic fitter used
to reconstruct the Λ pair

Below, in Figure 42, the result of the kinematic fitting is illustrated as the invariant
mass distribution of the selected pπ− combination. This is the same distribution as
that shown in Figure 39 although here, the four-momentum of the pπ− system has
been optimized such that its invariant mass is set to the Λ nominal mass.

Figure 42: Invariant mass distribution of the fitted pπ− four-momentum in the
pp→ pπ−pπ− +X event selection.

In Figure 43, the distribution over the total momentum and the polar angle θ for the
Λ reconstructions is shown. Similarly, Figure 44 displays these distributions over the
reconstructed transverse and longitudinal momentum. As expected, these distribu-
tions look similar to that of the generated signal seen in Figure 23 for the former
and 26 for the latter. The most notable difference, however, is the gap appearing in
these reconstructed distributions as a result of the detector blind spot.

When comparing the reconstructed distributions to those for all generated Λ parti-
cles, seen in Figures 24 and 27, it becomes evident that very few background particles
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from secondary reactions are reconstructed. Thus, the Λ reconstruction procedure
developed for this analysis seems to effectively differentiate the signal from the gen-
erated background despite there being no explicit selection cut to distinguish these
reconstructions. When compared to the reconstructed kinematics of its daughters,
seen in Figures 25 and 28, it becomes evident that the analysis successfully removes
pπ− combinations which were not part of the primary reaction. Most likely, these
are primarily removed in the mass cut as pπ− systems not part of a Λ decay are
unlikely to pass this criterion.

As these reconstructed kinematic distributions remain so similar to those of the gen-
erated signal, one can conclude that background from secondary and misidentified
p, π− and Λ is suppressed to a large degree in the analysis. For applications in
a femtoscopy study, this is a desirable feature as one aims to reconstruct Λ-pairs
generated in the same reaction that may have interacted with the strong force. Addi-
tionally, this then eludes to that most of the false Λ reconstructions must stem from
the combinatorial background where the pπ− systems have similar kinematic prop-
erties, which can occur if the decay vertexes are close to each other in space.

Figure 43: Distribution over the total momentum and the polar angle θ for recon-
structed Λ particles in the pp→ pπ−pπ− +X event selection

Figure 44: Distribution over the transverse and longitudinal momentum for recon-
structed Λ particles in the pp→ pπ−pπ− +X event selection

In Figure 45, the distributions over the reconstructed azimuthal angle, φ, is shown for
the obtained Λ particles. In Section 9.5 it was concluded that most of the generated
signal protons are emitted into forward detector, which is further illustrated by
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this result. There are no distinguishable gaps in the acceptance, which is clearly
visible for the φ distributions of reconstructed final state particles seen in Figure 31.
Instead, for the reconstructed Λ, these appear quite uniform which indicates that
these are primarily reconstructed from protons tracked in the forward detector.

Figure 45: Distribution over the azimuthal angle φ for reconstructed Λ particles in
the pp→ pπ−pπ− +X event selection

Figure 46 displays the reconstructed Λ particles’ primary and decay vertexes. Both
of these, where the latter is given by the pπ− creation vertex, can be seen in Figure
32 for the generated signal and in Figure 33 for all generated particles. The primary
vertex should, of course, lie within the target geometry as is seen in Figure 32.
Although the reconstructed primary vertexes are centered in this region, a significant
amount lies outside of it which is likely a result of the crude way in which the primary
vertex is reconstructed. When compared to the reconstructed primary vertex of the
true Λ particles, this becomes evident as there is little difference between these
distributions. Further, this illustrates the reason as to why selection cuts based on
the reconstructed primary vertexes and the target position did not improve the Λ
purity, as was discussed in Section 9.6.

Similarly, Figure 46 illustrates agreement between the reconstructed decay vertexes
and those which correspond to a true Λ. When compared to the generated decay
vertexes from the signal Λ, seen in Figure 32 it becomes clear that the reconstructed
vertexes are obtained from a significantly smaller region in space. Granted, the ob-
tained distribution seems to coincide with that of the highest intensity of generated
decay vertexes but evidently, very few long lived Λ particles are reconstructed. A
significant reason for this is most likely the momentum reconstruction in the forward
detector, discussed in Section 6.4.4, as this relies on time-of-flight measurements. For
Λ decays occurring far away from the interaction point the time-of-flight measure-
ment, and therefore the momentum, of the generated proton may not be accurate
which could cause the pπ− combination to be rejected in the mass cut.

Albeit vague, there appears to be a gap in the reconstructed decay vertex distribu-
tions which is likely a result of the detector blind spot. This illustrates that decay
vertexes are reconstructed from both the main and forward detectors for which no
long lived Λ are obtained from the former, either. Here, daughters created far away
from the interaction point may suffer complications in the track reconstruction or
become rejected in the PID selection, as the measured time-of-flight and the recon-
structed velocity may become inaccurate.
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Figure 46: Primary (top) and decay (bottom) vertex distributions for reconstructed
Λ particles in the pp→ pπ−pπ− +X event selection

In Figure 47, the primary and decay vertex deviations are shown as defined by
equation 10.2, i.e. the distance between the reconstructed and the generated vertexes
in the transverse and longitudinal directions. Here, the comparison is made only
to true Λ reconstructions as to not introduce errors unrelated to the vertex finding
procedures.

D = |vreco − vgen| (10.2)

For both the primary and decay vertex reconstructions, the deviations in the trans-
verse directions are significantly smaller than those in the longitudinal. For the
former, the transverse deviations are especially small as these are generated in the
target geometry and , most of the time, constrained to the point-of-closest approach
to the beam axis in the reconstruction.

In the longitudinal direction, the primary vertex estimate seems to be accompanied
by larger uncertainties than that of the decay vertex. This is expected, as the
decay vertex is reconstructed from two charged particle tracks and the primary
estimated as described above. Although this distribution falls off more rapidly for
the decay vertex, there are more reconstructions with errors R > 65 mm for this
procedure than there are for the primary vertexes. This could be due to errors in the
momentum reconstruction; although these would be present in the primary vertex
reconstruction as well, most of these are estimated as the point-of-closest-approach
to the beam axis and are therefore somewhat constrained to the the target position
which may eliminate these larger errors. Additionally, it was found in the benchmark
study discussed in Section 8.4 that the decay vertex resolutions were larger than
those for the primary [27], which may further contribute to this occurrence.
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Figure 47: Primary (top) and decay (bottom) vertex resolutions in the trans-
verse (left) and longitudinal (right) directions for Λ reconstructions from the
pp→ pπ−pπ− +X selection.

In Figure 48 the distributions over the Λ-pair decay vertex distance, d, is shown.
The left plot shows the generated distance compared to the reconstructed whereas
the right one compares this to false reconstructions, here defined as Λ pairs where
one or both hyperons are reconstructed from an incorrect set of daughters. Evi-
dentially, false reconstructions are far more prelevant for pairs decaying with small
distances which further illustrates that these are indeed a result of the combinatorial
background. As discussed previous in this section, the analysis methodology seems
successful at removing background from secondary reactions and misidentified par-
ticles whereas the combinatorial background becomes difficult to differentiate for
these pairs.

While expected, this results is a stark difference to that obtained in the benchmark
study discussed in Section 8.4 for the distribution of reconstructed and incorrectly
identified protons in the pp → K+pΛ reaction. These distributions over of the
primary and decay vertex distance is shown in Figure 21. Here, only a small fraction
of protons are misidentified for distances d < 300 mm. There are, however, major
discrepancies between these studies as this one considers a more complex reaction
topology and does not rely on ideal PID to avoid misidentification background by
only selecting correctly identified particles. Naturally, both of these considerations
introduce additional sources of errors in this analysis.
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Figure 48: Distribution over the decay vertex distance for reconstructed Λ-pairs in
the pp→ pπ−pπ−+X event selection. The left distribution compares the generated
distribution of the ΛΛ signal to that of the reconstructed pairs whereas the distri-
bution shown to the right compares these to false reconstructions.

Figure 49 displays the relative momentum, seen in equation 10.1, of the particle pair
where the left plot compares that of the generated signal and the reconstructions
whereas the right one makes a comparison to true pairs. Also here, it becomes
evident that the low relative momentum becomes an especially difficult kinematic
region to reconstruct Λ pairs with high purity. As pairs with low relative momenta
are more likely to have smaller spatial separations, it becomes clear that this diffi-
culty relates to the combinatorial background which becomes especially prominent
in this region. In addition to this, part of the reconstruction difficulty here might
be due to the relative statistical errors of the Λ pairs. These were modelled in the
feasibility study discussed in Chapter 7, the result of which can be seen in Figure 20
where it is evident that these increase in the region of low relative momentum.

Figure 49: Distribution over the relative momentum for reconstructed Λ-pairs in
the pp→ pπ−pπ−+X event selection. The left distribution compares the generated
distribution of the ΛΛ signal to that of the reconstructed pairs whereas the distri-
bution shown to the right compares these to true reconstructions.
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10.2 pp→ pπ−pπ−K+ +X

As already discussed in the beginning of this section as well as 9.4, the overall
reconstruction efficiency is lowered significantly when demanding a reconstructed
K+ in the event selection. This, of course, also limits the Λ reconstruction efficiency
and as there are so few of these for the pp → pπ−pπ−K+ +X event selection, the
kinematic properties of these are not presented.

In Figure 50, however, the deviations of the reconstructed primary and decay ver-
texes can be seen. For the deviations in the transverse direction, these distributions
appear similar to those obtained from the pp → pπ−pπ− + X selection as seen in
Figure 47. In the longitudinal direction, however, the primary vertex deviations
seem significantly improved and even better than those of the decay vertexes. For
this selection, an improvement is expected since at least one K+ will be used in the
vertex finding. As such, the reconstructed primary vertex is constrained by a recon-
structed charged particle track and the beam axis which should yield an estimate
closer to the generated primary vertex. These additional constraints, as well as the
well defined region of the target, could be the main reasons as to why the primary
vertex can be reconstructed with a better resolution than the decay vertex.

Figure 50: Primary (top) and decay (bottom) vertex resolutions in the trans-
verse (left) and longitudinal (right) directions for Λ reconstructions from the
pp→ pπ−pπ−K+ +X selection.

Despite the improved primary vertex reconstruction, Figures 51 and 52 displaying
the reconstruction over the decay vertex distance and the relative momentum yield
similar results to those presented in Section 10.1. That is, an impaired ΛΛ recon-
struction purity when the decay vertex distance is small and the relative momentum
is low. As stated previously, effective removal of the combinatorial background that
likely causes this should be closely related to the Λ decay vertex distance and since

98



this has remained the same, so should the reconstruction purities in this kinematic
region.

Of course, in Table 9 one can see that the reconstruction purity here is 0% com-
pared to 11.6% in the pp → pπ−pπ−X selection. Given the reasoning above, this
discrepancy is most likely a result of limited amount of data, as there are very few
reconstructions in this region. Indeed, to draw conclusions on the purities in this
region would require a larger simulation such that a result can be produced with
sufficiently large data sample.

Figure 51: Distribution over the decay vertex distance for reconstructed Λ-pairs
in the pp → pπ−pπ−K+ + X event selection. The left distribution compares the
generated distribution of the ΛΛ signal to that of the reconstructed pairs whereas
the distribution shown to the right compares these to false reconstructions.

Figure 52: Distribution over the relative momentum for reconstructed Λ-pairs in
the pp → pπ−pπ−K+ + X event selection. The left distribution compares the
generated distribution of the ΛΛ signal to that of the reconstructed pairs whereas
the distribution shown to the right compares these to true reconstructions.
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10.3 pp→ pπ−pπ−K+K+

As discussed in Section 10.2, the reconstructed kinematics of the Λ particles from
the pp→ pπ−pπ−K+K+ selection are not presented since few are obtained. As was
also discussed, a major contributing factor to these low reconstruction efficiencies is
the inclusion of K+ in the event selection as these are rarely reconstructed.

For this exclusive reconstruction, however, all primary vertexes can be identified
from two K+ tracks using the vertex finder provided by the KinFit library. As can
be seen in Figure 53 showing the primary and decay vertex deviations, this improves
the primary vertex reconstruction even further. In the longitudinal direction, there
are no deviations larger than 3 cm between the reconstructed and the generated
vertex for true Λ hyperons. In this region, the distribution appears similar to that
in the pp→ pπ−pπ−K++X selection for which there are a few reconstructions with
larger deviations.

This stark similarity could indicate that true Λ are primarily reconstructed from
events in the pp→ pπ−pπ−K+ +X selection for which there are two reconstructed
K+, for which the vertex finder can be used. Alternatively, since the primary ver-
tex reconstruction methods are similar in that they use the same point-of-closest-
approach algorithm, this could indicate that their performances become similar as
well. Since the primary vertex is constrained to the target geometry which lies
on the beam axis, one reconstructed K+, the beam axis and the true Λ trajec-
tory may be sufficient to estimate this position to the same degree as the vertex
finder using two charged particle tracks given the uncertainties of the reconstructed
track parameters. Whatever the case, an increased amount of data would be re-
quired to determine whether these error distributions actually are as similar as they
appear in these results and if this is the case, one could make further efforts to
determine whether the track uncertainty really is the limiting factor in the vertex
estimate.

Also in this selection, the longitudinal deviations are smaller for the primary vertex
compared to that of the decay vertex, despite both of them being constructed with
the same methodology. To some degree, this is consistent with the results obtained
in the benchmark study [27], discussed in Section 8.4 but additional errors from
the track reconstruction in the forward detector likely introduces additional errors.
This could then also be the main reason as to why the transverse and longitudi-
nal deviations of the reconstructed decay vertexes are larger than those obtained in
the benchmark study, where all particles were reconstructed from the main detec-
tor.
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Figure 53: Primary (top) and decay (bottom) vertex resolutions in the trans-
verse (left) and longitudinal (right) directions for Λ reconstructions from the
pp→ pπ−pπ−K+K+ selection.

Figures 54 displays the distributions over the decay vertex distance of generated
and reconstructed Λ-pairs whereas Figure 55 depicts their relative momentum. The
results are similar to the previous selection cuts, discussed in sections 10.1 and
10.2 as false Λ-pair reconstructions become more prevalent for small decay vertex
distances. As discussed previously, this also impairs the reconstruction purity in the
region of low relative momentum, q < 200 MeV/c.

Figure 54: Distribution over the decay vertex distance for reconstructed Λ-pairs
in the pp → pπ−pπ−K+K+ event selection. The left distribution compares the
generated distribution of the ΛΛ signal to that of the reconstructed pairs whereas
the distribution shown to the right compares these to false reconstructions.
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Figure 55: Distribution over the relative momentum for reconstructed Λ-pairs in the
pp → pπ−pπ−K+K+ event selection. The left distribution compares the generated
distribution of the ΛΛ signal to that of the reconstructed pairs whereas the distri-
bution shown to the right compares these to true reconstructions.

10.4 Conclusions and Outlook

The work in this thesis and the results obtained has provided a first look into the
feasibility of femtoscopy studies of the ΛΛ strong interaction at HADES when these
are reconstructed using the newly implemented kinematic fitter. Additionally, these
results are a first look into the fitter performance on reaction topologies with two
hyperons and their reconstruction from tracking in the forward detector.

From these considerations two outcomes proved especially influential for the recon-
struction efficiencies and purities of the Λ-pairs, namely K+ emitted outside the
main detector acceptance and the combinatorial background when considering two
decay vertexes. The former sets considerate limitations on exclusive reconstruction
of the reaction chain and the selection including one K+, both of which improved
the overall purity and the vertex resolutions. In addition, this introduces significant
misidentification background in the forward directions, as K+ are often emitted
into its acceptance. However, from the reconstructed Λ kinematics and the over-
all purities, it became clear that the analysis procedure successfully suppresses this
background as well as that from secondary reactions with the detector material.
As such, it was concluded that most of the false reconstructions likely stem from
the combinatorial background, which became especially prominent for small decay
vertex separations and low relative momentum. As such, this kinematic region has
been identified as especially challenging for femtoscopic applications.

For the fitter to differentiate the combinatorial background, the resolution of the re-
constructed vertexes are of interest. From the deviations between the reconstructed
and generated decay vertexes of correctly identified Λ particles, it was found upon
comparison that these were larger than those obtained in the benchmark study dis-
cussed in Section 8.4. As the track reconstruction in the forward detector is less
precise than in the main spectrometer, this outcome is not surprising. For the pri-
mary vertex reconstruction it was found that its accuracy is significantly improved
when estimated using at least one K+ track, for which the deviations became sim-
ilar to those in the benchmark study. Therefore, the K+ reconstruction difficulties
influences both the Λ reconstruction efficiencies and purities. In these cases, too few
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reconstructions were obtained to accurately determine the purity in the low relative
momentum region but the results eludes to that the improved vertex reconstruction
could also improve that of the Λ momentum and therefore aid in discriminating
combinatorial background.

To more accurately determine the overall analysis performance, especially in for the
selections demandingK+ reconstruction, a larger simulation with more events would
need to be generated. As this study aimed to determine the feasibility of femtoscopy
studies from pp → ΛΛK+K+ data collected during the February 2022 beam time,
the lower limit of expected events were used as a basis for the analysis. It would also
be relevant to determine how many Λ-pairs one can obtain from the upper limit of
expected events or even larger data samples to better study the performance in the
pp→ pπ−pπ−K++X and pp→ pπ−pπ−K+K+ selections. Additionally, it would be
of interest to examine how the analysis performance is affected by background from
other beam-target reactions resulting in similar final states, e.g pp→ ppπ−π−π+π+

as the direct production of these often have much higher reaction cross sections
[21].

As the kinematic region in which the Λ pairs are emitted with low relative momenta
have been identified as challenging for the developed analysis, any attempts to en-
hance the reconstruction and purity in this region would be of interest. As was
concluded from the obtained results, the primary vertex reconstruction is signifi-
cantly improved when reconstructed K+ can be included. Therefore, the primary
vertex reconstruction might be improved if two Λ candidate trajectories are used in
the estimate instead of just one, as is currently the case. Additionally, if these are
constrained to the same point of origin, the ability to separate combinatorial back-
ground could be enhanced without sacrificing the reconstruction efficiency. For the
same reasons, one might be able to further optimise the fitter by attempting differ-
ent combinations of convergence criteria, i.e. the number of iterations and when the
Lagrange function is considered to be at its minimum. The reconstruction purity
might also be increased by optimizing all parameters according to the reconstruc-
tions in this kinematic region, as opposed to the overall purity for all reconstructed
Λ.

Further, the kinematic fitter is still under development and improvements of its per-
formance are expected for future versions. As mentioned in Section 9.6, it would
have been ideal to first perform a fit of the pπ− momentum under the constraints
of the reconstructed primary and decay vertexes prior to the kinematic 3c fit but
for the version used, this worsened the reconstructed momentum. As such, future
implementations of the KinFit library could provide even better Λ momentum re-
construction which may also become crucial to combat the combinatorial background
in the low relative momentum region. Additionally, the reconstruction efficiency in
this study was impaired due to errors related to matrix invertibility in the fitting
algorithm, something which might be preventable in future developments. However,
it might be that these errors mostly occur for unviable pπ− combinations, in which
case the reconstruction efficiency would not be improved either way.

As was discussed in Section 9.5, the procedure in which the uncertainties for the

103



reconstructed track parameters are estimated needs to be improved if one hopes to
apply such estimates on real data. As such, the analysis would benefit from careful
consideration of the simulated deviations to obtain smoother fitting. For example,
the domain of the fitted function can be adjusted and various fitting algorithms can
be tested. This would then benefit the systematic uncertainties in this analysis for
both simulated and real data.

As a final remark, the results obtained have illustrated that the study of the pp →
ΛΛK+K+ reaction would benefit from PID in the forward detector. The benefits
of this would be two-fold; the proton purity and the K+ reconstruction efficiency
would increase which would reduce the misidentification background in the analysis
while also improving the overall Λ purity, perhaps also in the region of low relative
momenta.

11 Summary

Hadron physics aims to study the creation, structure and interactions of composite
quark systems for which hyperons have become of interest. For the latter, be-
sides the inherent interest in understanding the strong force, hyperon interactions
in particular have direct applications in both nuclear and astrophysics. The study of
hypernuclei and the expansion of the periodic table into the strangeness sector relies
on hyperon interactions for structure models. On a much larger scale, neutron stars
where hyperons might become energetically favourable due to the density within its
core similarly relies on these interactions for equation of state modelling necessary
for describing its creation, inner structure and evolution.

However, as hyperons are unstable, their strong interactions have not been exten-
sively studied and is therefore quite poorly constrained. In the past two decades,
however, femtoscopy has been utilised to constrain this strong interaction potential.
In this methodology, this is enabled by the correlation function, which can be ob-
tained from experimental measurements and related to the hyperon wave-function
expressed in terms of the low energy scattering parameters, which characterize the
interaction potential.

Such a femtoscopy study were among the physics goals of the February 2022 beam
time at HADES, which is to be applied to constrain the ΛΛ interaction from measure-
ments of the beam-target pp → ΛΛK+K+ reaction channel. For this, and several
other hyperon related physics goals, HADES has implemented upgrades to improve
their reconstruction. Among these were the forward detector and a newly imple-
mented kinematic fitter to optimize the reconstructed momentum of the hyperon
daughter particles.

This kinematic fitter has been previously benchmarked with promising results for the
Λ reconstruction efficiency, which created further interest to examine its performance
for reconstruction of Λ-pairs and the applications for femtoscopy studies. As such,
the purpose of this thesis has been to determine exactly that with a simulation study
in regards to the February 2022 beam time.
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More specifically, the objective of this study has been to determine the Λ reconstruc-
tion efficiency and purity overall as well as the region of low relative momentum of
the pair in which the strong interaction can be studied with femtoscopy. As such,
this study provided insight into the feasibility of such a study but also the perfor-
mance of the kinematic fitter on a more complex reaction topology involving two
hyperons and also for daughter particles reconstructed in the forward detector. Be-
sides this insight, the obtained results have also identified the ΛΛ reconstruction as
especially challenging in this kinematic region as it becomes difficult to determine
the correct set of daughter particles when using the kinematic fitter.
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[49] Robert André Heinrich Greifenhagen. Two-Pion Intensity-Interferometry in
Collisions of Au+Au at

√
SNN = 2.41 GeV measured with HADES. PhD thesis,

Dresden, Tech. U., 2020.

[50] Rob Veenhof. Garfield, 2022. https://garfieldpp.web.cern.ch/

garfieldpp/.

[51] Frédéric Julian Kornas. Global polarization of Λ hyperons as a probe for vorti-
cal effects in A+A collisions at HADES. PhD thesis, Technische Universität,
Darmstadt, 2021.
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